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ABSTRACT

MEAN VALUE ENGINE MODELING FOR HEV PURPOSE
A CASE STUDY: HBO ENGINE
Çakmak, Nevzat
PhD., Department of Modeling and Design of Engineering Systems
Supervisor : Prof. Dr. A. Demir Bayka
Co-Supervisor : Prof. Dr. H. Bülent Ertan

December 2020, 261 pages

In this thesis, two cases for conventional vehicle to hybrid electric vehicle conversion
were studied. In the first case, series hybrid architecture was assumed; and the
internal combustion engine was assumed to be used as a part of range extender or
charge module. In the second case, parallel hybrid architecture was assumed; and
internal combustion engine was supported with wheel-hub brussless DC motors
assembled on the rear wheels of vehicle. And, new design single cylinder spark
ignited HBO engine and a BLDC motor prototype were used in the case studies.
In both cases, the accurate mathematical models of the sub-systems of HEV are
necessary. So, mean value engine modeling approach to model sub-systems of the
spark ignited internal combustion engine was studied. And, some sub-systems of the
HBO engine were modeled with mean value engine modeling approach and tested.
Also, a novel electronic fuel injection system/kit which senses the air flow through
the intake port to determine the engine stroke was designed and constructed; then it
was used on the engine equipped with carburetor to electronic PFI engine.

iii

After the hybrid vehicle architectures, traction motor types and their mathematical
models were presented, parallel hybrid architecture was applied with a custom
wheel-hub BLDC motor prototype. The motor prototype was designed, manufactured
and assembled on the rear wheel assembly of the Fiat, Doblo to convert a
conventional vehicle to a hybrid vehicle -for second case-; and the motor-wheel
assembly was tested on the dynamometer.
HBO represents the first letters of the designer`s name, Hasan Basri Ozdamar
Keywords: Mean value engine nodeling, internal combustion engine, SI engine,
HBO

engine,

BLDC

motor,

in-wheel
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motor,

motor

drive,

H-bridge.

ÖZ

HEV ARAÇLAR İÇİN ORTALAMA DEĞER YAKLAŞIMIYLA İÇTEN
YANMALI MOTOR MODELLENMESİ.
BİR DURUM ÇALIŞMASI: HBO MOTORU
Çakmak, Nevzat
Doktora, Mühendislik Sistemlerinin Modellenmesi Ve Tasarımı Ana Bilim Dalı
Tez Yöneticisi : Prof. Dr. A. Demir Bayka
Ortak Tez Yöneticisi : Prof. Dr. H. Bülent Ertan
Aralık 2020, 261 sayfa

Bu tez çalışmasında, konvansiyonel araçların hibrit elektrikli araca çevrilmesi için iki
durum çalışması incelenmiştir. Birinci durum çalışmasında, seri hibrit mimarisinin
kullanıldığı ve içten yanmalı motorun menzil genişletici veya araç şarj modülünün
bir parçası olarak çalıştığı varsayımı kabul edilmiştir. İkinci durum çalışmasında ise
paralel hibrit mimarisinin kullanıldığı ve içten yanmalı motorun arka tekerlekler
üzerine yerleştirilmiş fırçasız DC motorlar ile desteklendiği varsayımı kabul
edilmiştir. Durum çalışmalarını örneklemek için yeni tasarım tek silindirli HBO
motoru ve tasarlanıp üretilen fırçasız DC motor kullanılmıştır.
Her iki durum çalışmasında da, alt sistemlerin kesin/doğru matematiksel modellerine
ihtiyaç vardır. Bu yüzden içten yanmalı motorun modellenmesi için ortalama değer
motor modelleme yaklaşımı kullanılmıştır. Ve örnekleme amacıyla HBO motorunun
bazı alt sistemleri bu yaklaşım ile modellenmiş ve test edilmiştir. Ayrıca, hava akşını
tespit edebilen özgün bir yakıt enjeksiyon sistemi/kiti tasarlanmış ve motor üzerine
monte edilmiştir. Böylelikle karbüratörlü yakıt sistemi elektronik tek noktalı
enjeksiyon sistemine çevrilmiş ve motor testleri esnasında kullanılmıştır.
v

Son kısımda hibrit araç mimarileri, çekiş motorları ve onların matematiksel
modellerinin tanıtılmasının ardından ikinci durum çalışması için paralel hibrit
mimarisi özel yapım bir fırçasız DC motor ile uygulanmıştır. Motor tasarlanmış,
üretilmiş ve Fiat Doblo aracın arka tekerlekleri (fren kampanası) üzerine monte
edilmiştir ve montajlı hali ile dinamometre üzerinde test edilmiştir.
HBO tasarımcısının isminin baş harfllerini temsil etmektedir, Hasan Basri Özdamar
Anahtar Kelimeler: Ortalama değer yaklaşımı, motor modelleme, içten yanmalı
motor, buji ateşlemeli motor, HBO motoru, teker içi motor, motor sürme, H-köprüsü.
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CHAPTER 1

INTRODUCTION

1. One of the most important inventions of the last century is the reciprocating
internal combustion engine. It has totally affected humankind; and changed
economy, society, culture and environment. Many researchers worked on internal
combustion engines and made contributions to form the internal combustion
engine present today, but the main breakthrough is by Nicolaus Otto (1876) and
Rudolf Diesel (1892) [1,2]. They invented spark ignition engine and compression
engine, and opened a period to modern internal combustion engines [3,4].
2. For decades, their inventions have played key role to drive the research in the
automotive industry. Today, the research in the field is still going on and shaping
the literature, but the driving force has changed unfortunately. Today, the focus
of the research is to increase engine efficiency, decrease fuel consumption,
exhaust emissions and greenhouse gases to achieve strict limitations [5]. To
achieve the goal many alternatives are present today, they can be stated as:
“hybrid electric vehicles, electric vehicles, fuel cell operated electrical vehicles
and alternative fueled internal combustion engines” [6].
3. Alternative solutions to reduce poisonous emissions and greenhouse gases are
stated above, they will be present in our life as the main alternatives for
transportation. Although they are eco-friendly alternatives, they have also
disadvantages such as power storage, range limitation and battery cost for hybrid
and electrical vehicles and ethical issues related to food security or biofuels.
Also, necessary infrastructures to produce alternative fuels and fuel cell are not
capable for the time being. Another disadvantage of alternative vehicles is their
price and total cost ownership. In Figure 1.1, their incremental costs relative to
conventional vehicles in 2030 are given according to the report of
McKinsey&Company

[6,7].
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4. Also, it should be stated that alternative EVs are not totally innocent and
greenhouse gas free; they will keep contributing to produce greenhouse gas
emission. As it is seen in Figure 1.2, one of the most important greenhouse gas
sources is electricity and it is almost equal to transportation in the US (second
CO2 emitter in the world, China is first), so the usage of plug-in type electrical
vehicles emits greenhouse gases indirectly [8]. But, it should be stated again,
alternative vehicles will be present as the main alternative in the near future.
5.

Incremental Cost of Alternative Vehicles
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6.
7. Figure 1.1 Incremental Cost of Alternative Vehicles Compared with
Conventional Vehicles [6]
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8.
9. Figure 1.2 Greenhouse Emissions by Sector in the US [8]
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10. For the time being, the conventional internal combustion engine has still the
greatest role in the market, so the main focus of the study which will be
explained in the next parts is internal combustion engine and mean value engine
modeling -because, the mathematical models and necessary relations to control
electric motors are easy and there are many sources related to electric motors
compared with internal combustion engine. And, the internal combustion engine
has great role for the cases which will be stated below-.
11. Although the studies to reduce exhaust emissions and greenhouse gases are about
alternative fuels and HEV&EVs, there have been many researches to increase
performance of internal combustion engine and reduce the poisonous exhaust
emissions; they can be stated as: “Open combustion chamber, divided
combustion chamber, exhaust gas recirculation (EGR), ignition delay, variable
compression ratio, air preheating, fuel preheating, injection timing and pressure
optimization, water injection, dual fuel engine, gasoline direct injection (GDI)
and homogenous charge compression ignition (HCCI)” [9].
12. Some of the studies and methods to increase efficiency of internal combustion
engine are given above, it should be stated “conventional internal combustion
engines will be in our life as a primary or secondary source of energy for hybrid
vehicles or electric vehicles. In this thesis, the cases: “series hybrid architecture the internal combustion engine is used to generate electrictiy to charge the
batteries of a EV or HEV as a part of charge unit or range extender (REX)
module” and “parallel hybrid architecture -the internal combustion engine is
supported with wheel-hub brushless DC motors” were studied.
13. In the cases stated above, there will be no driver to control the internal
combustion engine in the first case and the internal combustion engine will be
operated with the BLDC motors synchronously in the second case, so to control
internal combustion engine and electric motors we will need to have accurate
mathematical model of internal combustion engine, electric motors and their subsystems more than today. As it is stated above, the main focus of the thesis is
internal combustion engine. So, in the next part of this chapter controlling
approaches of some sub-systems of a SI internal combustion engine -these subsystems are the main subjects of mean value engine modeling (MVEM)
3

approach- in the literature will be presesented briefly. Then, the methods to
model and control an internal combustion engine -especially, the sub-systems
stated in literature revies part- will be presented in the next chapter. After the
internal combustion chapters, HEV/EV architectures will be presented and the
hybrid conversion based on a BLDC motor prototype –studied in the thesis- will
be presented. The studies -in the literature- related to control examples of SI
internal combustion engine can be summarized as below.
14. Internal combustion engine is actually very complicated engineering issue which
is composed of phenomena related to mechanics, fluid dynamics, chemistry,
combustion and electronics. To control it precisely, it has an engine management
system (EMS) to control sub-controllers which is composed of many sensors,
actuators and microprocessors. Also, to control it precisely and manage the subcontrollers well defined control architecture which defines communication
protocols, sub-routines and duties is necessary.
15. As it is stated above, there are many control actions which should be controlled
or coordinated by EMS, they can be listed as (for spark ignition engine):
“ignition timing, idle speed control, AFR control, knock control, valve timing,
emission etc.”. These actions are coordinated with torque control module the
heart of the control strategy by EMS (because the speed control of the engine is
done by driver with using the torque output of the engine and EMS tries to
estimate desired torque output demanded by the driver). Torque-based engine
control strategy was born to eliminate complexity of sub-systems and to shape
the strategy around a goal, and it was initially implemented by Bosch and
released with ME7 engine management system (now it is a standard system in the
automotive industry) [10,11]. And it interacts with the other modules to find
optimal torque level. The torque is demanded by driver and it is interpreted by
EMS and sub-modules with the signals of accelerator gas pedal, and optimal
torque level is estimated after evaluation of condition of engine and engine after
treatment systems (engine temperature, load, three ways catalyst etc.). In Figure
1.3, general view of engine management system with sub-modules, sensors and
actuators is given; the sub-models can be listed as air-fuel ratio control, electronic
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throttle control, idle speed control, ignition timing control, knock control, cam
shaft control, EGR control, diagnostic control and after treatment control [11,12].
16.

17.
18. Figure 1.3 Engine management system structure: sub-modules, sensors and
actuators [11]
19.
20. Torque-based control strategy and schematic view of it were presented briefly.
The control strategies and algorithms to run sub-modules also will be presented.
New technologies in electronics and control were adopted by automotive industry
for engine control continuously. And advances in internal engine control mostly
focused on fueling and air-fuel ratio control; it changed from pure mechanical
control to software based electronic control with invention of microcontrollers.
The controllers used on spark ignition internal combustion engines can be listed
as: “Air-fuel ratio controller, electronic throttle controller, idle speed controller,
knock controller and ignition controller” [11].
21.
22.
23.
24.
25.
26.
27.
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28. 1.1. AFR CONTROLLERS
29.
30. The first versions of microcontroller based air-fuel ratio controller were just
stored look-up tables of intake manifold pressure and speed (speed density
method). And the transient errors caused by throttle tip-in/tip-outs were
compensated by differentiating throttle angle and steady state errors were
compensated with the feedback loops around exhaust gas oxygen sensor or
lambda sensor [13]. However, many control theories have been applied to control
air-fuel ratio especially for transient operations. The controller used for
controlling AFR can be classified as: “H∞ control, PID control, adaptive
control, neural network based control, fuzzy logic based control, model-based
methods for nonlinear control and sliding mode control” [11].
31. In order to eliminate steady-state error in air fuel ratio, the look-up table based
control which is combined with PI feedback from exhaust gas oxygen works
efficiently, but it has small bandwidth caused by slow response of the sensor. So,
to control AFR during transient operations, a controller with larger bandwidth is
needed. At the end of 1980s, H-infinity (H∞) control was introduced as advanced
technique to control problems and applied to various industrial problems.
Advantage of the controller is that it is applicable to problems with multivariable
systems with cross-coupling between channels. Also, it guarantees maximum
gain in any direction and any frequency; and it is used to minimize the closed
loop impact of perturbation.
32. An example to H∞ for AFR control was published in [14], in the paper the intake
air flow is assumed as AFR perturbation and the developed controller was used to
eliminate the effects of fluctuations in the mass flow. Another paper related to
H∞ control was published in [15], again the flow was assumed as perturbation
and AFR was controlled to achieve desired transient behavior.
33. Another control method for AFR control to achieve strict emission control is PID
control, which is the most widely used control method in the industry. In the
paper presented in [16], PID controller was implemented and a wide range
universal exhaust gas oxygen sensor was used for feedback. As it is stated above,
the deficiency of EGO sensor (low response time causing low bandwidth) was
6

presented and look-up table based delay compensation algorithm was
implemented to overcome the deficiency of EGO sensor. In Figure 1.4, schematic
view of fuel transport in internal combustion engine is given.

34.
35. Figure 1.4 Transport of fuel and delays [17]
36.
37. In the paper presented in [17], linear parameter varying PID controller was used
to control the charge of internal combustion engine. In the paper, linear
parameter varying PID controller with gain-scheduling was used to overcome the
nonlinear characteristic of air intake system.
38. Another PID control based study was presented in [18]. The controller
parameters were modified during the tracking desired fuel amount of gasoline
direct injection engine. Controller parameters were tuned by randomized
algorithm aiming performance according to calibrated 2-D map (in this study
AFR criteria is performance, not emissions).
39. One of the PID controllers for AFR control was presented in the paper [19]. In
the study, nonlinear characteristics of the internal combustion engine was
modeled with local model network with external dynamics as in Figure 1.5.
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40.
41. Figure 1.5 Architecture of local model network [19]
42.
43. Another controller methodology to control AFR is adaptive controller to achieve
desired stoichiometry around TWC. Adaptive controller is widely used to
industry for models with varying parameters. In the study, presented in [20]
model parameters were identified and controller parameters were updated
according to identification. Schematic diagram of the controller is given in Figure
1.6. In the controller least-square error algorithm was used for identification.

44.
45. Figure 1.6 Schematic view of the adaptive control algorithm [21]
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46. Another controller example related to adaptive control was released in [21]. In
the paper, model based control was used to eliminate static maps which are used
in conventional AFR control strategies. The controller was designed to be
modular, so it could be work with different set of sensors. It was achieved with a
model which had governing equations for different sensor sets. But, the controller
was designed for steady state control, and its response during transient conditions
had not been presented.
47. Lastly, the adaptive controller in [22] can be presented. In the controller adaptive
PI controller and Smith predictor were used to predict unknown time-delay
systems with unknown plant parameters. Simple engine model with unknown
time constant was assumed.
48. Another control strategy for AFR control is neural-network based control. Neural
network based computation was introduced in late 1940s and it is still widely
used for modeling for nonlinear plants, clustering and fitting problems. The
methods inspired by brain neurons and it is trying to get mathematical model of
complex activities. A schematic view of neural network is given in Figure 1.7.

49.
50. Figure 1.7 Schematic view of neural network [23]
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51. In the study presented in [23], model based predictive controller was used and the
nonlinear dynamics of the internal combustion engine was modeled with radial
basis function (RBF) network with 12 hidden neurons. The presented controller
is also adaptive and it was adapted according to output of the nonlinear engine
model. The schematic view of neural network based model used in the paper is
given in Figure 1.8. The model was formed as second order system with three
inputs and one output.
52. In the study presented in [24] model predictive adaptive control strategy was
used for AFR control to eliminate the uncertainties of traditional static look-up
tables combined with PI controller. Neural network with RBF structure was used
to model multi-variable nonlinear internal combustion engine; and outputs of the
model were used to update controller parameters.

53.
54. Figure 1.8 Schematic view of neural network based model [24]
55.
56. Another study which is related to neural network based MPC control was
presented in [25]. To increase the robustness of the controller, get rid of the
effects of uncertainties in modeling and to increase the tracking performance of
controller. The neural network based model had been trained with simulated data
which was generated with mean value engine model, it is seen in Figure 1.9.
Also, it was compared with first order sliding mode controller and almost similar
results with smoother injection signals had been seen.
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57.
58. Figure 1.9 Block diagram of the mean value engine model with three sub-models
[25]
59.
60. Another control methodology which is used for AFR control is sliding mode
control (SMC). SMC is one of the most popular method for robust control since
1980s. It is used in various electro-mechanical field as one of the best alternative
for adaptive control. Its philosophy is to control nonlinear systems with
discontinuous switching signals. The controlled system responses as sliding on
the defined surface called sliding surface or manifold. AFR which has nonlinear
characteristics can be controlled with SMC. In the paper [26], a second order
sliding mode controller was presented for AFR control to get rid of time delays
(also varying with time). The controller had been compared with a conventional
controller and improved closed loop system response had been presented.
61. Another control strategy to control nonlinear internal combustion engine is fuzzy
logic controller. In this method input variables mapped by sets of membership
functions and rules which are called fuzzy sets. These sets are used to convert
crisp inputs to fuzzy value; this methodology was applied to AFR control. In the
paper [27], fuzzy PI controller was presented to increase the efficiency of
conventional PI controller which was based on mean value engine model. In
Figure 1.10, the schematic view of presented controller is given.
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62.
63. Figure 1.10 Fuzzy PI controller for AFR control [27]
64.
65. Some of the controller strategies used for AFR control are given above, the trend
is to combine conventional PI or PID controller with the other strategies. Also
there are other combinations, in the paper [28] digital sliding mode controller
combined with fuzzy logic was designed to control AFR. Another combination
was studied in [29], neuro-fuzzy approach was used to model air breathing
dynamics and replace 3-D maps to control AFR.
66. Most of the studies and papers in the literature are focused on AFR control
because it is very important for performance and emission control. Other
modeling and control subjects can be stated as electronic throttle control (ETC)
and idle speed control (ISC).
67. In a SI engine, a throttle valve in the intake system controls the air mass flow into
intake manifold and cylinders. In conventional intake systems, the throttle valve
is directly connected to the accelerator pedal. And driver controls the air flow and
determines the torque amount instinctively. But, modern air intake systems have
an electronic throttle control (ETC) module as shown in Figure 1.11 [30]. In this
module, accelerator pedal is not directly connected to the throttle valve and it is
used to create signal of torque request of the driver to EMS via potentiometer
connected to the accelerator pedal.
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68.
69. Figure 1.11 Schematic view of electronic throttle control module [30]
70.
71. The throttle valve (a butterfly valve) in conventional air intake systems remains,
but it is controlled by a servo motor. The ETC module coordinates with torque
control module and opens the butterfly valve according to torque demand (torque
demand is interpreted by torque control module with the position sensor of
accelerator pedal and its derivative; and calculated throttle opening angle is sent
to ETC). In modern ETC modules, there is also additional position sensor to
detect actual position of throttle to create feedback signal to ETC. The driver is
not only torque demander, there are also air conditioner, cruise control module,
traction control etc. So, torque control module receives signals from various
torque demanders and calculate required throttle opening angle (it also check the
condition of engine by sensing oil temperature, cooling water temperature,
engine speed, inlet temperature etc.).
72. The torque control module also communicates with exhaust gas recirculation
control module to control total mass flow (fresh air and recirculated exhaust gas).
And total amount of air can be determined by look-up tables calibrated on test
benches or accurately modeled air path functions, nonlinear relations or novel
13

approaches presented in AFR control section can be used. In the next part,
control approaches which are used to control electronic throttle will be presented.
These approaches use throttle angle as input and create signals to get desired
throttle position.
73. The mathematical model of the electronic control model is easier than air intake
system and it can be modeled as in Figure 1.12 [30].

74.
75. Figure 1.12 Electro-mechanical model of ETC system [30]
76.
77. As the most used methodology in the industry, PID controller is the most widely
used control method for ETC, too. One of the PID controller example was
presented in [31]; the throttle opening angle input (which is determined by torque
control module and EMS) had been used as input for the model. With different
angle inputs in a range had been applied to rapid prototyped model and different
PID gains identified with Ziegler-Nichols method had been optimized. Linear
behavior of the ETC had been optimized (nonlinear effects in the physical model
are relatively small) and nonlinear effects such as static and dynamic friction, and
limp-home effects had not been included.
78. Another example to PID controller for ETC is in [32], challenging sides of PID
control for throttle control was stated as friction and limp-home torque, Figure
1.13. These nonlinearities had been handled with two compensators, and internal
model control (IMC) technique had been used for tuning “I” term of PID to get
desired closed loop control response (tracking errors will occur because of
linearization and compensation, so “I” term tuned, scheduled).
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79.
80. Figure 1.13 PID controller with two compensators for ETC control [32]
81.
82. Another modeling and control study related to electronic throttle control was in
[33]; the authors had focused on nonlinear nature of ETC and tried to solve limp
home effect caused by return spring. Feed forward compensator for nonlinear
spring had been developed and tested; the compensator had been combined with
PID controller and good closed loop response had been presented.
83. Another PID based control for ETC was presented in [34]. In the study, nonlinear
effect of preloaded spring around limp-home and linear effect in the rest of the
working range had been stated as in Figure 1.14.

84.
85. Figure 1.14 Input torque vs valve angle (Tp is preload torque) [34]
86.
87. Two degree of freedom PID controller had been designed and implemented for
nonlinear preload spring and disturbance rejection against torsional friction.
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88. One more two degree of freedom PID controller was presented in [35] for throttle
control of sport motorcycles. In the study, dithering was used to eliminate effect
of friction and get linearized model. For identification of throttle and throttle
control system a frequency domain identification procedure was used (the
approach can be summarized as sending signals -in the working range of the
controller- and analyzing the responses), then model-based indirect design
approach for controller was used. For gain scheduling of two degree of freedom
PID several experiments were carried out and static maps were generated.
Proportional gain of PID was kept constant, and integral, derivative gains and
set-point weight were scheduled. In Figure 1.15, two degree of freedom gain
scheduled PID controller and estimated throttle body (in frequency domain) can
be seen. Also other control strategies (sliding mode control, MRAC, fuzzy-logic
control etc.) are applied for ETC, but PID controller and its versions are
dominant. In ETC, plant has no thermodynamic relations (pure electromechanical system, modeling and controlling dc motor and inertial load with
friction case), so identification of the parameters in frequency domain
(identification toolbox of Matlab) is very popular.
89.

90.
91. Figure 1.15 Gain scheduled PID controller and estimated throttle body [35]
92.
93.
94.
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95. 1.2. IGNITION CONTROL
96.
97. Another important factor affecting engine efficiency and emission rates is
ignition timing in SI engine. It has evolved from spring and inertia to advanced
microcontroller based control with the usage of microcontroller. As it is shown in
Figure 1.16, to achieve desired torque level ignition timing is one of the crucial
paths. Ignition control module arranges ignition advance angle during the
operation by pre-defined look-up tables or generated code blocks. For example,
during idling engine control unit sets the advance angle by evaluating desired
idling speed and coolant temperature. And during the over speed engine control
unit sets the advance angle to keep the engine in pre-defined safe region. Those
predefined advance angles stored in the memory of engine control unit.
98. Ignition timing control can be classified as open loop and closed loop control. In
open loop control, optimized ignition advance angles for engine working
condition, are stored in the look-up tables which are calibrated during dyno tests.
These tables are mostly three dimensional which means two inputs is required to
get one output as it is seen in Figure 1.17. Predefined values on the tables are
nominal values and they should be corrected during the operation (correction
should be applied due to the battery voltages, to avoid engine overheating and
knock, air/fuel ratio, fuel characteristics, EGR, etc.).

99.
100.

Figure 1.16 Required inputs and outputs for torque control [11]
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101.
102. Figure 1.17 Example ignition advance angle map based on engine torque and
speed [12]
103.
104.

In closed loop control of ignition timing, additional feedback to open loop

control. Mostly, knock sensor is used as feedback sensor and advance angle is
shaped. But, open loop control combined with closed loop control is better for
low cost and fast response [12].
105.

In the literature, there are many studies to control ignition timing and find a

novel approach. One of them is in [36], a new methodology which is based on
curve surface fitting was presented. In the study, ignition advance angles were
fitted to curve and coefficients were determined with offline experiments. With
the methodology, fast response and more accuracy for nonstandard working
points were stated.
106.

Another study which is related to spark advance angle calibration and control

is in [37]. In the study, importance of cycle-to-cycle variations and other
parameters such as exhaust gas recirculation and variable valve timing for
optimum spark advance angle was stated. So, transient spark advance calibration
approach was developed and stated.
107.
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109.

108.
Figure 1.18 Indicated mean effective pressure vs spark advance angle during
calibration process [37]
110.

The calibration process took place with engine sweeps at constant load; after
each sweep applied spark advance angle was stored in the ECU, it was continued
until optimum spark advance angle was detected. In the Figure 1.18, a calibration
part with nine sweeps is shown. As it is seen in the figure, bell-shaped curve was
generated to detect optimum spark advance (SA) angle.
In the study, optimization targets during the calibration were stated as “engine
torque maximization, specific fuel consumption minimization and NOx emission
minimization”, but torque maximization was studied. In the study, pre-defined
mean spark advance angles were stored in the loop-up tables and they were
updated during the calibration (sweep and try to find optimum point).
Also, there are neural network based or fuzzy logic based controllers for spark
advance angle control in the literature. One of them is in [38], neuro-fuzzy
adaptive controller was presented for SA angle control. In the study, fuzzy
interfaces for working regime identification and tuning controller parameters
were presented.

19

1.3. KNOCK CONTROL

Another important modeling and control subject for SI engine is knock control.
Actually, it is directly related to SA and ETC, but modern engines equipped with
additional knock detection and control module. In SI engines, optimum spark
timing (maximum torque) is accompanied by knocking, so there is always a
trade-off between maximum torque and safe/knock combustion free (because
knock damages the engine).
Knock control module consists of three main units they are: “knock sensor, knock
detector and control strategy”. Commonly, two types of transducer are used to
detect knocking they are “in-cylinder pressure transducer and engine block
mounted piezoelectric transducer”. In cylinder pressure transducer is very
expensive, so it is commonly used for R&D purposes. Piezoelectric sensor is
cheap and suitable to mass production.
The traditional way to detect knock is to use band-pass filter; for each cycle of
the engine the maximum amplitude of band-pass filtered knock sensor signal is
compared with the preset value which is set during the calibration period.
The traditional strategy to control or limit knocking when it is detected, is to
retard spark timing or reduce engine load. When knock is detected, the spark
timing for the next power cycle is retarded, sometimes retarded timing is not
sufficient and engine load is reduced (with ETC or supercharger/turbocharger
boost control). As, it is stated in the previous parts, knock sensor is also used as
feedback signal in closed loop ignition control, Figure 1.19 (knock control
module and ignition control module are coordinated).
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111.
112.

Figure 1.19 Signal flow of knock controller [12].

113.
There are many strategies and approaches related to knock control, and most of
them focuses on the knock detection or knock prediction. The first one was
studied on small four-two-wheeler engine [39]. In the study, empirical knock
model was developed and integrated into 1-D simulation tool. It was optimized
empirically and tested on the real engine. Another study is based on stochastic
knock detection method [40], stochastic model which consists of knock signal
simulator was derived and implemented. As feedback signal in-cylinder
ionization signals and their mean, standard deviation, PDF and predefined
confidence level were used to keep the combustion in desired level. Another
study is based on one-dimensional combustion model [41], 1-D combustion
model was derived and calibrated to estimate knocking, pretty good knock
detection for various rpm and AFR was presented after many calibration
procedures.
As it is stated above, most of the knock controllers based on knock prediction; in
modern engines it is directly measured and engine is kept around the knock free
zone

(knocking

up

to

a
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limit

is

acceptable).

CHAPTER 2

MEAN VALUE ENGINE MODELING

In the previous part, control examples of some sub-systems of an internal combustion
engine are given. They are very popular in control oriented applications and their
various forms were presented in the literature; they are also within the scope of
MVEM approach. In this chapter of the thesis, mean value engine modeling will be
explained and models of the sub-systems of a SI engine will be presented with mean
value engine modeling approach -in the previous part, the controlling approaches of
sub-systems were given, in this part modeling approach of the subsystems will be
stated-. Mean value engine modeling terminology was firstly introduced by
Hendricks in 1986 with the study in [42]. MVEM is composed of models where the
engine parameters, and variables (i.e. manifold pressure and crank shaft speed) that
are taken into account are averaged over one or several cycles with the frequency of
0.1-50 Hz. All the models which will be introduced in MVEM approach will be
control-oriented models which means simplified equations with reasonable accuracy
and less computational effort.
Internal combustion engines differ from the continuously operating thermal engines
with highly transient working condition and varying thermodynamic boundary
conditions at the beginning of each cycle, so it is difficult to construct an accurate
model and MVE models are very useful. But, the MVE models will be more accurate
with the usage of internal combustion engines as secondary source (with almost
steady-state working condition) for hybrid vehicles. For the time being, SI engines
will be treated as primary energy source of vehicle and modeled in this way.
Combustion and relevant thermodynamic processes in an internal combustion engine
are very fast. And, it is not possible to construct a model which will be implemented
into a microprocessor. So, static effects of fast combustion are modeled and used in
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MVEM, and the variations during combustion are not reflected with these models.
As it is seen in figure 2.1, the engine threated as gray box.

Figure 2.1 Inputs and outputs of a SI engine in control oriented modeling [12]
In MVEM, reciprocating behavior of the engine is not considered and average time
dependent equations are constructed. And, lumped parameters which mean constant
distribution in the control volume (i.e. no temperature or pressure variation). But,
discrete event modeling is also necessary for the processes such as AFR feedforward
control, knock and misfire detection. So, discrete event models (DEM) in which
crank angle is used as independent variable are also useful and necessary for engine
modeling/control. To include the reciprocating effects into MVEM time delays are
introduced to the models. For example, produced torque is not transferred
immediately and time delay for transfer (from induction to power stroke) is
represented as in Equation 2.1.

𝜏𝐼𝑃𝑆≈2𝜋

(Eq. 2.1)

𝜔

Another transport delay is induction to exhaust in EGR and AFR control, any
composition change in combustion chamber is sensed at the exhaust manifold or pipe
(this makes closed loop AFR control with lambda sensor very difficult and slow).
This can be stated as:

𝜏𝐼𝐸𝐺≈3𝜋

(Eq. 2.2)

𝜔

Those transport delays can be shown as in Figure 2.2:
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Figure 2.2 Transport delay examples in mvem [12]
In the next part of the chapter main concepts to understand basis of the mean value
engine modeling approach will be defined. Mainly the subsystems of an internal
combustion engine are modeled as open control volume (reservoir) with mass inlets
and outlets (flows). And some of the processes in the control volumes are relatively
slow, so they can be assumed as constant during the operation (actually they must be
assumed as constant to construct mvem). Relatively slow and fast processes are
summarized as in Figure 2.3 by Guzella and Onder.

Figure 2.3 Relatively fast and slow responses in an internal combustion engine [12]
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To make clear the fast and slow responses, intake manifold dynamics can be given as
an example: “let`s assume we are concerning about modeling the intake manifold
dynamics we can take the variables as intake manifold pressure is primary variable,
throttle position is fast variable and intake manifold wall temperature is slow
variable”.

2.1. Spark Ignited (SI) Engines
2.1.1. Port-Injection SI Engines
This type of SI engines is the oldest version of the fuel injected SI engine in
transition from carburetor to injectors. The port-injected SI engine model can be
represented as in Figure 2.4, and the reservoirs which will be modeled can be stated
as mass flow in the intake and exhaust manifolds, energy conservation in the
manifolds, wall-wetting effect of fuel in the intake manifold, transport delay in
combustion and exhaust. In this type of SI engines, feedforward control is used for
fuel metering. But, there is an oxygen sensor to detect the oxygen level in the exhaust
pipe, the output of this sensor is used as feedback signal to make correction in the
fuel amount which is injected.

Figure 2.4 Representation of port-injected SI engine with reservoirs [12]
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2.1.2. Gasoline Direct-Injection SI Engines
This is the last technology in SI engines (in fuel injection manner), it differs from
port-injection SI engines in gas exchange, pollution formation, torque generation,
etc. GDI engines will not be investigated in this thesis, but to understand mean value
engine modeling of port-injected SI engines it will be mentioned (wall-wetting
phenomenon is very critical in port-fuel injection, it is not seen in GDI engines to
emphasize this phenomenon GDI is mentioned in this chapter). To understand
reservoirs and flows of port fuel injected SI engine which is given in Figure 2.4, and
to see the view of the processes in control manner the interactions are shown as in
Figure 2.5 by Guzella and Onder (grey lines and boxes are for GDI engine).

Figure 2.5 Cause-effect diagram of port-injected and GDI SI engine in control
manner [12]
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As it is stated before, the aim of the modeling internal combustion engine processes
is to be able to design control systems, so to show the interactions clearly is very
critical. In the next part; air intake system and relevant equations will be given (note
that in this part symbol “ϑ” is used for temperature, because the equations include
torque and symbol “T” is used for torque).

2.2. Air Intake System Throttle and Valve
In the previous part, the concepts “reservoir” and “flow” are defined, it can be stated
that those concepts are very critical to understand air intake system and model it.
Because, the air intake system includes some pipes and some reservoirs which are
connecting more than one flow The reservoirs of the air intake system can be stated
as thermodynamic open systems as in Figure 2.6.

Figure 2.6 Typical reservoir in air intake system (actually it is valid most of the
engineering cases).
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Also, it should be stated again, there is no spatially variations in any thermodynamic
properties of the content (content is air in this part) of the reservoir in dimensionless
mean value engineering modeling. The conservation of energy and mass, and ideal
gas equation are the heart of the MVEM thermodynamics. Mass flows and their time
derivatives can be measured and calculated directly, but it is not possible for internal
energy. So, to use specific heat constants to calculate change in the internal energy is
very convenient. Also it should be noted, internal energy and enthalpy of ideal gases
are functions of temperature only, u=u(T) and h=h(T) (Joule, 1843)

𝑑𝑢 = 𝑐𝑣 . 𝑑𝑇

(Eq. 2.3.1)
2

∆𝑢 = 𝑢2 − 𝑢1 . = ∫1 𝑐𝑣 (𝑇). 𝑑𝑇

(Eq. 2.3.2)

𝑑ℎ = 𝑐𝑝 . 𝑑𝑇

(Eq. 2.4.1)
2

∆ℎ = ℎ2 − ℎ1 . = ∫1 𝑐𝑝 (𝑇). 𝑑𝑇

(Eq. 2.4.2)

(note that 𝑐𝑝 and 𝑐𝑣 are functions of temperature)

𝑃(𝑡). 𝑉 = 𝑚(𝑡). 𝑅. 𝑇(𝑡)
𝛾=

𝑐𝑝

and

𝑐𝑣

(Eq. 2.5)

𝑅 = 𝑐𝑝 − 𝑐𝑣

𝑈(𝑡) = 𝑐𝑣 . 𝑇(𝑡). 𝑚(𝑡) =

1
𝛾−1

(Eq. 2.6)

. 𝑃(𝑡). 𝑉

(Eq. 2.7)

𝐻̇𝑖𝑛 = 𝑐𝑝 . 𝑇𝑖𝑛 (𝑡). 𝑚̇𝑖𝑛 (𝑡)

(Eq. 2.8.1)

𝐻̇𝑜𝑢𝑡 = 𝑐𝑝 . 𝑇𝑜𝑢𝑡 (𝑡). 𝑚̇𝑜𝑢𝑡 (𝑡)

(Eq. 2.8.2)

𝑑𝑃(𝑡)
𝑑𝑡

=

𝛾.𝑅
𝑉

. [𝑚̇𝑖𝑛 (𝑡). 𝑇𝑖𝑛 (𝑡) − 𝑚̇𝑜𝑢𝑡 (𝑡). 𝑇𝑜𝑢𝑡 (𝑡)]

(Eq. 2.9)

Conservation of energy and mass equations which are shown in the Figure 2.6,
rewritten with the Equations 2.3-2.8 and Eq. 2.9 is formed for adiabatic reservoir.
Adiabatic reservoir assumption can be used in many engineering field when the flow
stays for very short time (we assume there is no enough time for heat transfer) in the
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reservoir or surface/volume ratio of the reservoir is very small. Another assumption
which is widely used for the flow-reservoir case is isothermal process and Eq. 2.8
can be rewritten with the assumption as in Eq. 2.9.
𝑑𝑃(𝑡)
𝑑𝑡

=

𝑅.𝜗(𝑡)
𝑉

. [𝑚̇𝑖𝑛 (𝑡) − 𝑚̇𝑜𝑢𝑡 (𝑡)]

(Eq. 2.10)

2.2.1. Throttle
In the previous part, the concepts reservoir and flows defined and related equations
are written. As in all mechanical systems including fluid, the mass flows between the
reservoirs are controlled by orifices and valves. And the driving force to flow mass is
pressure difference which are called upstream and downstream pressures. In an
internal combustion engine, the examples of this system are intake/exhaust valves
and throttle or carburetor, and these flow are nonlinear. In the literature, there are
many studies to model and estimate these flows (especially for internal combustion
engine flows). A general flow equation can be stated as in Eq. 2.10 and it can be used
for any flow case [44].
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(Eq. 2.10)

29

Where:

𝛹 =1+

𝛾−1
2

. 𝑀2 ,

𝑍=

−𝛾.𝑀2
2

. [4. 𝑓.

𝑑𝑥
𝐷

+ 𝑑𝑐𝑑 ] and 𝑌 = −𝛾. 𝑀2 .

𝑑𝑚̇
𝑚̇

But, in MVEM approach two relatively simple equation will be governed; the
assumptions which will be used in these simple equations are:
 Inertial effects in the flow are neglected
 There is no friction in the flow (experimentally validated discharge
coefficient includes friction effects)
 The system is isolated, so there is no heat and mass flow
 Spatial variations in the flow are neglected which means zero dimensional
flow is assumed.
Also, incompressible flow assumption is used for valve and orifice equations. This
assumption is valid for liquids and gases which have flow velocity up to a level. And
the flow equation for valve/orifice is called Bernoulli`s equation and written as in Eq.
2.11

𝑚̇(𝑡) = 𝑐𝑑 . 𝐴(𝑡). √2. 𝜌. √𝑃𝑖𝑛 (𝑡) − 𝑃𝑜𝑢𝑡 (𝑡)

(Eq. 2.11)

The terms used in the equation are:

𝑚̇ is mass flow through the flow area

A is the flow area of the orifice or valve
𝑐𝑑 is the discharge coefficient of the orifice or valve
ρ is the density of the flowing fluid (air or exhaust gas in our case)
𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 are the upstream and downstream pressures of the valve or orifice
For compressible flow case to govern related equations following assumptions [2]
and [12] should be considered for “isothermal orifice”:
 There is no loss in the accelerating part of the flow and all the stored energy
is converted to kinetic energy isentropically.
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 The pressure at the narrowest point of the valve or orifice equals to the
downstream pressure (because it is not possible to measure the pressure at the
narrowest point)
 And the upstream and downstream temperatures are equal.
The assumptions can be shown as in Figure 2.7; throttle plate is used as a valve
which is in SI engine throttle or carburetor in the figure.

Figure 2.7 Schematic view of isenthalpic flow through a throttle [12]

(As it is seen in the Figure 2.7, there is a pressure recovery but it is neglected)
The equations of flow in the light of the assumptions above are formed for two case:
mass flow equation for

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

> 0.528 (0.528 is the critical pressure ratio below this

ratio flow is choked) and below 0.528.
Mass flow for pressure ratio is above 0.528:

𝑚̇(𝑡) =

𝑐𝑑 .𝐴.𝑃𝑖𝑛
√𝑅.𝑇𝑖𝑛

𝑃𝑜𝑢𝑡 1/𝛾

.(

𝑃𝑖𝑛

)

.{

2.𝛾

𝛾−1

𝑃𝑜𝑢𝑡 (𝛾−1)/𝛾

. [1 − (
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𝑃𝑖𝑛

)

1/2

]}

(Eq. 2.12.1)

Mass flow for pressure ratio is equal or less than 0.528:

𝑚̇(𝑡) =

𝑐𝑑 .𝐴.𝑃𝑖𝑛
√𝑅.𝑇𝑖𝑛

. √𝛾. [

2

]

𝛾+1
𝛾−1

(Eq. 2.12.2)

𝛾+1

Where:

𝑃𝑐𝑟 = (

2

𝛾
𝛾−1

)

𝛾+1

. 𝑃𝑖𝑛 and 𝑃𝑐𝑟 ≅ 0.528. 𝑃𝑖𝑛 for 𝛾 = 1.4

In the studies related to air intake system modeling of an internal
combustion engine writing mass flow equations in Eq. 2.12.1 and Eq.
2.12.2 in the following form (Eq. 2.13) is very popular. Because, we
sometimes want to see the effect of compressibility and sometimes
neglect or taking as a constant that effect for a specific case (fixed
throttle position, pressure and temperature).
𝑚̇ = 𝑐𝑑 . 𝐴(𝑡).

𝑃𝑖𝑛
√𝑅.𝑇𝑖𝑛

.𝛹(

𝑃𝑖𝑛

𝑃𝑜𝑢𝑡

)

(Eq. 2.13.1)

Where:

𝛹(

𝑃𝑖𝑛

𝑃𝑜𝑢𝑡

√𝛾. [
)=

2

𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 < 𝑃𝑐𝑟

𝛾+1

1
𝑃𝑜𝑢𝑡 𝛾

{

]

𝛾+1
𝛾−1

𝛾−1
𝑃𝑜𝑢𝑡 𝛾

2.𝛾

( 𝑃 ) . {𝛾−1 . [1 − ( 𝑃 )
𝑖𝑛

𝑖𝑛

1
2

]} 𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 > 𝑃𝑐𝑟

}

(Eq. 2.13.2)
And the flow function can be approximated as following for air and low temperature
exhaust gases for γ≈ 1.4 [12].
1

𝛹(

𝑃𝑖𝑛

𝑃𝑜𝑢𝑡

𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 < 0.5𝑃𝑖𝑛

√2

)≈{

√2.

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

. (1 −

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 ≥ 0.5𝑃𝑖𝑛

)
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}

(Eq. 2.14)

Figure 2.8 Exact vs approximated flow functions

It should be noted that the flow function will give zero at the pressure ratios ≅ 1, for
this condition laminar flow equations can be used. General dimensionless flow
equations to measure mass flow are stated above, in the next valve design and valve
parameters which should be considered carefully during design period. Also, the next
part is very important to model its working principle and estimate the air mass flow.

2.2.2. Flow Through Valves
The most important actors in the intake and exhaust systems are valves or valves and
ports; because they are the most important flow restrictions, so they should be
designed and controlled properly. In this parts, poppet valve geometry and some
design factors will be reviewed. In the Figure 28, typical poppet valve is shown [2].
The air or exhaust gas flow is directly dependent on the parameters which are shown
in the figure. Flow area is dependent on the valve lift and its profile, so its lift profile
is also designed and built properly. Flow area of a valve can be calculated for three
different stage, but before calculating flow area its importance should be stated.
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Figure 2.9 Typical poppet valve and its geometrical parameters [2]

As it is seen in the Figure 2.10, shape and angle of the valve surface affects the flow
pattern. To get certain flow pattern, the shape and angle can be optimized. But, it
should be noted it directly affects the flow efficiency.

Figure 2.10 Flow through a poppet valve and flow pattern [45]

34

But, the angle and shape of poppet valves are generally designed to create minimum
restriction. The following equations are very useful to understand the effect and
design desirable flow pattern. A discharge coefficient to find an actual flow area can
be defined as in Eq. 2.15

𝑐𝑑,𝑣 =

𝐴𝑎𝑐𝑡

(Eq. 2.15)

𝐴𝑝𝑎𝑠𝑠

Where:

Apass is the geometrical flow area
Aact is actual flow area
In the literature, there are many empirical formulas and approaches for designing
intake valve and its sizing. Because, it is the source of the greatest restriction to flow
(as it is stated above) especially for higher speeds. The following formula is formed
to create minimum flow area during the intake [45].
̅𝑝,𝑚𝑎𝑥
𝑈

𝐴𝑝𝑎𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 = 𝐶. 𝐵2 . (

𝑐𝑖

𝜋

) = ( 4 ) . 𝐷𝑣 2

(Eq. 2.16)

Where:

C is constant which is around 1.3

B is bore diameter
̅𝑝,𝑚𝑎𝑥 is the average piston speed at maximum engine speed
𝑈

ci is speed of sound at the inlet
Apass, total in the Eq. 2.16 is the total flow area of the valve(s), so if there are two
intake valves left of the equation should be divided by two to find minimum valve
head diameter. Flow area of the valves are calculated for three stages of the valve lift
[2].
The first stage of the valve:

𝐴𝑝𝑎𝑠𝑠 = 𝜋. 𝐿𝑣 . 𝑐𝑜𝑠𝛽. (𝐷𝑣 − 2. 𝑤 +

𝐿𝑣
2

. 𝑠𝑖𝑛𝛽)
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Eq. 2.17.1

Where:
𝑤
𝑠𝑖𝑛𝛽.𝑐𝑜𝑠𝛽

> 𝐿𝑣

Eq. 2.17.2

The second stage of the valve:

𝐴𝑝𝑎𝑠𝑠 = 𝜋. 𝐷𝑚 . [(𝐿𝑣 − 𝑤. 𝑡𝑎𝑛𝛽)2 + 𝑤 2 ]1/2

Eq. 2.18.1

Where:
𝐷𝑝 2 −𝐷𝑠 2

[(

4.𝐷𝑚

2

1/2

)−𝑤 ]

And Dp is the port dia.,

+ 𝑤. 𝑡𝑎𝑛𝛽 ≥ 𝐿𝑣 >

𝑤
𝑠𝑖𝑛𝛽.𝑐𝑜𝑠𝛽

(Eq. 2.18.2)

Dm (Dv-w) is the mean seat dia. and Ds is the valve stem

dia.
The third stage of the valve:
𝜋

𝐴𝑝𝑎𝑠𝑠 = 4 . (𝐷𝑝 2 − 𝐷𝑠 2 )

(Eq. 2.19.1)

Where:
𝐷𝑝 2 −𝐷𝑠 2

𝐿𝑣 > [(

4.𝐷𝑚

1/2

) − 𝑤 2]

+ 𝑤. 𝑡𝑎𝑛𝛽

(Eq. 2.19.2)

The three stages of the valve list can be seen in the Figure 2.11.

Figure 2.11 The three stages of valve lift [2]
Importance of the valve flow area and its profile is stated above, its dimensions and
design are also important for cooling and valve seat (to avoid leakage) especially for
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exhaust valve. Minimum exposure (with minimum valve stem contact area to
exhaust) to hot exhaust gas is desired. Also, it should be noted no larger area for inlet
valve than is required to achieve maximum efficiency. Also, there are geometrical
constraints to design inlet and exhaust valves; in Table 2.1 typical valve sizes for
various combustion chamber designs. As it is seen in the table intake valves are
designed to have larger valve area compared to exhaust valves.

Table 2.1 Valve head diameters for various chamber design (in terms of cylinder
bore)
Chamber Design

Wedge or bathtub
Bowl-in-piston
Hemispherical
Four-valve pent-roof

Inlet Valve

Exhaust Valve

Approximate

Diameter

Diameter

mean piston

0.35-0.37B
0.34-0.37B
0.41-0.43B
0.28-0.32B

speed, m/s
15
14
18
20

0.43-0.46B
0.42-0.44B
0.48-0.5B
0.35-0.37B

Modern engines are equipped with more than one inlet valve for each cylinder.
Because, two or three small intake valves give better performance (more flow area
and less flow restriction) than one large intake valve. In Figure 2.12, different valve
combination for an overhead valve engine can be seen.

Figure 2.12 Three intake-exhaust valve arrangements for overhead valve engine [45]
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As it is stated before, another important factor is valve lift profile (so cam profile
design), it should be guaranteed to have maximum opening at the desired crank angle
or it should be closed to avoid backflow. And maximum lift should be around 12%
percent of engine cylinder diameter (bore). Typical opening and closing timings of
the valves should be as follows. Inlet valve opening (IVO) should be occur typically
10-20° BTC (before top center) actually IVO timing does not directly affect the
efficiency, but it affects valve-overlap and residual gas fraction. Intake valve closing
(IVC) should be 40-60° after BC (bottom center) to provide enough time to fill the
cylinder because, at BC cylinder pressure is minimum. Actually IVC is the most
important factor affecting engine volumetric efficiency. Because, at low speeds
backflows occur due to wide IVO durations, but it is necessary to use ram effect at
higher speeds to increase efficiency (so it is a tradeoff). The exhaust valve opening
(EVO) is typically before 50-60° before BC, before the end of the power stroke, so
relatively higher cylinder pressure helps to expel the exhaust gas. And with early
EVO, the cylinder pressure can be reduced to exhaust manifold pressure as soon as
possible around or after BC and it helps to reduce pumping losses. And EVC
(exhaust valve closing) is typically 8-20° after TC to provide valve overlap and better
scavenging [2]. In the Figure 2.13, typical valve timing diagram and profile is given.

Figure 2.13 Typical valve timing and profile of a SI engine [2]
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Finally, it should be stated dimensionless flow equations given in Eq. 2.12.1 and
2.12.2 are general equations which means they are applicable to any restricted flow
situations. So, they can be used for intake and exhaust valves.

2.3. Supercharger and Turbocharger
Another control oriented MVEM subject is to model the supercharger/turbocharger.
And the subject is very critical, because all modern engines are equipped with
turbochargers or superchargers or both of them to produce more power with same
engine volume.
Up to this point, common equations are governed and the equations are applicable to
both naturally aspirated engines and supercharged/turbocharged engines. But, in this
part necessary equations to model supercharger or turbocharger will be governed. To
get pressurized air three types of device (supercharger and turbocharger types) are
used. They can be listed as:
 Turbocharger which is composed of a turbine and fluid dynamic compressor
to utilize exhaust gas to get pressurized air.
 Pressure wave supercharger which is a gas dynamic compressor to utilize
exhaust gas to create pressurized air.
 Mechanical supercharger which is directly connected to engines crank shaft
and powered by the engine to create pressurized air.
For

control

oriented

modeling,

the

compressor

and

turbine

of

the

turbocharger/supercharger will be explained, and the other mechanical parts and
connections will not be considered.

2.3.1. Fluid Dynamic Compressors
The fluid dynamic compressor is the most commonly used compressor type, so it
will be explained and the other types will be just mentioned. Typically, compressor
map is used to define the characteristic of compressor. And the properties to create a
compressor map are: pressure at the inlet and outlet of the compressor, rotational
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speed of the compressor and temperature at the inlet and outlet of the compressor.
And these three variables are used to create a map to find two outputs which are:
torque necessary to drive the compressor and generated mass flow. In Figure 2.14,
typical fluid dynamic compressor map is shown. The map is built with the properties:

𝛱𝑐 is the pressure ratio over the compressor
𝜔
̃𝑐 is the corrected compressor speed where 𝜔
̃𝑐 = √

𝑇1,0
𝑇1

. 𝜔𝑐 (T1.0 is the inlet

temperature when the map was built, T1 is the inlet temperature)

𝑚̇𝑐 = (

𝑃1
𝑃1,0

𝑇

) . √ 𝑇1,0 . 𝜇̇ is the corrected mass flow through the compressor (P1.0 is
1

the inlet pressure when the map was built, P1 is the inlet temperature)

Figure 2.14 Typical fluid dynamic compressor map, mass flow vs pressure ratio [12]
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The plotted map has various information about the compressor one of the most
important of them is the required power to run the compressor. It can be easily
calculated with efficiency and pressure ratio –they are plotted on the map- with
following formula:

𝑃𝑜𝑤𝑒𝑟𝑐 =

𝑃𝑜𝑤𝑒𝑟𝑐,𝑠
𝜂𝑐

= 𝜇̇ 𝑐 . 𝑐𝑝 . 𝑇1 . [𝛱𝑐 (𝛾−1)/𝛾 − 1].

1
𝜂𝑐

(Eq. 2.20)

Where:

𝑃𝑜𝑤𝑒𝑟𝑐 required power to run the compressor
𝑃𝑜𝑤𝑒𝑟𝑐,𝑠 is the isentropic power to run the compressor
And then it is very easy to calculate required torque as following:

𝑇𝑜𝑟𝑞𝑢𝑒𝑐 =

𝑃𝑜𝑤𝑒𝑟𝑐

(Eq. 2.21)

𝜔𝑐

Also, temperature increase in the compressor can be modeled with the Equation
2.22:

𝑇𝑐 = 𝑇1 + [1 − 𝛱𝑐 (𝛾−1)/𝛾 ].

𝑇1

(Eq. 2.22)

𝜂𝑐

The compressor equations which are stated above can be used to model and control a
turbocharger or supercharger compressor; the equations should be combined with the
previously defined air flow equations. In the Figure 2.15, a schematic view of air
intake system with a compressor is given.
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Figure 2.15 Simplified Moore-Greitzer [12] and schematic view for control oriented
model [46]

The governing equations for intake system which is combined with a compressor and
an intercooler can be stated as follows:

𝑚̇𝑡 = 𝑐𝑑,𝑡 (𝐴𝑡 (𝜃𝑡 )). 𝜙(𝑃𝑖𝑛 , 𝑃𝑚 )

(Eq. 2.23)

Where:
𝑚̇𝑡 is the mass flow through the throttle.

𝜃𝑡 is the throttle plate angle
𝐴𝑡 is the throttle flow area
𝑐𝑑,𝑡 (𝐴𝑡 (𝜃𝑡 )) is the discharge coefficient as a function of throttle flow area (which
is a function of throttle plate angle).

𝑃𝑖𝑛 𝑎𝑛𝑑 𝑃𝑚 are the pressure around the intercooler and manifold respectively.
𝜙(𝑃𝑖𝑛 , 𝑃𝑚 ) is a function which is described below:
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For 𝑃𝑖𝑛 ≥ 𝑃𝑚

𝜙(𝑃𝑖𝑛 , 𝑃𝑚 ) = √𝑃𝑖𝑛 . 𝜌𝑖𝑛 . √

𝛾+1
2.𝑘

. √(

2

𝛾

𝑃

1

) − (𝑃𝑚 − 𝛾+1)
𝛾+1

(Eq. 2.24.1)

𝑖𝑛

For 𝑃𝑖𝑛 < 𝑃𝑚

𝜙(𝑃𝑖𝑛 , 𝑃𝑚 ) = −√𝑃𝑚 . 𝜌𝑚 . √

𝛾+1
2.𝛾

. √(

𝛾

2

𝑃𝑖𝑛

1

2

) − ( 𝑃 − 𝛾+1)

𝛾+1

𝑚

(Eq. 2.24.2)

Where:

𝜌𝑖𝑛 is the density of air around the intercooler
𝜌𝑚 is the density of air in the manifold
𝛾 is the air constant

And the differential equations are:
For intercooler:
𝑑𝜌𝑖𝑛
𝑑𝑡

=

(𝑚̇𝑐 −𝑚̇𝑡 )

(Eq. 2.25)

𝑉𝑖𝑛

Where:

𝑉𝑖𝑛 is the intercooler volume
𝑑𝑃𝑖𝑛
𝑑𝑡

=

𝛾.𝑅.𝑇𝑎
𝑉𝑖𝑛

. 𝑚̇𝑐 −

𝛾.𝑃𝑖𝑛
𝑉𝑖𝑛 .𝜌𝑖𝑛

. 𝑚̇𝑡

(Eq. 2.26)

Where:

𝑇𝑎 is the air temperature (the temperature increase in the compressor should be
included).
For manifold:
𝑑𝜌𝑚
𝑑𝑡

=

(𝑚̇𝑡 −𝑚̇𝑐𝑦𝑙 )

(Eq. 2.27)

𝑉𝑚
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Where:

𝑚̇𝑐𝑦𝑙 is the mass flow through the cylinder
𝑉𝑚 is the manifold volume
𝑑𝑃𝑚
𝑑𝑡

=

𝛾.𝑅.𝑇𝑎
𝑉𝑚

. 𝑚̇𝑡 −

𝛾.𝑃𝑚
𝑉𝑚 .𝜌𝑚

𝑚̇𝑐𝑦𝑙

(Eq. 2.28)

The necessary equations which are used to model a compressor for control purposes
are given above; now the main equations to model a turbine will be stated.

2.3.2. Turbines
As you know, the mechanical supercharger is powered directly by the internal
combustion engine, so there is no additional equation (also the pressure wave
superchargers do not have a physical turbine, so it is not included in this part). But, to
model fluid dynamic turbocharger turbine –one of the most critical part- should be
included into the model.
For control oriented modeling, modeling the turbine as an orifice is a convenient
approach. But, using look-up tables and maps which are composed of pressure ratio,
turbine speed and mass flow are more popular. To use normalized mass flow tables
or maps which are prepared by the manufacturer, the following relations should be
stated:

𝛱𝑡 is the pressure ratio over the turbine
𝜔
̃𝑡 is the corrected turbine speed where 𝜔
̃𝑡 = √

𝑇3,0
𝑇3

. 𝜔𝑡

(T3.0 is the inlet

temperature when the map was built, T3 is the inlet temperature)

𝑚̇𝑡 = (

𝑃3
𝑃3,0

𝑇

) . √ 𝑇3,0 . 𝜇̇ is the corrected mass flow through the turbine (P3.0 is the
3

inlet pressure when the map was built, P3 is the inlet temperature).
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And with the known isentropic efficiency torque and temperature output can be
calculated:

𝑐̃𝑢𝑠 =

𝑟𝑡 .𝜔𝑡

(Eq. 2.29)

𝑐𝑢𝑠

Where:

𝑐̃𝑢𝑠 is turbine speed ratio
𝑟𝑡 is blade radius
𝑐𝑢𝑠 = √2. 𝑐𝑝 . 𝑇3 . [1 − 𝛱𝑡 (1−𝛾)/𝛾 ]
(Eq. 2.30)

𝑃𝑜𝑤𝑒𝑟𝑡 = 𝑃𝑜𝑤𝑒𝑟𝑡,𝑠 . 𝜂𝑡 = 𝑚̇𝑡 . 𝑐𝑝 . 𝑇3 . [1 − 𝛱𝑡 (1−𝛾)/𝛾 ]. 𝜂𝑡

(Eq. 2.31)

Where:

𝑃𝑜𝑤𝑒𝑟𝑡,𝑠 is the isentropic efficiency
𝑇𝑜𝑟𝑞𝑢𝑒𝑡 =

𝑃𝑜𝑤𝑒𝑟𝑡

(Eq. 2.32)

𝜔𝑡

Some simplified correlations are also used for this case, too. The following equation
gives pretty good result.

𝜂(𝑐̃𝑢 ) = 𝜂𝑡,𝑚𝑎𝑥 . [

2.𝑐̃𝑢
𝑐̃𝑢,𝑜𝑝𝑡

−(

𝑐̃𝑢
𝑐̃𝑢,𝑜𝑝𝑡

2

) ]

(Eq. 2.33)

And for automotive applications the following typical values can be used: 𝜂𝑡,𝑚𝑎𝑥 ≈
0.65 − 0.75 and 𝑐̃𝑢,𝑜𝑝𝑡 ≈ 0.55 − 0.65
The main equations to get the mean value model of the compressor and turbine are
given above. But, to use maps and 2-D tables formed by the manufacturer are more
practical approach. In Figure 2.16, a compressor map example for GT14 is given.
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Figure 2.16 Compressor map: pressure ratio vs mass flow.

In the next part mass flow equations will be defined in terms of volumetric
efficiency. There is a conventional approach which is called pressure-density method
to estimate air mass flow through the cylinders; the equations be stated in the next
part are used directly in that approach.

2.3.3. Cylinder Mass Flow
In this approach, the engine is regarded as a pump with a certain pumping efficiency.
And this efficiency is measured directly during engine calibration tests.
𝑉 ω (t)
𝑚̇ = 𝜌𝑖𝑛 (𝑡). 𝑉̇ (𝑡) = 𝜌𝑖𝑛 (𝑡). ηv (Pm , ωe ). 𝑑 . e
𝑁
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2.𝜋

(Eq. 2.34)

Where:
𝜌𝑖𝑛 is density of flowing gas.
ηv is the volumetric efficiency of the engine.
𝑉𝑑 cylinder displacement

N is 2 for 4-stroke, 1 for 2-stroke engine
ωe engine rotation speed in rad/s
Another formulation for volumetric efficiency consider only air mass flow
𝑉 ω (t)
𝑚̇ = 𝜌𝑚 (𝑡). 𝑉̇ (𝑡) = 𝜌𝑚 (𝑡). ηv (Pm , ωe ). 𝑑 . e
𝑁

2.𝜋

(Eq. 2.35)

It should be noted, two of the equations are very critical for engines optimum
efficiency (but actually volumetric efficiency is the ability to aspirate air and fuel
mixture).
From the ideal gas relation, density and temperature of the flowing mixture can be
calculated as below:

𝑚̇ = 𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑓𝑢𝑒𝑙
𝜌𝑖𝑛 (𝑡) =
𝑇𝑚 =

𝑃𝑚
𝑅𝑚 .𝑇𝑚

where 𝑅𝑚 =

(Eq. 2.36.1)
𝑚̇𝑎𝑖𝑟 .𝑅𝑎𝑖𝑟 +𝑚̇𝑓𝑢𝑒𝑙 .𝑅𝑓𝑢𝑒𝑙
𝑚̇𝑎𝑖𝑟 +𝑚̇𝑓𝑢𝑒𝑙

𝑚̇𝑎𝑖𝑟 .𝑐𝑝,𝑎𝑖𝑟 .𝑇𝑎𝑖𝑟 +𝑚̇𝑓𝑢𝑒𝑙 .𝑐𝑝,𝑓𝑢𝑒𝑙 .𝑇𝑓𝑢𝑒𝑙
𝑚̇𝑎𝑖𝑟 .𝑐𝑝,𝑎𝑖𝑟 +𝑚̇𝑓𝑢𝑒𝑙 .𝑐𝑝,𝑓𝑢𝑒𝑙

(Eq. 2.36.2)

(Eq. 2.36.3)

Volumetric efficiency of an internal combustion engine is very critical and it the first
parameter which should be identified during the calibration, because it directly
effects the efficiency and performance of the engine. Also, it can be easily said it is a
complicated issue because of various parameters affecting. For example, in gasoline
engines fuel evaporation in the intake manifold helps to reduce temperature of the
air, so it helps to increase the density and volumetric efficiency [12] and [43].
Another statement about the phenomenon is that because of the fuel -gasoline and
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methane- vapor in the intake system the volumetric efficiency is directly affected and
reduced [2].
There are also some studies and approaches to reduce the number of experiments to
find or tabulate accurate volumetric efficiency. The following formula can be used to
decrease the number of experiments to find volumetric efficiency. In the formula,
volumetric efficiency formed as two parts, pressure dependent (includes the effect of
trapped exhaust gas) and velocity dependent part:

ηv (𝑃𝑚 , 𝜔𝑒 ) = ηv,P (𝑃𝑚 ). ηv,ωe (𝜔𝑒 )
ηv,P (𝑃𝑚 ) =

𝑉𝑐 +𝑉𝑑
𝑉𝑑

(Eq. 2.37.1)

1

−

𝑃
𝛾 𝑉
( 𝑃𝑒𝑥ℎ ) . 𝑉𝑐
𝑚
𝑑

(Eq. 2.37.2)

Where:

Vc is the volume @TDC
Vd is the displaced volume
Pexh is the pressure at the exhaust manifold
With the Equations 2.37.1 and 2.37.2, volumetric efficiency can be measured with
reduced number of experiments by changing just engine velocity (the pressure at the
exhaust manifold can be taken as constant).
2.4. Fuel System
As it is sated before, the heart of combustion quality, low emission and high
performance is AFR control. And, necessary equations which are used to estimate air
mass flow are given in the previous parts, now necessary equations which will be
used to control fuel amount supplied into cylinders will be stated. Conventional
carburetors are almost obsolete, so fuel injection system will be on focus.
Fuel injection systems can be categorized as: direct injection and indirect injection
systems. Direct injection (DI) systems are used to inject the fuel directly into the
combustion chamber and the most of the diesel engines use this type of injection
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system. Modern SI engines are equipped with direct injection systems which are used
to inject fuel directly into the combustion chamber, and they work at high pressure
levels which is up to 350 bar (injected fuel amount is directly proportional to
injection time and the pressure of fuel lines, so to catch up the combustion speed we
need to supply enough fuel at short times).
Most of the engines which are used worldwide are equipped with indirect injection
system -it is called as port fuel injection- because of its cost advantage compared
with high pressure direct injection system which uses expensive high pressure
generation pump, pressure sensor, high pressure injectors and relatively complex
control system. And port injection systems have simpler control system because
system pressure is around 6 bar and injectors have simple solenoid valve system. In
this part, only indirect injection systems will be discussed with injectors located in
front of the intake port.
Some of the advantages of port fuel injection system are given above, but it has also
disadvantages; It suffers from a phenomenon called “wall-wetting”, it can be seen in
Figure 2.17. This phenomenon can be described as when the fuel is injected into the
port some of the fuel is stored on the walls of the port and back of the intake valve as
droplets and fuel films.

Figure 2.17 Fuel wall-film model [12]
Also, the fuel stored in previous cycle evaporates and mixes with air; at steady state
working conditions the effect of wall-wetting can be controlled with the feedback
signal of lambda sensor, but it is not possible during transient conditions because of
time delays. So, there are some models to estimate wall-wetting will be given in the
following part.
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2.4.1. Wall-wetting Models
2.4.1.1. Aquino Model
Wall-wetting phenomenon is not present for DI engines and engine which use
gaseous fuel such as compressed natural gas. So, it should be stated again the wallwetting equations and models are stated for indirect injection systems. The first
model is a basic model which is called “Aquino model”. Mass balance in the intake
port is stated as follows:

𝑚̇𝜑 (𝑡) = (1 − 𝜅(𝜔𝑒 , 𝑃𝑚 , 𝑇𝑓 , … )) . 𝑚̇𝜓 (𝑡) +
𝑑𝑚𝑓 (𝑡)
𝑑𝑡

= 𝜅(𝜔𝑒 , 𝑃𝑚 , 𝑇𝑓 , … ). 𝑚̇𝜓 (𝑡) −

𝑚𝑓 (𝑡)
𝜏(𝜔𝑒 ,𝑃𝑚 ,𝑇𝑓 ,… )

𝑚𝑓 (𝑡)
𝜏(𝜔𝑒 ,𝑃𝑚 ,𝑇𝑓 ,… )

(Eq. 2.38)

(Eq. 2.39)

Where:

𝑚̇𝜑 (𝑡) is the fuel mass aspirated into the engine
𝑚̇𝜓 (𝑡) is the fuel mass injected into the port
𝑚𝑓 (𝑡) is the fuel mass stored on the walls
𝜅(… ) and 𝜏(… ) are experimental coefficients
The experimental coefficients are estimated during the calibration period and lumped
into 2-D tables; and they should be updated and there are studies to estimate the
coefficients in the literature.
An example of maps created for wall-wetting phenomenon is shown in Figure 2.18.
It is just an example, but it is important to understand the order of magnitude of the
coefficient values.
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Figure 2.18 Experimental maps of fuel film evaporation coefficients [12]

2.4.1.2. First-Principle model
To identify the coefficients of Aquino model is very time consuming process, so
there are some approaches which are based on physical principles. One of the models
which are based on thermodynamic relations is stated in [47], in the model the
phenomenon is split into three sub models:
 the evaporation of airborne/flying fuel droplets
 number of droplets-the number reduces when they collide with the manifold
wall
 the wall-film evaporation-liquid fuel on the wall
In the model, the main equation is stated as in Eq. 2.40:
𝑑𝑚𝑓 (𝑡)
𝑑𝑡

= 𝑚̇𝜓 (𝑡) − 𝑚̇𝐸𝑉𝐷 (𝑡)

(Eq. 2.40)

Which means the difference between the injected mass and mass evaporates from the
droplets is the change in the fuel mass which is stored on the wall. The second
equation is Eq. 2.41 which gives the evaporating fuel mass rate:

𝑚̇𝐸𝑉 = ℎ𝑚 . 𝜌𝑓 . 𝐴𝑓 . ln(1 + 𝐵)

(Eq. 2.41.1)
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𝐵=

𝑥𝑣𝑓 (𝑇𝑓 )−𝑥𝑣𝑔

(Eq. 2.41.2)

1−𝑥𝑣𝑓 (𝑇𝑓 )

Where:

ℎ𝑚 is the mass transfer coefficient
𝜌𝑓 is the density of the liquid fuel
𝐴𝑓 is the evaporation surface area
𝐵 is the spalding number
𝑥𝑣𝑓 (𝑇𝑓 ) is the vaporized fuel mass fraction

𝑥𝑣𝑔 is the fuel mass fraction which is in surrounding gas flow (𝑥𝑣𝑔 ≈ 0)
𝑥𝑣𝑓 of the fuel is directly related to its own characteristics and for RON98 unleaded
gasoline the following graph shown in Figure 2.19 can be used.
The mass transfer coefficient can be calculated as follows:

ℎ𝑚 = 𝑆ℎ.

𝐷𝐴𝐵

(Eq. 2.42)

𝑑𝑥

Where:

Sh is the Sherwood number
𝐷𝐴𝐵 is the diffusivity coefficient (it should be taken from the literature)
𝑑𝑥 is the characteristic length (x is F for fuel film and D is for droplet)
Then Equation 2.41.1 becomes:

𝑚̇𝐸𝑉 =

𝜌𝑣𝑠 .𝐷𝐴𝐵 .𝐴𝑓
𝑑𝑥

. 𝑆ℎ. ln(1 + 𝐵)

(Eq. 2.43)
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Figure 2.19 Evaporation curve of RON98 unleaded gasoline [12]

Where:

𝜌𝑣𝑠 is the density of fuel which is at the surface of the droplet (𝜌𝑣𝑠 ≅ 0.5. 𝜌𝑓 )
𝑆ℎ = 𝑐𝑟 . 𝑅𝑒 𝑚𝑟 . 𝑆𝑐 𝑛𝑟

(Eq. 2.44)

Where:

𝑅𝑒 =

𝑢∞ .𝑑
𝜈

and 𝑆𝑐 =

𝜈
𝐷𝐴𝐵

𝜈 is the kinematic viscosity
𝑐𝑟 , 𝑚𝑟 , and 𝑛𝑟 are correlation parameters
From the literature their values are [48]:

𝑐𝑟 = 0.552 𝑚𝑟 = 0.5 𝑛𝑟 = 0.33
For droplet evaporation, the droplet diameter dD can be taken as characteristic length;
and the equations can be formed for droplet evaporation as follows:
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𝑑𝑚𝐷 (𝑡)
𝑑𝑡
𝑑𝑑𝐷 (𝑡)
𝑑𝑡

= 𝜌𝑓 .
=−

𝑑𝑉𝐷 (𝑡)

1
𝑑𝐷

𝑑𝑡

1

𝑑𝑑𝐷 (𝑡)

2

𝑑𝑡

= 𝜌𝑓 . . 𝜋. 𝑑𝐷 2 .

= −𝑚̇𝐸𝑉𝐷 (𝑡)

. 𝐷𝐴𝐵 . ln(1 + 𝐵) . 𝑆ℎ𝐷

(Eq. 2.45)
(Eq. 2.46)

𝑑𝐷 (𝑡) = √𝑑0 2 − 2. 𝐷𝐴𝐵 . ln(1 + 𝐵) . 𝑆ℎ𝐷 . 𝑡

(Eq. 2.47)

When the previous three equations are combined, the following equation for droplet
evaporation rate can be formed.
1

𝑚̇𝐸𝑉𝐷 (𝑡) = . 𝜌𝑓 . 𝜋. 𝑑𝐷 . 𝐷𝐴𝐵 . ln(1 + B) . ShD
2

(Eq. 2.48)

In Equation 2.48, the evaporation rate of single fuel droplet is given. To find total
fuel evaporation rate caused by droplets, we should estimate the number of droplets.
In the study which is stated in [47], a model to estimate the number of droplets is
presented.

𝑁𝑑𝑝 (𝑡) = 𝜋
6

𝑚𝜓
.𝑑0 3 .𝜌𝑓

.𝑒

𝑡
𝜏𝐷𝐴

−

(Eq. 2.49)

𝑡

𝑚𝐸𝑉𝐷 = ∫𝑡 𝐼𝑉𝐶 𝑁𝑑𝑝 (𝑡). 𝑚̇𝐸𝑉𝐷 . 𝑑𝑡

(Eq. 2.50)

𝑖𝑠

Where:

𝜏𝐷𝐴 is the time constant, it is related to manifold geometry and should be
experimentally found

𝑁𝑑𝑝 is the number of droplets
𝑡𝑖𝑠 is the time when the injections starts
𝑡𝐼𝑉𝐶 is the time when the intake valve closes
𝑑0 is the initial diameter of the droplet (it can be taken as 100 μm)
Fuel droplet evaporation equations are governed and stated above, now the equations
to calculate evaporation rate of fuel which stored on the wall will be stated. The
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starting point of the calculations is the mass increase of wall film which is 𝑚𝜓 −

𝑚𝐸𝑉𝐷 .
With the coefficients [49]:

𝑐𝑟 = 0.023 𝑚𝑟 = 0.83 𝑛𝑟 = 0.44
To estimate wall film area, the popular approach is to treat the wall film area as a
ring around the intake valve. Then,

𝐴𝑓 = 𝜋. 𝑑𝐹 . ℎ𝐹 with the assumption (𝛿𝑡ℎ ≪ 𝑑𝐹 )

(Eq. 2.51)

Where

𝑑𝐹 is the diameter of intake valve
𝛿𝑡ℎ is the fuel film thickness
ℎ𝐹 is the fuel film height
Evaporation rate of the fuel film is:

𝑚̇𝐸𝑉𝐹 =

𝜌𝑓𝑣𝑠 .𝐴𝐹
𝑑𝐹

. 𝐷𝐴𝐵 . 𝑆ℎ𝐹 . ln(1 + B)

𝑚̇𝐸𝑉𝐹 = 𝜌𝑓𝑣𝑠 . 𝜋. ℎ𝐹 . 𝐷𝐴𝐵 . 𝑆ℎ𝐹 . ln(1 + 𝐵)

(Eq. 2.52.1)
(Eq. 2.52.2)

And the mass of the fuel film on the wall

𝑚𝑓 = 𝜌𝑓 . 𝜋. 𝑑𝐹 . 𝛿𝑡ℎ . ℎ𝐹

(Eq. 2.53)

The necessary equations for wall-wetting phenomenon are stated above, to
summarize the interactions between droplets, fuel film and fuel flowing into the
cylinder are shown in Figure 2.20.
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Figure 2.20 Interaction between wall film and fuel droplets [12]

2.4.2. Gas Mixing and Transport Delays
As it is stated in the previous parts, AFR control is the most critical issue to achieve
desired performance and emission rates. The most popular approach for AFR control
is to combine an oxygen sensor with and MAF sensor. But, the disadvantages of this
combination are slow response of the sensors and transport delay. In this part of the
study, the exhaust gas transport delay will be explained in MVEM approach. The
schematic view in the Figure 2.21 can be used to define transport delay.

Figure 2.21 Schematic of exhaust gas transport delay [12]
Because of the transport delay, the air fuel ratio should be formulated as follows:
𝑚̇𝛽 (𝑡−𝜏𝐼𝐸𝐺 )
𝜆̃ = ̇

(Eq. 2.54)

𝑚𝜑 (𝑡−𝜏𝐼𝐸𝐺 )
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Where:

𝜏𝐼𝐸𝐺 is induction to exhaust gas delay.
But, it should be noted that, there is additional dynamics such as exhaust gas
recirculation and trapped exhaust gas in the combustion chamber. To include the
effect of residual gas, the equation should be formed as in Equation 2.55.

𝜆(𝑡) =

̃.𝑚(𝑡)+𝜆(𝑡−𝜏𝐼𝐸𝐺 ).𝑚𝑒𝑔 (𝑡)
𝜆

(Eq. 2.55)

𝑚(𝑡)−𝑚𝑒𝑔 (𝑡)

Where:

𝑚(𝑡) is the mass of the fresh charge flowing into the cylinder.
𝑚𝑒𝑔 (𝑡) is the residual exhaust gas.
And they can be formulated as follows:

𝑚(𝑡) = 𝑚̇(𝑡 − 𝜏𝐼𝐸𝐺 ).
𝑚𝑒𝑔 = 𝑉𝑐 .

2.𝜋.𝑁

(Eq. 2.56)

𝑛𝑐𝑦𝑙.𝜔𝑒

𝑃𝑧

(Eq. 2.57)

𝑅𝑒𝑔 .𝑇𝑧

Where:

𝑃𝑧 is the pressure when the exhaust valve is closing.
𝑇𝑧 is the temperature when the exhaust valve is closing.
𝑅𝑔 is the gas constant.
𝑉𝑐 is the cylinder volume.
And for control purposes, the AFR equation can be finalized by including system
delays as below:

𝑥𝜆 (𝑠) = 𝑒 −𝜏1.𝑠 .

1
𝜏2 .𝑠+1

. 𝜆(𝑠)

(Eq. 2.58)

Where:
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𝜏1 and 𝜏2 are the time constants of the system (characterized by exhaust pipe length,
cylinder volume, sensor response etc.)

2.5. Discrete-Event Models (DEM)
In this thesis, mean value engine modeling (MVEM) approach is used, and it is
widely used for engine modeling because of its ease and advantage while designing
controller. But, because of its reciprocating action, internal combustion engines have
discrete-event nature. So, it will be beneficial to explain the ignition and fuel
injection actions in discrete-events (crank angles).
Modern internal combustion engines are equipped with microprocessor based ECU,
and it work in discrete-event mode which means it performs its actions at constant
crank angles and angle intervals. And it may be designed to work in two different
modes: “fully synchronized mode and asynchronous mode”.
In fully synchronized mode, the ECU continuously counts the pulses of the crank
shaft sensor to detect the crank angle and when it detects the correct angle it starts
the injection or ignition. In the asynchronous mode, there is an additional dedicated
slave processor and the master processor sends the necessary information about the
fuel amount, injection and ignition angle. And, the slave processor counts the
crankshaft sensor pulses and performs the operations at the desired crank angles. So,
there is additional time for the necessary calculations and control actions performed
by the main processor (this may also provide time for time consuming complex
control actions). In the Table 2.2, the time-domain values for 4-stroke engine is
given; as it is stated in the table, the time constraint is very strict at higher engine
speeds. So, the second working mode -asynchronous mode- is more popular (the
former one is obsolete for multi-cylinder engines).
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Table 2.2 Time-domain values of four stroke engine.
Engine Event

Crank Angle

@600 rpm

@6000 rpm

Cycle

4π

200 ms

20 ms

Revolution

2π

100 ms

10 ms

One Stroke for 4

π

50 ms

5

cyl.
One Stroke for 6

2π/3

33 ms

3.3 ms

ms

cyl.

The main duty of the ECU is to control ignition and fuel injection which means
desired fuel amount, injection and ignition at the right time. And, as it is seen in the
table above the time perform necessary actions is very short, so it performs the action
sequentially. In the Figure 2.22, the timing diagram and engine events are given.

Figure 2.22 Injection events of a PFI SI engine [12]

At higher engine speeds, there is no enough time for injection, so injection starts
before the intake valve opening. Also, injection on the close hot intake valve increase
the fuel evaporation and increase the efficiency of combustion (but the time interval
between point “a” and point “b” can also be used). Between point “a” and “b” air
fuel mixture flows into the cylinder. At point “c”, the ECU starts to perform the
calculate the desired fuel amount which will be injected in the next stroke and ends at
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point “d”. At point “e”, injection starts with the information of recent air mass flow.
And, at point “f” the injection finishes and between “f” and “g” air fuel mixture
flows into the cylinder. Then, the combustion takes place between the points “g” and
“h”; and this sequential events continue until the engine stops.
Also, a timing diagram can be built for ignition timing as in Figure 2.23. At point
“a”, the actions including necessary calculations, measurements of the sensor signals
and reading 2-D look-up tables to find ignition timing and advance angle start. At
point “b”, the actions (to find advance angle and ignition timing) are completed and
the values (advance angle and ignition timing) are sent to the slave processor. At
point “c”, the coil is energized (it should be energized for 4-5 ms to create pretty
good spark). And, at point “d” the current flowing through the coil is broken and
spark is generated.

Figure 2.23 Ignition events of a SI engine [12]

Now, the continuous form of the fuel flow equations will be introduced in discrete
form, because the fuel flow control of the case study (HBO Engine) performed with
DEM approach. The fuel injection in engines are synchronized with engine`s crank
angle, but the time delays caused by transportation should be identified to design a
controller (feedforward or feedback). To show the system delays the plant models
will be introduced in discrete form.
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The Aquino model (Eq. 2.38) can be stated in discrete form as follows:

𝐺(𝑠) = (1 − 𝜅) + 𝜅.

1

(Eq. 2.59)

𝑠.𝜏+1

And discrete-time description for single cylinder is:
−𝑛𝑐𝑦𝑙 .𝜏𝑠𝑒𝑔
𝜏
−𝑛𝑐𝑦𝑙 .𝜏𝑠𝑒𝑔
𝜏
𝑧−𝑒

1−𝑒

𝐺(𝑧) = (1 − 𝜅) + 𝜅. (

)

(Eq. 2.60)

𝜏𝑐𝑦𝑐𝑙𝑒 = 𝑛𝑐𝑦𝑙 . 𝜏𝑠𝑒𝑔

(Eq. 2.61)

Where:

𝜏𝑠𝑒𝑔 =

2.𝜋.𝑁
𝜔𝑒 .𝑛𝑐𝑦𝑐𝑙

and

𝑁 = 1 for 2-stroke engine
𝑁 = 2 for 4-stroke engine
𝑛𝑐𝑦𝑙 is the number of cylinders
The equations can be formed for 4 cylinders (most of the modern engines have four
cylinder) and the structure of the model can be summarized as in Figure 2.24.

Figure 2.24 Structure of fuel dynamics of 4 cylinders in discrete form [12]
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So, the total plant model can be stated as below:

𝐺𝑡𝑜𝑡𝑎𝑙 (𝑠) = 𝐺ℎ𝑜𝑙𝑑 (𝑠). 𝐺𝑓𝑑 (𝑧) 𝑤𝑖𝑡ℎ 𝑧 = 𝑒 𝑠.𝜏𝑠𝑒𝑔
𝐺𝑡𝑜𝑡𝑎𝑙 (𝑠) =

1−𝑒 −𝑠.𝜏𝑠𝑒𝑔
𝑠.𝜏𝑠𝑒𝑔

. ((1 − 𝜅) + 𝜅.

(Eq. 2.62.1)

−𝑛𝑐𝑦𝑙 .𝜏𝑠𝑒𝑔
𝜏
−𝑛𝑐𝑦𝑙 .𝜏𝑠𝑒𝑔
𝑛
𝜏
𝑧 𝑐𝑦𝑙 −𝑒

1−𝑒

)

(Eq. 2.62.2)

Where:

𝑧 = 𝑒 𝑠.𝜏𝑠𝑒𝑔
Note that for 4 cylinders sampling time will be four times faster so 𝑧 𝑛𝑐𝑦𝑙 is used for

𝑧.
The second term of the Eq. 2.62 is the wall wetting dynamics of the four cylinder as
it is in Eq. 2.60.
For low engine temperatures the first order wall wetting dynamics may not simulate
the real case, so additional term is introduced and the wall-wetting dynamics can be
stated as:

𝐺(𝑠) = (1 − 𝜅1 − 𝜅2 ) +

𝜅1
𝜏1 .𝑠+1

+

𝜅2

(Eq. 2.63)

𝜏2 .𝑠+1

Then the wall-wetting dynamics of the system is:

𝐺𝑤𝑤𝑑 (𝑧) = (1 − 𝜅1 − 𝜅2 ) + 𝜅1 .

1−𝑒

−𝜏𝑠𝑒𝑔 .𝑠
𝜏1

−𝜏𝑠𝑒𝑔 .𝑠
𝑧−𝑒 𝜏1

+ 𝜅2 .

1−𝑒

−𝜏𝑠𝑒𝑔 .𝑠
𝜏2

−𝜏𝑠𝑒𝑔 .𝑠
𝑧−𝑒 𝜏2

(Eq. 2.64)

Also, the model of the lambda sensor and additional delay can be introduced into the
model, and the complete system becomes:

𝐺(𝑠) =

1−𝑒 −𝜏𝑠𝑒𝑔 .𝑠
𝜏𝑠𝑒𝑔 .𝑠

. 𝑒 −𝜏𝑑𝑒𝑙𝑎𝑦.𝑠 . 𝐺𝑤𝑤𝑑 (𝑧).
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1
𝜏𝑙𝑎𝑚𝑏𝑑𝑎 .𝑠+1

(Eq. 2.65)

2.6. Combustion Processes
Designing and improving internal combustion engine is a sophisticated issue and its
level of sophistication has been increasing for last years because of increasing
customer demands and strict environmental regulations. The tools and studies which
are used to design internal combustion engine and combustion process can be
categorized into two field as: experimental and computational studies, but the design
requirements of modern internal combustion engines can only be achieved by
combination of computational and experimental studies. It is obvious that the
numerical methods/models have significant uncertainties due to assumptions and not
included sub models, but they have advantages of time and cost when it is compared
with experimental studies and manufacturing prototypes. Also, the computational
methods give the opportunity of testing different scenarios and boundary conditions
which may not be physically possible but may be needed for further studies.
Moreover, there are many high-tech optical systems, high speed cameras and image
processing solutions in the market to analyze combustion process on a test bench, but
it is still impossible to investigate 3-D resolved solution which can be achieved with
computational methods and CFD tools.
The advantages of the computational methods are given above, it should be noted
they have uncertainties compared with experimental studies, but they can still
provide many information related to complex sub-processes, enlighten engineer and
converge to the exact results. And the experimental studies will remain necessary to
validate computational studies and calibrate the mathematical models.
In the next part of the chapter, the computational methods will be presented in three
categories such as thermodynamic(zero-dimensional) models, quasi-dimensional
models and multidimensional(CFD) models. Then, the methods used in the study
will be presented in detail. The first model uses thermodynamic relations and use just
energy equations, ideal gas law and simplified description of the combustion
chamber. In that model, the cylinder content is assumed as homogeneous, and there
is no temperature and pressure gradient. The model is very time and effort efficient
and it gives general idea about the process, but it does not give information about
local processes such as air-fuel mixing and pollutant formation (for example NOx
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emission is highly dependent on temperature, so to estimate NOx formation local
temperature zones of the chamber should be investigated). The quasi-dimensional
models are more complex than the thermodynamic models; in this model combustion
chamber is divided into different zones (n-zone) which have different air-fuel
mixture and temperature; then each zone modeled and analyzed simultaneously to
analyze sub-processes. The precision of the result is highly dependent on zone
number and it increases with the number of sub-zones. The temperature of each subzone can be identified and emission rate can be estimated. The model has advantage
of dealing with each zone separately compared with the former model type, so it can
handle relatively rich zones (the mixture around spark plug and inlet valve are
relatively fuel rich, so there is different emission rates and flame speeds). But, the
model is still coarse and the turbulence inside the cylinder is not included.
In CFD models, the full set of differential equations related to conservation of mass,
energy and momentum are solved. Also, the turbulence effects are included, so they
can analyze the processes very close to real case. But, they are costly in computer
power and time. Also, the small errors in the sub-processes may grow like a
snowball.
The models to analyze combustion and its sub-processes are given above; as it is
stated the CFD codes can give the results in detail each piece of combustion chamber
volume can be analyzed, but they are time consuming and they need powerful
computers. On the other hand, the thermodynamic models are easy and they always
converge to the real result.

2.6.1. Thermodynamic Models
In this part of the chapter thermodynamic models will be explained. They are called
as thermodynamic models because they are based on just conservation of energy,
mass balance and ideal gas relations. As it is stated above, they are relatively easy to
understand and apply, but always converge to the solution. The reasons and
assumptions to make the model easy may be stated as: “not consider conservation of
momentum, spatial variations of mixture and thermodynamic properties are
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neglected, combustion chamber is composed of homogenous zone(s)”. The models
do not give details related to combustion chemistry, but some chemical reaction
software packages can be implemented to the models.
The first of the fundamental thermodynamic equation is mass balance equation, it
can be stated as the change of mass in a control volume is the sum of entering and
exiting mass flows. In the models, the region is assumed as an open control volume,
and fresh and burned mass flows through the boundary layer of the control volume as
in Equation 1. There may be more than one mass flow inlet and outlet, subscript “k”
donates the number of inlet or outlet. A schematic open loop control volume is
shown in Figure 2.25, is used to write mass balance equation, Eq. 2.66.
𝑑𝑚𝑐𝑣
𝑑𝑡

= ∑𝑛𝑘=1 𝑚𝑖𝑘 -∑𝑛𝑘=1 𝑚𝑒𝑘

(Eq. 2.66)

Figure 2.25 Open control volume with mass inlet and outlet

Rigid boundary of combustion chamber which is composed of top surface of the
piston head, and cylinder walls is also a control volume, but to write equations
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between different zones sub-control volumes should be defined (It will be used in
two zone combustion model, burned and unburned zones will be defined as different
control volumes).
The conservation of energy equation for the same open control volume can be
written as in Eq. 2.67:
𝑑𝐸𝑐𝑣
𝑑𝑡

𝑛

=Q̇-Ẇ+∑

𝑑𝑚𝑖𝑘

𝑘=1 𝑑𝑡

𝑛

(𝑢𝑖𝑘 + 𝑒𝑘𝑖𝑘 + 𝑒𝑝𝑖𝑘 )-∑

𝑘=1

𝑑𝑚𝑒𝑘
𝑑𝑡

(𝑢𝑒𝑘 +

𝑒𝑘𝑒𝑘 + 𝑒𝑝𝑒𝑘 )
(Eq. 2.67)
In the Equation 2, “Q” donates heat transfer to the system and “W” includes flow
across boundary and all other forms of work. If the change of potential and kinetic
energies are neglected and flow work is written separately, Equation 2 can be formed
as in Equation 2.68:
dUcv
dt

=Q̇-Ẇ+∑

n

dmik

k=1 dt

n

hik -∑

dmek

k=1

dt

hek

(Eq. 2.68)

As it is stated above in Eq. 2.68, the change in the energy of control volume can be
shown as the change in the internal energy of the control volume. For simple
calculations thermodynamic tables can be useful to determine internal energy, to
implement internal energy into a model it should be written as a function of some
state variables. It is a function of temperature and pressure and can be stated as in
Equation 2.69.

ui=ui(T,P)

(Eq. 2.69)

For ideal gases, internal energy and enthalpy are functions of temperature only. But,
it should be noted, combustion chamber includes many combustion products (CO,
CO2, H2O, N2, O2) and internal energy of the system should be sum of internal
energies of those pieces as in Equation 2.70.
u=∑𝑛𝑖=1 𝑌𝑖 𝑢𝑖 (T)

(𝑌𝑖 𝑖𝑠 𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖 𝑡ℎ 𝑠𝑝𝑒𝑐𝑖𝑒𝑠)
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(Eq. 2.70)

Also, internal energy of the system can be calculated with average specific heat
constants and temperature.
The last equation for thermodynamic models is ideal gas equation, Equation 2.71.

𝑃. 𝑉 = 𝑛. 𝑅𝑢. 𝑇 or 𝑃. 𝑉 = 𝑚. 𝑅. 𝑇 or 𝑃 = 𝜌. 𝑅. 𝑇

(Eq. 2.71)

2.6.1.1. Single-Zone Cylinder Model
The single-zone cylinder/combustion model may be stated as the simplest one, as it
is stated in its name cylinder composition is assumed as single and homogenous. The
thermodynamic state of the mixture is only time dependent and it is not dependent on
spatial position in the cylinder. The boundary layer of the control volume (for mass
and energy balance) is mechanical boundary of the combustion chamber (cylinder
walls and top surface of the piston head). Thermodynamic states and mass/energy
fluxes can be stated as in Figure 44, the mixture flux which is called “mcr” (mass flux
to crevice volumes includes blowby) can be included to the model (cannot be directly
measured, it should be estimated). Energy and mass balance equations can be written
with following (Equation 72 and 73) the schematic in Figure 2.26 and sign
convention “all mass and energy fluxes directed into the control volume have
positive values and fluxes directed out of the control volume have negative values”.
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Figure 2.26 Single zone cylinder model

𝑑𝑚𝑐𝑦𝑙
𝑑𝑡

=

𝑑𝑚𝑖𝑛
𝑑𝑡

+

𝑑𝑚𝑒𝑥ℎ
𝑑𝑡

+

𝑑𝑚𝑐𝑟

(Eq. 2.72)

𝑑𝑡

𝑑𝑈 = 𝛿𝑄𝑐ℎ𝑒𝑚 − 𝛿𝑄ℎ𝑒𝑎𝑡 − 𝑃. 𝑑𝑉𝑐𝑦𝑙 + ∑𝑑𝑚𝑖 . ℎ𝑖

(Eq. 2.73.1)

When dealing with just combustion processes, you can assume all the valves are
closed so there will be no mass flux through those ports, and only mass flux is “dmcr”
and it is directed out of the control volume; and to include the effect of mass change
to the internal energy of the system it should be written “U=m.u”. So the Equation
2.73.1 forms like:

𝑚. 𝑑𝑢 + 𝑢. 𝑑𝑚 = 𝛿𝑄𝑐𝑜𝑚𝑏 + 𝛿𝑄𝑤𝑎𝑙𝑙 − 𝑃. 𝑑𝑉𝑐𝑦𝑙 − 𝑑𝑚𝑐𝑟 . ℎ∗

(Eq. 2.73.2)

dmcr is positive when flow is out of the control volume to the crevice volume and h *
is calculated at cylinder/control volume conditions. And, dmcr is negative when flow
is out of the crevice volume to the control volume and h* is calculated at crevice
volume conditions. The last equation is ideal gas equation and its differential form:

𝑃. 𝑉 = 𝑚. 𝑅. 𝑇

(Eq. 2.74.1)
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𝑃. 𝑑𝑉 + 𝑉. 𝑑𝑃 = 𝑑𝑚. 𝑅𝑇 + 𝑚. 𝑅. 𝑑𝑇

(Eq. 2.74.2)

All the governing equations can be put together to form a matrix as follows:
𝑉𝑐𝑦𝑙
[ 0
0

−𝑚. 𝑅
𝑚. 𝑐𝑣
0

−𝑃. 𝑑𝑉
−𝑅. 𝑇 𝑑𝑃
𝑢 ] . [ 𝑑𝑇 ] = [−𝑃. 𝑑𝑉𝑐𝑦𝑙 + 𝛿𝑄𝑐𝑜𝑚𝑏 + 𝛿𝑄𝑤𝑎𝑙𝑙 + ∑𝑖 ℎ𝑖 . 𝑑𝑚𝑖 ]
∑𝑖 𝑑𝑚𝑖
𝑑𝑚
1
(Eq. 2.75)

2.6.1.2. Semi-Empirical 2-Zone Combustion Model
The former model is very easy and beneficial to see the big picture and to get the
overall result, and it will be used forever in this field to model combustion process.
But, to estimate emission rates we need more complex models because of the
reactions rates are highly dependent on temperature; and to estimate exact (close to
exact) reacting zone temperature (single-zone cylinder model gives average
temperature, but to estimate realistic emission rates, exact local temperatures should
be estimated, not average temperature), “burned zone” and “unburned, fresh mixture
zone” should be should be handled separately.
In this model, the gases in combustion chamber are divided into 2 zone as burned
zone and unburned zone. The burned zone contains burned high temperature
combustion products, the unburned zone contains fresh air-fuel mixture, exhaust gas
residuals from former processes or EGR. The governing equations of the model is
constructed on the former single zone model; each zone is handled as single zone
model then combined with mass transfer equation between the two zones and single
cylinder pressure “Pu=Pb=P” assumption. The other assumptions of the model can
be shown as:


Conservation of mass and volume for both zones



Ideal gas assumption is applicable for both zone



The heat of combustion is released in burned zone



Equivalence ratios in the zones are constant during the process

𝑚𝑏 + 𝑚𝑢 = 𝑚𝑐𝑦𝑙

(Eq. 2.76.1)
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𝑑𝑚𝑏
𝑑𝑡

+

𝑑𝑚𝑢
𝑑𝑡

=

𝑑𝑚𝑐𝑦𝑙

(Eq. 2.76.2)

𝑑𝑡

𝑉𝑏 + 𝑉𝑢 = 𝑉𝑐𝑦𝑙
𝑑𝑉𝑏
𝑑𝑡

+

𝑑𝑉𝑢
𝑑𝑡

=

(Eq. 2.77.1)

𝑑𝑉𝑐𝑦𝑙

(Eq. 2.77.2)

𝑑𝑡

Figure 2.27 Two-zone combustion model
In figure 2.27, two zone combustion model is show, the governing equations (already
stated in the previous model) can be shown in matrix form (mass flux to crevice
volume is neglected), Equation 2.79 as below with the assumption in Equation 2.78
𝑑𝑚𝑏
𝑑𝑡

+

𝑑𝑚𝑢
𝑑𝑡

=

𝑑𝑚𝑐𝑦𝑙
𝑑𝑡

=0

and

𝑑𝑚𝑏
𝑑𝑡

=−

0
0
𝑉𝑢 (−𝑚𝑢 . 𝑅𝑢 ) (−𝑅𝑢 . 𝑇𝑢 ) 𝑃𝑐𝑦𝑙
0
0
0 𝑚𝑢 . 𝑐𝑣𝑢 (𝑢𝑢 − ℎ𝑢 ) 𝑃𝑐𝑦𝑙
0
0
0
0
1
0
0
0
0
0
0
1 (−𝑚 . 𝑅 ) (−𝑅 . 𝑇
𝑏
𝑏
𝑏 𝑏)
𝑉𝑏
0
0
0
0
1
0
0
0
0
[0
0
0
0 (𝑚𝑏 . 𝑐𝑣𝑏 ) (𝑢𝑏 − ℎ𝑢 )

𝑑𝑚𝑢
𝑑𝑡

0
0
0
1 .
𝑃𝑐𝑦𝑙
0
𝑃𝑐𝑦𝑙 ]

(Eq. 2.78)
0
𝑑𝑃𝑐𝑦𝑙
𝛿𝑄
𝑤𝑎𝑙𝑙 𝑢
𝑑𝑇𝑢
∑𝑑𝑚𝑖𝑢
𝑑𝑚𝑢
𝑑𝑉𝑢 =
𝑑𝑉
0
𝑑𝑇𝑏
∑𝑑𝑚𝑖𝑏
𝑑𝑚𝑏
[ 𝑑𝑉𝑏 ] [𝛿𝑄𝑤𝑎𝑙𝑙 𝑏 ]

(Eq. 2.79)
In the row 2 and 7, new terms are appeared because of mass transfer between two
zones; they can be explained as follows:

𝑑𝑈𝑢 = 𝛿𝑄 − 𝛿𝑊 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.1)
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𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚𝑢 . 𝑑𝑢𝑢 = 𝛿𝑄 − 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.2)

𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚. 𝑐𝑣𝑢 . 𝑑𝑇𝑢 = 𝛿𝑄 − 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.3)

𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚. 𝑐𝑣𝑢 . 𝑑𝑇𝑢 + 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 − 𝑑𝑚𝑢 . ℎ𝑢 = 𝛿𝑄

(Eq. 2.80.4)

The same equations can be written for burned zone, but it should be kept in mind as
it is stated in Equations 2.76 and 2.77, signs of derivate of masses in burned and
unburned zones are opposite (philosophy behind the mass transfer equations in the
matrix is “dm amount of fresh mixture having hu enthalpy moving from unburned
zone to burned zone”).

2.6.1.3. Internal Energy
All the governing equations are presented in the previous sections, so the internal
energy change of control volume can be calculated. But, to calculate the internal
energy in the form of pressure and temperature is more meaningful. And to calculate
the derivative of internal energy(du) and enthalpy(dh) analytically they should be
written as a function of pressure and temperature. To estimate those terms with
respect to temperature and pressure some models will be described.

2.6.1.3.1. Justi`s Correlation:
One of the most widely used correlation is Justi`s correlation [12]. In this correlation
the composition is assumed as ideal gas and content of the mixture is related via
equivalence ratio and it is not expressed in terms of mass fractions (equivalence ratio
assumed constant). Also, the C-H ratio of the composition is assumed constant and
combustion is complete. With those assumptions the polynomial of internal energy in
terms of temperature and equivalence ratio was presented by Justi as follows:
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𝑢(𝑇, 𝜆) = 0.1445. [1356.8 + (489.6 +
2

3.36

46.4
𝜆0.93

) . (𝑇 − 𝑇𝑟𝑒𝑓 ). 10−2 +

(7.768 + 𝜆0.8 ) . (𝑇 − 𝑇𝑟𝑒𝑓 ) . 10−4 − (0.0975 +
3

0.0485
𝜆0.75

) . (𝑇 −

𝑘𝐽

𝑇𝑟𝑒𝑓 ) . 10−6 ] 𝑖𝑛 [ ]

(Eq. 2.81)

𝑘𝑔

With this equation specific internal energy can be written as a function of
temperature and equivalence ratio. So, the derivative of specific internal energy with
respect temperature can be easily calculated (the derivative of specific internal
energy with respect to pressure can be used as du/dp≈ 0).

2.6.1.3.2. Zacharias` Correlation
Another correlation to get the function of internal energy is Zacharias`correlation; in
this correlation pressure dependency of internal energy is included into the model to
get better accuracy than Justi`s correlation. Mixture composition of combustion
products is included into the model via equivalence ratio as it is in Justi`s model.
𝜋

𝐷

𝐷

𝑘𝐽

𝑢(𝑇, 𝑃, 𝜆) = 𝑅0 . 𝑇. [−𝐴. 𝜗2 . 𝑒 𝜗2 . (1 + 2. 𝜗 ) + ∑6𝑖=0[𝐹𝐴(𝑖). 𝜗 𝑖 ] − 1] 𝑖𝑛 [𝑘𝑚𝑜𝑙]
(Eq. 2.82)
Where:

𝑅0 =
𝜋=
𝜗=
𝑟=

𝑅̃
28.89758+0.06021.𝑟
𝑃

0.980665 𝑏𝑎𝑟
𝑇
1000 𝐾
𝜆−1
𝜆+

1
𝑎𝑓𝑠𝑡𝑜𝑖𝑐

𝐴 = 2.77105. 10−4 − 9.00711. 10−5 . 𝑟
𝐷 = 0.008868 − 0.006131. 𝑟
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𝐹𝐴(0) = 3.514956 − 0.005026. 𝑟
𝐹𝐴(1) = 0.131438 − 0.383504. 𝑟
𝐹𝐴(2) = 0.477182 − 0.185214. 𝑟
𝐹𝐴(3) = −0.287367 − 0.0694862. 𝑟
𝐹𝐴(4) = 0.0742561 + 0.01640411. 𝑟
𝐹𝐴(5) = −0.00916344 − 0.00204537. 𝑟
𝐹𝐴(6) = 0.000439896 − 0.00010161. 𝑟
The model includes the pressure to increase accuracy, but pressure dependence of
internal energy and enthalpy of combustion products produced by naturally aspirated
engine is negligible (peak in cylinder pressures of supercharged and turbocharged
engines are high, so to use Zacharias` model can increase the accuracy). But, to use
Justi`s model-more time efficient-is more convenient in this thesis study (naturally
aspirated small engine).

2.6.1.3.3. Chemical Kinetics Software
Another solution to find thermodynamic state properties is to use a chemical kinetics
software, but they should be suitable to implement into the model. There are a few
programs (Cantera, FUEGO, CADS etc.) which can be used as third party library,
they are based on C++ and Fortran, but they can be used in various programming
environments. Cantera has powerful function and example library and it is easy to
use with Matlab, so it will be explained in the following part and compared to
empirical correlations to choose better alternative to implement into combustion
model.
Cantera is an object-oriented software which is used for modeling the processes
related to chemical kinetics, thermodynamics and transport. With this object-oriented
tool, phases of a matter and mixture and interfaces between those phases can be
modeled in one-dimension.
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Also, it supports different programming environments such as python and Matlab, so
chemical kinetics of a combustion process which is modeled with Matlab can be
related to Cantera with Cantera-Matlab Toolbox; and thermodynamic state properties
of combustion products can be calculated without a thermodynamic chart or
correlation such as Justi`s or Zacharias `correlations.
In the library of Cantera, there are some ready mechanisms such as GRI-Mech 3.0
optimized combustion mechanism for natural gas (it also includes NOx formation
and reburn chemistry and built-in “air” thermochemical data (or library) to create air
object for ideal gas calculations. Also, it has functions to convert “Chemkin” format
(many reaction mechanisms in the literature are in this format) and use for modeling;
it can be stated as an advantage to find a reaction mechanism for iso-octane
combustion. Such as: Curran`s, Jerzembeck`s and 2S C8H18 BE2 mechanism [68].
In this thesis study, Jerzembeck`s mechanism consisting 203 species and 1001
reactions for gasoline combustion will be used because it is derived for wide
temperature, pressure and equivalence ratio of iso-octane and n-heptane combustion,
and their auto ignition and burning velocities.
The equations to solve zero-dimensional combustion model are given above, to find
“𝑑𝑚”,” 𝛿𝑄𝑐ℎ𝑒𝑚 ” and “𝛿𝑄ℎ𝑒𝑎𝑡 ” is very difficult, so some correlations to estimate
heat of combustion (𝛿𝑄𝑐ℎ𝑒𝑚 ), heat transfer to the surroundings(𝛿𝑄ℎ𝑒𝑎𝑡 ) and mass
rate(𝑑𝑚). One of the most important relations used to model combustion is “JANAF
Polynomials Table”, Table 2.3, with these tables enthalpy and specific heat constants
of combustion products can be easily found.

Table 2.3.1 JANAF polynomials table for 300-1000K
300-1000K

a1

a2

a3

a4

a5

a6

a7

%H

2.50E+00

0.00E+00

3.30E+00

2.55E+04
1.01E+03

-4.60E-01
3.29E+00

%O

2.95E+00

8.25E-04
-1.64E03

0.00E+00
-9.48E11
-1.60E09

0.00E+00

%H2

0.00E+00
-8.14E07

2.96E+00

%O2

3.21E+00

1.13E-03

2.91E+04
1.01E+03

%OH

3.64E+00

1.85E-04

3.61E+03

1.36E+00

2.42E-06
-5.76E07
-1.68E06
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1.31E-09
2.39E-09

4.13E-13
3.89E-13
-8.77E13
-8.43E13

6.03E+00

%H2O

3.39E+00

3.47E-03

%CO

3.26E+00

1.51E-03

%CO2

2.28E+00

%N

2.50E+00

9.92E-03
-2.18E05

%N2

3.30E+00

1.41E-03

%NO

3.38E+00
4.21E+00

1.25E-03

%C8H18

1.11E-01

-6.35E06
-3.88E06
-1.04E05

6.97E-09
5.58E-09

5.42E-08
-3.96E06
-3.30E06
-7.91E05

6.87E-09
-5.65E11
5.64E-09
5.22E-09
2.92E-08

-2.51E12
-2.47E12
-2.12E12

3.02E+04
1.43E+04
4.84E+04

2.10E-14
-2.44E12
-2.45E12
-4.44E12

5.61E+04
1.02E+03

4.17E+00

9.82E+03
2.99E+04

5.83E+00

a7
-4.60E01
1.36E+00

2.59E+00
4.85E+00
1.02E+01

3.95E+00

4.50E+01

Table 2.3.2 JANAF polynomials table for 1000-3000K
10003000K

a1

a2

a3

a4

a5

a6

%H

2.50E+00

0.00E+00

2.99E+00

2.55E+04
8.35E+02

%O

2.54E+00

7.00E-04
-2.76E05

0.00E+00
-9.23E12

0.00E+00

%H2

%O2

3.70E+00

6.14E-04

%OH

2.88E+00

1.01E-03

%H2O

2.67E+00

3.06E-03

%CO

3.03E+00

1.44E-03

%CO2

4.45E+00

3.14E-03

%N

2.45E+00

1.07E-04

%N2

2.93E+00

1.49E-03

%NO

3.25E+00

1.27E-03

%C8H18

2.71E+00

3.79E-02

0.00E+00
-5.63E08
-3.10E09
-1.26E07
-2.28E07
-8.73E07
-5.63E07
-1.28E06
-7.47E08
-5.68E07
-5.02E07
-1.29E05

4.55E-12
1.78E-11
2.17E-11
1.20E-10
1.02E-10
2.39E-10
1.88E-11
1.01E-10
9.17E-11
2.01E-09

1.58E-15
-4.37E16
-1.14E15
-5.13E16
-6.39E15
-6.91E15
-1.67E14
-1.03E15
-6.75E15
-6.28E15
-1.16E13

𝑗 1
𝑗

𝑗

2.92E+04
1.23E+03

4.92E+00

3.89E+03
2.99E+04
1.43E+04
4.90E+04

5.60E+00

5.61E+04
9.23E+02

4.45E+00

9.80E+03
4.08E+04

6.42E+00
1.23E+02

𝑗

𝐶𝑝𝑖 (𝑇) = 𝑅. (∑5𝑖=1 𝑎𝑖 . 𝑇𝑗−1 ) and ℎ𝑖 (𝑇) = 𝑅. (∑5𝑖=1 𝑎𝑖 . 𝑇𝑗−1 + 𝑎𝑖 )

3.19E+00

6.86E+00
6.11E+00
-9.55E01

5.98E+00

(Eq. 2.83)

With equation 2.83, specific heats and enthalpies of the product can be calculated.
Also, there are some chemical tools, models or add-ins to calculate thermodynamic
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properties of the products i.e CANTERA. In two-zone combustion model which is
used in this thesis study it will be explained in detail.
In thermodynamic model, burned mass fraction and heat release rate cannot be
calculated with chemical sub-processes such as fuel evaporation or flame
propagation, etc. (these are highly dependent on 3-D mixture, temperature and
pressure distribution). So, the heat release and burned mass fractions are modeled
with empirical models. The most popular empirical model used to estimate burned
mass fraction is “Wiebe(Vibe) Equation”. The objective of the function is to create
typical “s-shaped” profile of heat release rate of spark ignition engine. It uses start of
combustion and combustion duration (in crank degree) angles to create the profile; it
also has two calibration constants to fit into different heat release profiles. As it is
seen in Equation 2.84, it is general and flexible formula and it may be applied to
many physical processes.
𝑥𝑏 = 1 − 𝑒

−𝑎.[

𝜃−𝜃0
]
∆𝜃𝑏

𝑛+1

(Eq. 2.84)

Where:


xb = burned mass fraction



a = efficiency parameter



n = form factor



θ = crank angle



θ0 = start of the combustion



∆θ = burn duration

In the Figure 2.28 and 2.29, effects of form(shape) and efficiency factor are given,
they should be tuned to fit into our case.
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Figure 2.28 Wiebe function output for a=6

Figure 2.29 Wiebe function output for n=3

2.7. Wall Heat Transfer Model
Another challenging issue related to combustion modeling is to model the heat
transfer between hot combustion gases and cylinder walls. Heat transfer modes in the
combustion chamber can be stated as convective heat transfer and radiative heat
transfer which is caused by bot soot particles. However, the heat transfer caused by

77

convection is more considered because the distribution of soot formation is not
homogenous, so it is included into empirical convective heat transfer model.
The heat transfer caused by convection can be stated with Newton`s formula as
follows:
𝑄̇ = ℎ. 𝐴. (𝑇𝑤 − 𝑇𝑐𝑦𝑙 )

(Eq. 2.85)

Where “h” is convective heat transfer coefficient, “A” is surface area and “Tw” and
“Tcyl” are average wall temperature and gas temperatures.
The convective heat transfer coefficient has been derived by many researchers in the
history, but the most widely used correlation is Woschni`s correlation:

ℎ = 0.01297829376. 𝐵 −0.2 . 𝑃0.8 . 𝑇 −0.53 . 𝑤 0.8

(Eq. 2.86)

Where:
𝑉𝑑 .𝑇𝑟𝑒𝑓

𝑤 = 𝐶1 . 𝑆𝑝 + 𝐶2 . 𝑃

𝑟𝑒𝑓 .𝑉𝑟𝑒𝑓

. (𝑃 − 𝑃𝑚 )

𝑉𝑟𝑒𝑓 𝛾

𝑃𝑚 = 𝑃𝑟𝑒𝑓 . (

𝑉

)

𝐶1 = 6.18 𝑎𝑛𝑑 𝐶2 = 0 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
𝐶1 = 2.28 𝑎𝑛𝑑 𝐶2 = 0 𝑑𝑢𝑟𝑖𝑛𝑔 𝑔𝑎𝑠 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
𝐶1 = 2.28 𝑎𝑛𝑑 𝐶2 = 3.24𝐸 − 3 𝑑𝑢𝑟𝑖𝑛𝑔 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
The correlation derived by Woschni given above is universally applicable, but it
should be tuned or calibrated for specific engine design. So, it is too difficult to get
accurate heat transfer model, but it will give averagely good result.
2.8. Heat Transfer in Engines
The heat transfer in internal combustion engines is one of the most challenging issue.
It is so critical, because only ~35% of the total chemical energy is converted to
useful shaft work and remaining part is released with exhaust gas and heat transfer.
And, the temperature during the operation of the engine can reach around 2700 K;
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the materials of the engine parts cannot stand this high temperature without a welldesigned cooling system (because, the aim of the cooling systems is not just cool
down the engine block, also it should keep the engine temperature at desired level for
maximum thermal efficiency). In this chapter, the types of heat transfer occur during
the operation of internal combustion engine and their simplified equations will be
presented.
Internal combustion engines can be classified into two groups according to their
cooling system, they are: “water-cooled engine” and “air-cooled engine”. In watercooled engine, the engine block is surrounded with a water jacket which works as a
heat exchanger and the cooling system tries to control the temperature of the block
with cooling down the flowing fluid, water. Air cooled engines have finned outer
surface to increase the contact area with flowing air, the flowing air is either forced
to flow through the engine (forced convection) or naturally flow through the engine
fins (most of the motorcycle engines and small engines are air-cooled). The
fundamental equations can be presented as follows:
̇
𝐸𝑛𝑒𝑟𝑔𝑦
𝑐ℎ𝑒𝑚 = 𝑚̇𝑓 . 𝑄𝐻𝑉

(Eq. 2.87)

Where:
𝑚̇𝑓 is the fuel flow rate into the combustion chamber
𝑄𝐻𝑉 is the heating value of the fuel
As it is stated above, most of the chemical energy of the fuel released as a heat, and
the useful energy amount can be defined with the term, brake thermal efficiency. It
defines the useful amount of the energy which is generated with combustion.

𝜂𝑏 =

𝑊̇𝑏

(Eq. 2.88)

𝑚̇𝑓 .𝑄𝐻𝑉 .𝜂𝑐

Where:
𝜂𝑐 is the combustion efficiency
𝜂𝑏 is the brake thermal efficiency
𝑊̇𝑏 is the brake power
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And, the rest of the energy can be classified as heat losses, losses caused by parasitic
loads and energy released with exhaust gas, and they can be summed as follows:
𝑃𝑜𝑤𝑒𝑟 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 = 𝑊̇𝑠ℎ𝑎𝑓𝑡 + 𝑄̇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 + 𝑄̇𝑙𝑜𝑠𝑠 + 𝑊̇𝑎𝑐𝑐

(Eq. 2.89)

Where:

𝑊̇𝑠ℎ𝑎𝑓𝑡 is the brake output of the engine
𝑄̇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 is the energy released by the exhaust gas as enthalpy and chemical energy
𝑄̇𝑙𝑜𝑠𝑠 is the all other energy lost to the surroundings caused by heat transfer
(𝑄̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + 𝑄̇𝑜𝑖𝑙 + 𝑄̇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
𝑊̇𝑎𝑐𝑐 is the power run the accessories of the engine.
And the percentage of the losses and work output are [45]:
𝑊̇𝑠ℎ𝑎𝑓𝑡 ≈ 25 − 40% (it is directly related to the engine design)
𝑄̇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 ≈ 20 − 45% (SI engines have high exhaust loss because of their high
exhaust temperature)
𝑄̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ≈ 10 − 30%
𝑄̇𝑜𝑖𝑙 ≈ 5 − 15%
𝑄̇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ≈ 2 − 10%
𝑊̇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 ≈ 10%
As it is stated above, most of the energy generated with combustion is useless, and
some of the energy causes engine block to heat up. The heat transfers and their
dynamics in the engine should be identified and the hottest points and their limits
should be specified to keep the engine safe. The three hottest points in the
combustion chamber can be listed as: “around the spark plug, the exhaust valve and
port, and the face of the piston”. To cool down these three points is very challenging
issue, because it is not possible to cool down those points with active cooling system
(they are separated from the water jacket and the hot exhaust gas flows directly to the
exhaust valve and port). So, to keep the engine within the safe temperature limits,
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those critical zones should be designed properly (to design properly, they should be
modeled properly).
The typical temperatures of an SI engine cylinder can be shown as in Figure 2.30:

Figure 2.30 Typical SI engine temperatures [45]

2.8.1. Heat Transfer in Intake System
One of the most important heat transfer phenomenon takes place while air and fuel
are flowing through the intake system. And, it directly effects the volumetric
efficiency, combustion quality and performance of the engine, so the heat transfer in
the intake system should be accurately modeled and controlled. For a warmed up
engine, the wall temperature of the intake system is higher than the flowing mixture,
so there is a convective heat transfer from the walls to the mixture (gas). And it can
be defined as:
𝑄̇ = ℎ. 𝐴. (𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑔𝑎𝑠 )

(Eq. 2.90)
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Where:
𝑄̇ is the convective heat transfer rate from walls to the gas
ℎ is the convective heat transfer coefficient
𝐴 is the inner surface area of the intake manifold
Because of the its designed location, the intake manifold has hot walls. These hot
walls help the injected or carbureted fuel to evaporate. In carbureted or engines with
throttle body injection fuel is injected early, to use the advantage of hot manifold
walls to evaporate fuel and get homogenous air-fuel mixture and reduce wall-film
effect. During the design phase, the exhaust runners may be placed to the
neighborhood of intake manifold to increase the temperature of the manifold walls or
active heating systems may be used.
To heat up the intake manifold has also some disadvantages which cause to lower
volumetric efficiency. With the increasing temperature, the density of the flowing air
decreases. Also, the fuel vapor (which is vaporized by the hot walls) displaces some
of the air and causes to lower volumetric efficiency. So, the optimum level of fuel
vaporization should be specified. For old fashioned carbureted intake system, to
vaporize 60% of the fuel is desirable. To achieve desired manifold temperature and
vaporization levels the curve in the Figure 2.31 can be used, but it should be noted
that the air-fuel mixture stays for a short time in the manifold, so to achieve the
desired vaporization levels the temperature of the manifold should be 15-20 °C
higher.
Also, the advantage of the vaporization of the remaining fuel in the cylinder should
be noted, the non-vaporized fuel cools down the cylinder while trying to vaporize
itself. Vaporization of the fuel in the intake system is important for engine equipped
with old fashioned carburetor or throttle body injection systems, in DI systems fuel is
directly injected into the combustion chamber and in multipoint injection systems it
is injected onto hot intake valve, so there is no need to heat up the manifold. In the
next part, the heat transfer in the cylinder will be defined.
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Figure 2.31 Temperature-vaporization curve of typical gasoline

2.8.2. Heat Transfer in Combustion Chambers
In the combustion part, Woschni correlation for estimation of the heat transfer in the
cylinder is mentioned. Actually, to estimate the in-cylinder heat transfer is too
difficult (may be impossible), so it is convenient to use some correlation to estimate
heat transfer. In this part, the fundamental equations to model the heat transfer and its
mechanisms will be defined. The three modes of heat transfer (conduction,
convection and radiation) play important role in the combustion chamber. During the
fresh charge is flowing into the cylinder, its temperature may be higher or lower than
the cylinder walls, so in this phase the convective heat transfer may be in both
direction (from wall to the charge or from charge to the wall). In compression stroke,
the temperature of the charge increases and the convective heat transfer takes place
from the charge to the wall (during the compression some of the remaining liquid
fuel may vaporize and decrease the temperature of the charge a little bit). And the
combustion takes place and the temperature of the gas can increase up to 3000 K.
Because of the hot exhaust gas, the temperature of the walls and piston head
increases, and they are cooled down with conduction and convection mechanisms. In
the Figure 2.32, the heat transfer through the wall is shown.
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Figure 2.32 Heat transfer through the cylinder wall [45]

And the heat transfer for per unit area can be written as:
𝑄̇

1

∆𝑥

1

𝑞̇ = 𝐴 = (𝑇𝑔 − 𝑇𝑐 )/ [(ℎ ) + ( 𝑘 ) + (ℎ )]
𝑔

𝑐

(Eq. 2.91)

Where:
𝑇𝑔 is the gas temperature
𝑇𝑐 is the coolant temperature
ℎ𝑐 is the convective heat transfer coefficient on the coolant side

ℎ𝑔 is the convective heat transfer coefficient on the gas side
∆𝑥 is the thickness of the combustion chamber wall
𝑘 is the thermal conductivity of the cylinder wall
Because of the cyclic nature of the internal combustion engine, the convective heat
transfer coefficient on the gas side varies during the operation and it has spatial
variation in the cylinder volume. But, on the cooling side the coefficient is almost
constant, also the conductive heat transfer constant for cylinder wall can be taken as
constant. There are many ways to identify Reynolds number to compare heat transfer
characteristics of different design engines. One of the method is:
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𝑅𝑒 = [(𝑚̇𝑎 + 𝑚̇𝑓 ). 𝐵]/(𝐴𝑝 . 𝜇𝑔 )

(Eq. 2.92)

Where:
𝑚̇𝑎 is the air mass flow through the cylinder
𝑚̇𝑓 is the fuel mass flow through the cylinder
𝐵 is the cylinder bore diameter
𝐴𝑝 is the area of the piston face
𝜇𝑔 is the dynamic viscosity of the gas in the cylinder
And the Nusselt number for the gas side of the cylinder can be defined with the
Reynolds number defined above as:
𝑁𝑢 =

ℎ𝑔 .𝐵
𝑘𝑔

= 𝐶1 . (𝑅𝑒)𝐶2

(Eq. 2.93)

Where:
𝐶1 and 𝐶2 are constants
𝑘𝑔 is the thermal conductivity constant of gas in the cylinder
ℎ𝑔 is the average convective heat transfer coefficient which can be used in 𝑞̇ =
ℎ𝑔 . (𝑇𝑔 − 𝑇𝑤 )
For the coolant side of the cylinder, the Nusselt number can be calculated by
assuming forced convection. The radiative heat transfer between the combustion gas
and cylinder walls may be neglected, because even at high temperatures the radiative
heat transfer is around 10% of the total heat transfer of an SI engine (it is around 2535% for CI engine, because the soot content of the combustion products of CI
engine). And radiative heat transfer equation between cylinder walls and the gas is:
𝑄̇

𝑞̇ = 𝐴 =

[𝜎.(𝑇𝑔 4 −𝑇𝑤 4 )]
1−𝜖𝑔
1
1−𝜖𝑤
)+(
[(
)+(
)]
𝜖𝑔
𝐹1−2
𝜖𝑤

(Eq. 2.94)

Where:
𝑇𝑔 is the temperature of the gas
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𝑇𝑤 is the temperature of the cylinder wall
𝜎 is Stefan-Boltzmann constant
𝜖𝑔 is emissivity of the gas in the cylinder
𝜖𝑤 is emissivity of the cylinder wall
𝐹1−2 is view factor between gas and the cylinder walls

2.8.3. Exhaust Gas and Manifold
The thermal conditions in the combustion chamber may be relatively slow, but to
view the effects of the working conditions/parameters, we need to model the thermal
systems of the engine precisely. Also, the model of the thermal behavior of the
engine is important to control TWC, turbocharger, etc. So, the necessary relations of
exhaust gas enthalpy, thermal behavior of the exhaust manifold and engine thermal
behavior-as a reservoir- will be presented.

2.8.3.1. Exhaust Gas Enthalpy
Because of the nature of the internal combustion engine, the most of the chemical
energy stored in fuel, is wasted as heat, and released with exhaust gas. The exhaust
gas energy can be used for boosting the turbochargers, to control the temperature of
TWC and as an energy source in heat exchangers.
The exhaust gas temperature is directly related to the AFR, operating point`s
indicated efficiency and combustion chamber geometry. And, it is not easy to model
thermal behavior of the complete system (actually, to control the temperature of the
combustion products). So, the analyze the exhaust gas is more practical approach.
The temperature level of exhaust gas of a SI engine may be up to 1300 K (diesel is
less than 900 K), so it can be assumed as an ideal gas (because of its high
temperature) and the following equation can be written:
𝐻̇𝑒𝑔 (𝑡) = 𝑐𝑝 . 𝑚̇𝑒𝑔 (𝑡). 𝑇𝑒𝑞 (𝑡)

(Eq. 2.95)
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Also, to build a formula to see the cycle to cycle variations in exhaust gas enthalpy is
very useful. And the following empirical formula can be used to analyze the cycle to
cycle variations in the exhaust gas enthalpy.
∆ℎ𝑒𝑞 (𝑡) = ℎ𝑒𝑔,𝜔 . 𝜔𝑒 (𝑡) + ℎ𝑒𝑔,𝑝 . 𝑃𝑚𝑒 (𝑡) + ℎ𝑒𝑔,0

(Eq. 2.96)

Where:
𝜔𝑒 is engine speed
𝑃𝑚𝑒 is mean effective pressure
ℎ𝑒𝑔,𝜔 , ℎ𝑒𝑔,𝑝 𝑎𝑛𝑑 ℎ𝑒𝑔,0 are constants and should be fitted for the engine
And the enthalpy change can be normalized with engine displacement volume and a
map can be built as in Figure 2.33.
Also, the temperature increase in the exhaust gas can be modeled with using Willans`
simplification [12].
∆𝑇𝑒𝑔 (𝑡) ≈ 𝑘𝑒 .

𝐻𝑚
𝑐𝑝

. 𝑒𝜔 . (𝜔𝑒 ). 𝑘𝜁 . [𝜁 − 𝜁0 (𝜔𝑒 , 𝑃𝑚𝑒 )]2

(Eq. 2.97)

Where:
𝐻𝑚 is the lower heating value of the mixture
𝑐𝑝 is the specific heat capacity of the exhaust gas
𝑘𝑒 ≈ 0.5 is the constant specifies how much of the heat flux is diverted to the
exhaust gas (remaining of the heat flux is diverted to cooling water and engine walls)
𝑒𝜔 (𝜔𝑒 ) is the efficiency factor of engine speed
And the ignition timing factor:
𝑒𝜁 (𝜁) = 1 − 𝑘𝜁 . (𝜁 − 𝜁0 (𝜔𝑒 , 𝑃𝑚𝑒 ))2

(Eq. 2.98)
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Figure 2.33 Specific enthalpy change of 3-liter SI engine exhaust gas [12].

2.8.3.2. Thermal Model of Exhaust Manifold
The exhaust manifold can be modeled as a reservoir which is presented at the
beginning of MVEM part as in Figure 2.34.

Figure 2.34 Schematic view of exhaust manifold as a reservoir [12].
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Energy balance equation for the reservoir can be written with the inlet is exhaust gas
generated at the end of expansion stroke and the outlet is the exhaust gas flowing out
of the manifold. Some of the heat energy of exhaust gas is transferred to the manifold
wall and remaining part flows through the exhaust pipe. And the energy equation for
the open reservoir system is:
𝐻̇𝑒 (𝑡) = 𝑚̇𝑜 (𝑡). 𝑐𝑝 . 𝑇𝑜 (𝑡) + 𝑄̇𝑖𝑛 (𝑡)

(Eq. 2.99)

Where:
𝐻̇𝑒 is the enthalpy of exhaust gas flowing through the manifold
𝑚̇𝑜 is the mass flow out of the manifold
𝑐𝑝 𝑎𝑛𝑑 𝑇𝑜 is the specific heat capacity and temperature of the exhaust gas flowing
out of the manifold
𝑄̇𝑖𝑛 is the heat transfer from the exhaust gas to the manifold walls
Also, an energy equation for the manifold walls can be stated as in Eq. 2.100.
𝑚𝑤 . 𝑐𝑤 .

𝑑𝑇𝑤 (𝑡)
𝑑𝑡

= 𝑄̇𝑖𝑛 (𝑡) − 𝑄̇𝑜𝑢𝑡 (𝑡)

(Eq. 2.100)

Where:
𝑐𝑤 𝑎𝑛𝑑 𝑇𝑤 is the specific heat capacity and temperature of the manifold walls
𝑄̇𝑜𝑢𝑡 is the heat transfer from the manifold walls to the ambient
𝑄̇𝑖𝑛 and 𝑄̇𝑜𝑢𝑡 represent the heat flow to the walls and from the walls, but it should be
stated they include both convective and radiative terms and they can be stated
separately as follows:
𝑄̇𝑜𝑢𝑡,𝑟𝑎𝑑 (𝑡) ≈ 𝑘𝑜𝑢𝑡 . 𝐴𝑜𝑢𝑡 . 𝑇𝑤 4 (𝑡)

(Eq. 2.101)

𝑄̇𝑖𝑛,𝑐𝑜𝑛 (𝑡) = 𝛼𝑖𝑛 . 𝐴𝑖𝑛 . (𝑇𝑜 (𝑡) − 𝑇𝑤 (𝑡))

(Eq. 2.102)

𝑄̇𝑜𝑢𝑡,𝑐𝑜𝑛 (𝑡) = 𝛼𝑜𝑢𝑡 . 𝐴𝑜𝑢𝑡 . (𝑇𝑤 (𝑡) − 𝑇𝑎 (𝑡))

(Eq. 2.103)

Where:
𝐴𝑖𝑛 and 𝐴𝑜𝑢𝑡 are the inner and outer area of the manifold
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𝛼 is the approximated convective heat transfer coefficients, and they can be
approximated for a standard SI engine exhaust manifold as follows [12][50][51]:
𝛼𝑖𝑛,𝑜𝑢𝑡 = {

28.6 + 4. 𝑣𝑔 𝑓𝑜𝑟 𝑣𝑔 < 5 𝑚/𝑠
21. 𝑣𝑔 0.52
𝑓𝑜𝑟 𝑣𝑔 ≥ 5 𝑚/𝑠

(Eq. 2.104)

2.9. Engine Knock
One of the most important phenomena in SI internal combustion is engine knock,
because it has major effect on engine performance and safety, and it is very difficult
to model and control. In this part of this study, the engine knock phenomenon will be
explained and detection and control methods will be stated.
The phenomenon is called as “knock”, because it creates an audible noise which is
caused by auto ignition of some unburned air fuel mixture (at this point we can
assume the mixture is homogeneous and can be called as gas) in the cylinder. The
auto ignition may take place at some probable spots which are around hot surfaces
and they can be listed as: piston and cylinder walls and the far location from the
spark plug. The philosophy behind the phenomenon can be explained with prereaction level. It means, those hot spots have necessary conditions which are pressure
and temperature at the critical levels, for forming highly active radicals The,
spontaneous auto ignition occurs. To control or avoid the knock, the mechanisms
which forms the pre-reaction level should be identified and controlled. The two
important factors are stated above they are temperature and pressure. They create
necessary condition for formation of highly reactive radicals. But, it should be stated
the concentration of the radicals increase with time (so, the far point from the spark
plug are the potential zones to crate auto ignition) under those critical temperature
and pressure.
In combustion models, it is convenient to assume the pressure as spatially
homogeneous, because in cylinder pressure is equalized with the sound of speed
which is several times faster than the combustion flame speed, but it is not valid for
temperature. There are different main temperature zones (burned and unburned) and
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each zone has spatially variation in temperature. So, to identify those high
temperature zones during the design phase is so critical.
Actually, there may be many auto ignitions during the combustion process, but they
cannot create harmful shock waves when the unburned mass fraction of the gas is
small (they may create pressure peaks which can be sensed with the knock sensor).
To create harmful shock wave, the unburned mass fraction should be large enough,
or different auto ignitions should merge to create large reaction zone. Then, they can
create harmful reaction zone which expands very fast (faster than sound speed) and
pressure peaks.
The knock tendency of convention SI engines is highly dependent on operating
points which have low engine speed and high load. Because, with the high load (high
intake manifold pressure, WOT) in cylinder pressure and temperature increase and
create the necessary condition to form highly reactive radicals; and with the low
engine speed necessary time to increase the concentration of the radicals is created.
In Figure 2.35, the knock tendency for various engine speed and load is shown. But,
it should be noted there are many other factor which increase the knock tendency and
they can be listed as: combustion chamber geometry, temperature of the intake air,
temperature of hot spots, recirculated exhaust gas fraction, fuel characteristics,
compression ratio, ignition timing and presence and intensity of turbulence.

Figure 2.35 Knock tendency for engine speed @WOT (left) and for engine load
@1500 rpm (right) [12].
The factors which affect the knock tendency are given, to control all of the factors is
not possible. The compression ratio may be reduced (during the design phase), but it
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causes to reduction in the thermal efficiency. The conventional approach to avoid
knock is to retard spark timing from the position which provides maximum brake
torque (MBT) when the engine knock is sensed, it should be controlled continuously
to run the engine at MBT point when there is no knock probability.
The engine knock is directly related to auto ignition, so to avoid knocking chemical
mechanism of auto ignition should be identified. There are some studies to identify
the mechanism and find auto ignition delay. Most of them are very complex and not
possible to implement into a microprocessor. But, in the study [52], the elementary
reactions of the formation of radicals and auto ignition are lumped into a single
Arrhenius-type function, Eq. 2.105
𝐵

𝜏𝐼𝐷 = 𝐴. 𝑃𝑏 . 𝑒 𝑇

(Eq. 2.105)

Where:
𝜏𝐼𝐷 is the ignition delay
𝑂𝑁 3.4017

𝐴 = 0.01869. (100)
𝑏 = −1.7
𝐵 = 3800

𝑂𝑁 is the octane number
The equation is formed in the form of ignition delay which is defined as: “the time
interval between the critical conditions achieved and start of the auto ignition”. So,
it is inversely proportional to formation rate of the radicals (if the formation rate of
the radicals is fast, delay is short). Another meaning is that “it is the maximum time
to reach that unburned zone and burn the unburned mixture to avoid knocking”. If
the flame is slow and there is enough time (longer than the ignition delay), auto
ignition starts and engine knock occurs.
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2.9.1. Knock Detection:
The knock detection is another challenging issue in knock control problem. To detect
the knock occurrence, the pressure waves caused by auto ignition and propagating
through the combustion chamber and engine block should be sensed with a dedicated
sensor. The sensor can be pressure sensor and used to directly measure in cylinder
pressure or it can be piezoelectric acceleration sensor and attached to the engine
block and used to detect the resonance of the engine block caused by the shock
waves. The sensors used to measure in cylinder pressure are very expensive to use in
mass production, so the second alternative is preferred.
The pressure waves caused by engine knock have a characteristic frequency which is
dependent on oscillation length (engine bore diameter) and the speed of the sound in
the combustion chamber.
𝑐𝑐𝑦𝑙 = √𝛾. 𝑅. 𝑇𝑐𝑦𝑙
𝑓𝑘𝑛𝑜𝑐𝑘 =

(Eq. 2.106)

𝑐𝑐𝑦𝑙 .𝛼𝑚,𝑛

(Eq. 2.107)

𝜋.𝐵

Where:
𝐵 is the cylinder bore
𝛼𝑚,𝑛 is the vibration mode factor and it can be taken as 1.841 for first
circumferential mode
For example, for a cylinder with 85 mm diameter running at the 2000 K temperature,
the possible knock frequency can be calculated as follows:
𝑓𝑘𝑛𝑜𝑐𝑘 =

(√1.4𝑥287𝑥2000).1.841
𝜋.0.085

≈ 6.2 𝑘𝐻𝑧

And the possible frequency spectrum of the knock sensor output will be as in Figure
2.36.
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Figure 2.36 Frequency spectrum of the knock sensor signal [12]

The pressure peaks caused by normal combustion and knock are shown in the Figure
2.36, above. The combustion signal frequency changes with the changing engine
speed, but the knock frequency does not change. Two types of knock sensor are used
in the automotive industry, they are tuned and broadband knock sensor. The tuned
knock sensor amplifies only the magnitude of the signal which is in the frequency
range of the engine knock resonance or around the knock resonance and reduces the
remaining spectrum, so different sensors are used for each engine (because they may
different knock frequency). But, the broadband knock sensor amplifies the signals in
any frequency below 20 kHz which means they can be used on any type of engine.
ECUs which use tuned sensor does not need an additional signal conditioning circuit
and they are old fashioned. But, ECUs which use broadband sensor need an
additional signal conditioning unit which has a bandpass filter circuit, to extract
containing signal from the signal composed of pressure peaks caused by combustion
plus pressure peaks caused by opening and closing valves plus pressure peaks engine
knock. The typical shock wave in SI engines, is in the range of 5 kHz-8 kHz range.
So, the filter circuits are used to get rid of the remaining frequencies. In Figure 2.37,
unfiltered and filtered signals are given to show the effect of band-pass filter.
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Figure 2.37 Filtered vs unfiltered knock sensor signal [12]

Also, the actions after detecting the knock is critical, too. First of all, the critical
knock threshold should be identified and stated; because engine knock which is not
harmful (lower than the threshold) may be present and it does not need a special
action and for engine efficiency slight knocking is also acceptable. The threshold can
be related with the amplitude of knock signal and whether knock occurs or not can be
directly sensed by measuring the amplitude of the knock signal. After sensing the
knock presence which is higher than the critical value, the actions to stop knocking
may be listed as: delaying the ignition, reducing the load and cooling the in-cylinder
temperature.
The easiest and the first action is delaying the ignition by retarding the spark timing.
The second action which is more difficult to control is to reduce the engine load by
changing turbocharger boost pressure or closing the intake valve. The last action is
the fuel enrichment, with lowered air fuel ratio the heat capacity of air-fuel charge is
increased, additionally the cylinder charge is cooled down with the evaporation of
the fuel. The actions mentioned above can be used to control the engine knock. As it
is stated the easiest way is to retard the spark timing, but the fuel enrichment can be
used for predefined knock spots by adjusting the fuel injection maps during the
engine

calibration
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phase.

CHAPTER 3
MATERIALS AND METHODS

In previous parts, the studies related to controlling and modeling -MVEMapproaches of the sub-systems of a SI internal combustion are given. In this part of
the thesis, the materials and methods which are used to apply those approaches –
given in the previous part- and identify, and test an internal combustion engine –
HBO engine will be used- will be discussed. Also, the materials and methods which
will be stated in this part will be used to identify and test BLDC prototype for second
case. Firstly, laboratory materials such as experimental setups, tools, electronic
devices in the automotive laboratory of Atilim University, custom circuits and
softwares designed and developed in the laboratory will be presented; then the
functionalities of the materials, and methods and tests held by those materials will be
presented.

3.1. Dynamometer and Control Boards/Circuits
The main element of an automotive laboratory is dynamometer which is used to
measure torque and power output of the coupled engine. There are three
dynamometers in the automotive laboratory of Atilim University, their loading
capacities are 40 kW, 160 kW and 350 kW. To test single cylinder HBO engine, the
first

dynamometer

AVL

Alpha
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40,

Figure

3.1,

was

used.

Figure 3.1 AVL Alpha 40 eddy current dynamometer

AVL Alpha 40 is a dry gap eddy dynamometer with a drum rotor design. And
it has excellent full-range torque and speed control stability with the maximum
limits in the Table 3.1. These features make ideal for testing small engines and
the function and endurance of almost every engine component such as of
components such as bearings, fan belts, timing belts, etc.

Table 3.1 Maximum rating of AVL Alpha 40 dynamometer:
Max. Power

Max.

Torque Max. Speed

MOI

(kW)

(N.m)

(rpm)

(kg.m^2)

40

75

17000

0.0225

The dynamometer has a cradled design, so the loading is calibrated with its
lever and dead weights. The dynamometer is equipped with a strain gauge
based load cell and an amplifier to measure reaction force of the generated
torque by uut. The dynamometer is equipped with, standalone control systemBME- which consists of hardware and software to control AVL dynamometers
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(it is compatible with most of the AVL dynamometers). As it is seen in Figure
3.2, it is combined with F-FEM-CON and F-FEM-DIO and it communicates
with the modules via IEEE1394 interface with serial comunication.

Figure 3.2 AVL BME 400, and F-FEM-CON and F-FEM-DIO units
F-FEM-CON and F-FEM-DIO modules provide necessary analog and digital IO
interface to control necessary actuators for the operation of the dynamometer and to
monitor external sensor signals.
The standalone AVL BME 400 can also communicate and be controlled with a host
computer; the BME in the laboratory is controlled with a host PC and C++ based
control software prepared by Prof. A. Demir Bayka. Also, there are additional IO and
data acquisition card -Advantech 1716- which are connected to the host PC to
expand IO capacity of the control system, Figure 3.3. Another purpose of the IO card
is to isolate digital IO pins of the control pins from inductive loads such as relays and
contactors.
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Figure 3.3 Digital IO card (will be replaced with the picture of the board)

The digital I/O card has max245, ULN2003 and relay based circuit; and it is used to
isolate the digital pins of the AVL control system and to drive inductive loads with
digital signals.
Control software on the host computer is generated with Borland C++ Builder6, by
Prof. A. Demir Bayka. The software uses ERIC Library (Emcon Remote Interface
Collection) to communicate with AVL BME. The library provide access to control
loading and to the measured rpm, torque and power by the dynamometer via BME.
The control software has two test options, they are performance and mapping tests.
And it gives the test results in portable document format (PDF) at the end of the test.
The software carries out all necessary input/output and open/close processes during
the initialization and test or it gives visual and audible warnings. In Figure 3.4, the
interface of the software for performance test is given, it can show the instant
measured torque and rpm, previous measurements as a graph.
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Figure 3.4 Control software performance test interface
Also, the control software provides access to the IO pins and they can be controlled
manually, as it is seen in Figure 3.5.

Figure 3.5 Manual IO control page of the control software
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3.2. Fuel Metering System
The control and test system has custom design fuel metering unit. The unit has two
optical interrupter switches, H21A1; while fuel level is dropping, a flag carrier
floating buoy activates the switches. And the time between two interrupt signals give
the fuel consumption time (the fuel density and the volume between two interrupter
switches is also known), Figure 3.6-c. The control software has also calibration
interface to calibrate fuel metering system and the calibration can be repeated for
multiple times (“n” times and “n” value is optional and defined by the operator) to
eliminate experimental errors. In Figure 3.6, the fuel metering unit and its working
principle, and optical interrupter switch are shown.

Figure 3.6-a Fuel tank and fuel metering unit
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Figure 3.6-b H21A1 optical interrupter switch

Figure 3.6-c Working principle of the fuel metering unit

As it is seen in Figure 3.6-c, the output of the signal is digital, to detect the digital
output (logic level signal, 5 VDC) of the fuel metering unit, digital IO pins of the
data acquisition card are used.

3.3. Throttle Position Control System:
As it is stated above, the host computer has ability to control the many digital and
analog IO pins of AVL BME and Advantech 1716 data acquisition card. Also, there
is Arduino Mega 2560 REV.3 is connected to the host computer via serial port to use
the advantage of various Arduino compatible sensors and modules in the market, and
various open source libraries and source codes. The features such as 54 digital IO
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pins (15 of them can be used as pwm output), 16 analog inputs, 4 UARTS (hardware
serial port), 16 MHz crystal oscillator, connection to PC via USB and low price make
it very popular to use in mechatronic applications; pinout of the board is given in
Figure 3.7. Another advantage of the board is the Arduino IDE, the IDE (integrated
development environment) includes various examples and libraries, and it is
compatible with all operating systems. Also, there is web based version of the IDE
which has all libraries and examples. And the most powerful feature is that it
supports Matlab/Simulink, so source codes can be generated and uploaded into the
board via Simulink or signal which sensed by analog channels of Arduino transferred
to a Simulink model.
In the control system, the Arduino Mega 2560 board is used to control R/C servo
motor to control throttle position as it is shown in Figure 3.8; servo library (servo.h)
of Arduino is used to control the servo motor.

Figure 3.7 Arduino Mega 2560 REV.3
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R/C servo motors have their own embedded controller, so there is no need to use
additional controller (to change the input-output characteristics of the controller, an
additional regulator or controller may be implemented). To control the position of the
throttle an additional controller was not used, but to get position feedback signal, R/C
servo motor with feedback signal was evaluated for transient working conditions,
and it will be stated in the methods part.

Figure 3.8 Throttle position control with R/C servo motor
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3.4. Air Mass Flow Measurement
One of the most critical issue in engine control is to control AFR and air mass flow
estimation. To measure the air mass flow through the engine cylinder, the test system
is equipped with a commercial proven quality air flow sensor, Bosch HFM 5 which
is a hot film air mass meter, as it is seen in Figure 3.9. The sensor is very popular in
the market because of its fast response, low weight, low power input, compact design
and back flow detection, and it can measure air mass flow up to 1000 kg/h. Also, it
can be easily assembled on to air intake passages because of it compact design.

Figure 3.9 Bosch HFM5 air mass flow meter on air intake system
Additionally, it has embedded temperature sensor to measure the temperature of
flowing air to estimate air density. But, it should be stated to measure pulsating air
flow is very difficult issue and choosing fast and suitable sampling time is critical to
sense desired signal and backflow if it occurs. And, it has nonlinear output
characteristic and there is need reliable calibration procedure.
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3.5. Speed Measurement
To measure the speed of HBO engine, HBO engine is equipped with a gear wheel
with 2 missing teeth (total 58 teeth) assembled onto the crank shaft, and a crank shaft
sensor as it is seen in Figure 3.10. The gear wheel has two missing tooth which is
used to detect the top dead center of the piston rotation. The sensor creates sine
waveform output and the missing teeth change the period of the sine wave which
means reference point, top dead center (TDC).

Figure 3.10 Gear wheel and magnetic pickup sensor for speed measurement

The crank shaft sensor is a variable reluctance magnetic pickup sensor, as it is seen
in Figure 3.11, its advantage is its simple structure. It is composed of coil and
permanent magnet, so it is cheap, durable and vibration resistant. But, additional
circuitry is need to convert the output signal of the sensor to meaningful speed value.
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Figure 3.11 Variable reluctance magnetic pickup sensor
3.6. Auxiliary Diagnostic Equipment and PC Oscilloscopes
There are also an additional auxiliary diagnostic tools and a pc based oscilloscope for
signal and fault detection in the automotive laboratory.; they are pc based equipments
and they can communicate with the host computer via universal serial port. The
automotive diagnostic equipment is Hantek 1008 with 8 channels and 4MSa/s real
time sampling rate for signal acquisition. It is also a data acquisition card and
programmable signal generator. As it is seen in Figure 3.12, it has ability to sense
various automotive sensors and more than 20 types of automatic testing function.
Most of the automotive signals are digital and can be detected with a conventional
oscilloscope, but to detect the ignition coil signal is not possible with conventional
probes because the voltage level is around 30-40 kV. Hantek 1008 has a special
probe, Hantek HT-25 Figure 3.13, for ignition coil fault detection, and the secondary
coil voltage which flows through the spark plug can be detected and measured with
the probe with its special design clips. One of the clips is a crocodile clip and it is
used to connect the probe to the chassis or engine block (all the chassis and engine
block can be used as the ground of the system or battery, but the ground clip of the
probe should be as close as possible to the ground side of the spark plug, it is
recommended by the manufacturer). The second clip has a hollow geometry when it
closes and the inner diameter of the hollow equals or less than the diameter of spark
plug cable, so the clip encloses the spark plug cable as a clamp type current meter.
The auto ignition probe has its own circuitry to detect high voltage ignition coil
signal and it is compatible with any digital oscilloscope.

107

Also, there is an additional PC oscilloscope, it is Instrustar ISDS205B which has 2
channels with 48 MS/s sampling rate. And it is not just an oscilloscope, it is also
used as spectrum analyzer, DDS and data recorder. Besides, the waveform stored by
the oscilloscope imported to the host PC as excel, BMP and txt formats.

Figure 3.12 The user interface and functions of Hantek 1008

Figure 3.13 Hantek HT-25auto ignition probe
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3.7. Assembly of the Engine onto Dynamometer:
One of the most challenging issue in the laboratory is to assemble the engine on the
dynamometer correctly to avoid noise, vibration and to get clear measurement. To
get concentricity of dynamometer and engine shafts, the power of the engine was
transmitted with sprocket-chain as it is seen in Figure 3.14. There are 2 identical
sprockets on the assembly; the one on the dynamometer axis was mounted on a shaft
which was fixed with two pillow block bearings.
The pillow block bearing has critical role which is to tolerate the vibrations and
misalignments in the assembly because of its fixed outer ring, freely rotating (in
spherical coordinates) inner ring, and provide ease of assembly with its mounting
brackets (pillow) with two slotted holes. The other sprocket was mounted on the
engine shaft with sliding fit tolerance (H7/g6) and fixed with a key to guarantee
noise and vibration free rotation.
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Figure 3.14 The assembly of the engine onto the dynamometer

3.8. Torque and Power Measurement
As it is stated in the previous parts, AVL Alpha 40 is equipped with a load cell for
torque measurement and it measures the reaction force transmitted with the cradle of
the dynamometer and the moment arm. The moment arm is also used for the
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calibration process (its length is constant and any torque can be generated with the
hung various calibration weights on the moment arm). Because of its cradled design,
any force sensor can be implemented into the system for force and torque
measurement and expensive OEM sensor can be replaced. In the thesis study, a
custom torque measurement system was designed and used. The torque measurement
system was designed by Prof. Demir Bayka as it is seen in Figure 3.15, a brake
caliper and Omega PX309 pressure sensor were mounted on the system to measure
reaction force exerted by the dynamometer via moment arm.

Figure 3.15 Custom torque measurement sensor and its assembly
The philosophy of the custom torque measurement system can be summarized as the
exerted force makes the oil in the caliper pressurized –pressure change is directly
proportional to the force exerted- and the oil pressure is measured with a pressure
sensor and the exerted force is calculated with a previously fitted and calibrated
linear equation. The output voltage of the sensor should be the same with the OEM
torque sensor, because the torque and power values are read by the host computer via
AVL BME (BME should calculate the torque value correctly), so a voltage divider
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and follower circuit was designed and the output signal range and offset were made
identical with the OEM sensor.
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CHAPTER 4
APPLICATION OF MVEM AND IDENTIFICATION OF SUB-SYSTEMS

4.1. Identification of the RC Servo Motor and Throttle Position Control
In the previous part, the models and equations which are used to create control
oriented model of an internal combustion engine and the setups and accessories
which are used to model, test and evaluate the single cylinder HBO engine are given.
In the next part, how those materials and methods are implemented to model HBO
engine will be explained.
As it is stated in the introduction part, one of the most important part of an internal
combustion engine is air intake system. Because, it determines how much air will be
breathed and how torque and power will be generated. Also, it directly affects the
exhaust emission, so there many studies to model and control air intake system.
The first active part-there are also the other parts such as air filter and they may be
called as passive- of the air intake system is the throttle control system. The old
fashioned throttle systems have direct connection to the gas pedal and driver controls
the throttle position instinctively, the feedback signals are noise and vibration. But,
modern vehicles have electronic throttle control systems (ETC). The electronic
throttle control systems are based on drive by wire philosophy which means the input
signals and the driving condition of the engine are sensed via various sensor and the
throttle position is controlled by an electro-mechanical actuator. The most popular
electro-mechanical actuator used for throttle control is DC servo motor. As it is
stated in the introduction part, the schematic view of the electro-mechanical throttle
control system can be summarized as in Figure 1.12. As it is seen in the figure, the
structure of the control system is very suitable to create a controller and it has one of
the fundamental control practices, a DC motor. Because of the reasons stated above,
there are many studies to crate ETC strategies in the literature. But, PID and its
combination with adaptive strategies are the most popular controllers-because the
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are relatively simple, and they can be implemented into low-cost microcontroller,
price is the most important parameter in the automotive industry-.
In the study presented in this thesis, a carburetor is used as a throttle and it is
controlled with a RC servo motor which has a feedback signal (it has 4 wires, V+,
GND, SGN and Feedback), as given in Figure 3.8. RC servo motors are very popular
for mechatronic projects and robotic applications, also they are very useful for
research applications because of their embedded control and ease of application. The
servo motors have PID controller or its derivatives and this is very suitable for
throttle control (as it is stated above, the commercial ETC units have PID controller).
HBO engine was tested in steady-state conditions on the dynamometer, and it is not
tested for transient conditions. The steady-state response of the RC servo motor was
tested and evaluated as perfect. But, it was also modeled and identified to see its
transient response. Because, the main source of the exhaust emissions is the transient
working condition of internal combustion engines i.e. acceleration. In Figure 4.1, the
schematic view of an RC motor and its control oriented structure is shown.

Figure 4.1 Schematic view of the servo motor and its circuitry [53] [54]

The structure shown in the figure was used to write the equations and identification
of the system. In the figure and study, the inertia of the throttle plate and the gears
were reflected to the DC motor shaft to write the equations. So, the inertia, J, means
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the total inertia of the system including throttle plate, gears and the rotor of the DC
motor. And the mathematical model of the plant was formed as a DC motor and a
load as follows:
𝑑𝑖

𝑅. 𝑖(𝑡) + 𝐿. 𝑑𝑡 + 𝑒(𝑡) = 𝑣(𝑡)

(Eq. 4.1)

𝑒(𝑡) = 𝑘𝑒 . 𝜙̇

(Eq. 4.2)

Where:
𝑒(𝑡)is the back electromotive force which is proportional the rotational speed of the
rotor
𝑘𝑒 is the back e.m.f constant
And, the generated torque is proportional to the current flow as in Equation 4.3 and it
wa formed as in Equation 4.4, Newton`s second law of motion:
𝜏(𝑡) = 𝑘𝑡 . 𝑖(𝑡)

(Eq. 4.3)

𝜏(𝑡) = 𝐽. 𝜙̈(𝑡) + 𝑏. 𝜙̇(𝑡)

(Eq. 4.4)

With Laplace transform, Equations 4.1 and 4.4 can be expressed with the Laplace
variable -s-, as follows:
𝑠. (𝐽. 𝑠 + 𝑏). 𝜙(𝑠) = 𝐾𝑡 . 𝐼(𝑠)

(Eq. 4.5)

(𝐿. 𝑠 + 𝑅). 𝐼(𝑠) = 𝑉(𝑠) − 𝐾𝑒 . 𝑠. 𝜙(𝑠)

(Eq. 4.6)

Also, remember that the torque and b.m.e.f constants are equal, so the symbol “K”
can be used for both of them, and the Equations 4.5 and 4.6 were represented as in
Equation 4.7.
𝑠. (𝐽. 𝑠 + 𝑏). 𝜙(𝑠) = 𝐾. 𝐼(𝑠)and(𝐿. 𝑠 + 𝑅). 𝐼(𝑠) = 𝑉(𝑠) − 𝐾. 𝑠. 𝜙(𝑠)

(Eq. 4.7)

The open-loop transfer function between armature voltage (input) and the rotation
angle (output) was formed with Equation 3.7 as follows:
𝑃𝑙𝑎𝑛𝑡, 𝑃(𝑠) =

𝜙(𝑠)
𝑉(𝑠)

𝐾

= (𝐽.𝑠+𝑏).(𝐿.𝑠+𝑅).𝑠+𝐾.𝐾.𝑠
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(Eq. 4.8)

As it is stated above, the embedded controller of the servo motor is a combination of
proportional (KP), derivative (KD) and integral (KI) terms as in Equation 4.9. In the
next part, transfer function of the combined whole system (the embedded controller,
Eq. 4.9 and the servo motor mode Eq. 4.8 identification process and modification or
tuning the transfer function of the system will be described.
𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟𝑃𝐼𝐷 (𝑠) =

𝐾𝐷 .𝑠2 +𝐾𝑃 .𝑠+𝐾𝐼

(Eq. 4.9)

𝑠

The necessary equations to design a controller or identify the embedded controller
are shown above, but the parameters in the equations should be identified. In the
study, the whole system -including the servo motor, embedded controller and the
throttle- was treated as s single system and a single transfer function was identified
with Matlab System Identification Toolbox. The transfer function of the system is the
combination of Equations 4.8 and 4.9, so it has at least third order characteristic
polynomial [57] [58]. But, a reduced order transfer function was identified to have
slower response and no overshoot characteristics than the actual system, then it was
combined with Kalman Filter to eliminate the deficiencies and errors caused by
reduced order transfer function.

4.1.1. System Identification
There are many studies to model and control ETC systems in the literature, and in
most of them system identification techniques are used because, the ETC systems are
the commercial products and specifications of the components in ETC are not shared
with third parties. As it is stated above, the whole system was treated as a single
system and single transfer function was identified. Firstly, an input/output data set
was prepared, then it was imported to the System Identification Toolbox and transfer
function was created. The input signal was created with signals AD9833 which is a
programmable waveform generator integrated circuit. It can create sine, square and
triangular wave signals with 0-12.5 MHz range and 0.004 Hz resolution. It was
programmed to create varying frequency sine signal as it is shown in Figure 4.2. The
frequency of the input signal is within the working limits (planned limits are the
limits of the throttle plate) of the RC servo motor.
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Then the output of the system to the input was sensed and both of the signals (input
and output) were transferred to Matlab workspace via Arduino Mega 2560. In Figure
4.3, the output of the system is seen.

Figure 4.2 Varying frequency sine input signal

Figure 4.3 Response of the system to the identification signal

Then, the transfer function of the system with 2 real poles and no zero was identified;
and it was rounded and simplified to reduce mathematical load of the microcontroller
(the identified transfer function will be used to create closed loop estimator and
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implemented into the microcontroller) and tuned manually for no overshoot
characteristics. Then, it was discretized with “c2d” command of Matlab with zeroorder hold (ZOH) algorithm and 2.5 milliseconds sampling time. The identified
transfer function is given in different forms as below:
640000

𝐸𝑇𝐶(𝑠) = 𝑠2 +7514.𝑠+620200

(Eq. 4.10)

𝑥̇ (𝑡) = 𝐴. 𝑥(𝑡) + 𝐵. 𝑢 𝑦(𝑡) = 𝐶. 𝑥(𝑡) + 𝐷. 𝑢

(Eq. 4.11)

With A=[0 1;-620200 -7514]

B=[0;640000]

C=[1;0] and D=0;

And the discrete state space model of the system is:
𝑥(𝑘 + 1) = 𝐴𝑑 . 𝑥(𝑘) + 𝐵𝑑 . 𝑢 𝑦(𝑘) = 𝐶𝑑 . 𝑥(𝑘) + 𝐷. 𝑢
With Ad= [0.8209 0.0001; -68.5165 -0.0092]

(Eq. 4.12)

Bd= [0;640000] Cd= [1;0] Dd=0

4.1.2. Kalman Filter Based Closed Loop Estimator
As it is stated in the previous parts, air –fuel ratio is crucial for engine management
system, and the challenging issue is to estimate air mass flow during the transient
motions of the throttle plate. The air flow meter and exhaust oxygen sensor have
relatively slow response compared with the other sensor used on an engine and it is
not possible to measure the air mass flow or to use the exhaust oxygen sensor as a
feedback sensor to estimate air flow during the fast transitions. To solve this
problem, adaptive control algorithms, estimation and observation techniques are
used. But, the spikes in the throttle feedback signal may cause spikes in the
observation and estimation of the air mass flow. To eliminate these spikes, a reduced
order transfer function without an overshoot was used in the estimator and the
deficiencies caused by simplified transfer function was eliminated with a Kalman
Filter algorithm which was implemented into the source code. In this section,
Kalman Filter equations, its implementation and results will be given.
As everybody knows, PID controller is the most widely used controller in the
industry because of its ease of application, but its performance is not enough in noisy
environment. So, to improve its performance it should be combined with estimator or
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filters. To combine PID controller with a Kalman Filter is very popular approach
[55]. In this thesis, the identified transfer function of the system was combined with
Kalman Filter to create closed loop estimator. And, it was used to eliminate the
spikes in the feedback signal of the RC motor and estimate the position with better
accuracy. In Figure 4.4, the implementation of Kalman Filter to estimate better
position is shown.

Figure 4.4 Schematic view of Kalman Filter based RC servo motor controller
As it is seen in the figure, the filter is using the reference input signal and output of
the RC servo motor to estimate the position (with better accuracy).
Kalman Filter is very popular and easy to implement into microcontroller because of
its recursive algorithm. And, it is an optimal observer and it minimizes the statistical
measure of the estimation error. Its 5-steps equations can be written as follows:
𝑥̂𝑘 − = 𝐴. 𝑥̂𝑘−1 + 𝐵. 𝑢𝑘−1

(Eq. 4.13.1)

𝑃𝑘− = 𝐴. 𝑃𝑘−1 . 𝐴𝑇 + 𝑄

(Eq. 4.13.2)

𝐾𝐾 = 𝑃𝑘 − . 𝐻 𝑇 . (𝐻. 𝑃𝑘 − . 𝐻 𝑇 + 𝑅)−1

(Eq. 4.13.3)

𝑥̂𝑘 = 𝑥̂𝑘 − + 𝐾𝑘 . (𝑧𝑘 − 𝐻. 𝑥̂𝑘 − )

(Eq. 4.13.4)

𝑃𝑘 = (𝐼 − 𝐾𝑘 . 𝐻). 𝑃𝑘 −

(Eq. 4.13.5)

In the first equation (4.13.1), initial priori values of the state variables are estimated
with the state matrices. Then the priori error covariance matrix is calculated (4.13.2)
and with the calculated error covariance matrix Kalman gains are calculated (4.13.3).
After then, the priori estimates of the state variables are updated and they are called
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as posteriori estimates (4.13.4). Finally, the error covariance matrix is updated for the
next step (4.13.5).
The matrices which are used in the Equation 4.13, are given in Equation 4.12, the
discrete state matrices (note that H=Cd).
With the equations sated above, the Kalman Filter based closed loop estimator was
implemented into Arduino Mega 2560. It was also simulated with Matlab/Simulink.
The Simulink model is given in Figure 4.5.

Figure 4.5 Kalman Filter based closed loop estimator
The simulation results and experimental results were compared, and the identical
results were observed. In Figure 4.6, the estimated and simulated results for varying
frequency sine input is shown, the results are identical.
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Figure 4.6 Simulated and experimental results for RC servo motor position
The designed estimator was tested with various signals, in Figure 4.7 1 Hz triangular
wave signal was used as input signal and the output of the servo motor and estimated
position are shown. The signals were plotted with Arduino Ide serial plotter tool,
directly.

Figure 4.7 1 Hz triangular input, the servo motor feedback and filtered (with
Arduino) signals
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In Figure 4.8, the test results for varying frequency sine input which was used for
identification, the feedback signal of the RC servo motor and estimated position are
shown, it was plotted with the Arduino Ide serial plotter tool, again.

Figure 4.8 Varying frequency sine input, the servo motor feedback and estimated
position
The same input and feedback signals were imported to Simulink, and simulated with
the model seen in Figure 4.5. The identical results were observed; they are seen in
Figure 4.9 and 4.10.
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Figure 4.9 Hz triangular input, the servo motor feedback and estimated (with
Simulink) signals

Figure 4.10 Time-variable sine wave input, measured and estimated (with Simulink)
outputs

In Appendix A, the Arduino source code for Kalman Filter based closed loop
estimator is given.
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In the next part, the air mass flow through the throttle plate will be estimated and the
volumetric efficiency characteristics of HBO engine will be stated.

4.2. Air Mass Flow and Volumetric Efficiency of HBO Engine
In the previous part, the RC servo motor and throttle assembly was identified and a
closed loop estimator designed to eliminate the spikes in the feedback signal of RC
motor was described. In this part, the air breathing characteristics of HBO engine
will be stated. During the dynos tests, the air flow through the throttle, engine speed
and throttle position were measured and recorded to analyze the air breathing
characteristics of the engine.
Firstly, the carburetor, Figure 4.11 which is used as throttle was analyzed with Ansys
Fluent to understand whether the carburetor is suitable for the single cylinder HBO
engine or not.

Figure 4.11 Dellorto FHBC2521 carburetor

As fluent analysis model, 2 equations viscous k-epsilon was used with the air
properties as ρ=1.225 kg/m3 and µ=1.7894e-5 kg/m-s. Boundary conditions were
selected as pressure inlet/outlet and differential pressure was applied for ten throttle
positions (10-100% throttle open) and mass flow at the outlet of the carburetor was
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calculated with Ansys Fluent. An example fluent analysis result is given in Figure
4.12.

Figure 4.12 Pressure distribution in the carburetor body (for 50% open throttle and
1500 Pa differential pressure case)
In the analysis, the air mass flow versus pressure drop characteristics of the
carburetor was identified and results are plotted as a function of air mass flow,
throttle opening and pressure drop.

Figure 4.13 Air flow rate as a function of throttle opening (%) and pressure drop
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The relationship between air mass flow(kg/s) and pressure drop(Pa) in terms of
different throttle positions were given in Figure 4.13. As it can be seen from the
figure pressure difference to breath air between 1.1gr/s – 15.6 gr/s (40% volumetric
efficiency @800 rpm and 100% volumetric efficiency @4500 rpm) will be 10025000 Pa. The analysis shows that the maximum pressure drop will be around 25
kPa, which means no choked flow (pressure ratio is around 75%,

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

> 0.528

(0.528 is the critical pressure ratio below this ratio flow is choked, Eq. 2.12.1 and
2.12.2)
After the tests, the volumetric efficiency of the engine was plotted as below:
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Figure 4.14 Volumetric efficiency of single cylinder HBO engine for various rpm
and throttle openings.
As it is seen in the figure, there are fluctuations caused by backflows for almost each
throttle opening. And, the fluctuations make the air mass flow measurement very
difficult.
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In chapter 2, the air flow equations were stated as a function of pressure drop. To
identify the engine air breathing characteristics in terms of pressure drop, a
differential pressure sensor was assembled onto the engine to detect the pressure
drop caused by air flow. The pressure sensor is a piezo resistive differential pressure
sensor with 0-250 kPa range and 1 millisecond response time (it is very fast when it
is compared with Bosch HFM 5 air mass meter [57]).
In Figure 4.15, the schematic view of the pressure sensor is given, it has two ports
and they are called as positive (P1) and negative (P2) ports. It measures the pressure
difference (P1-P2).

Figure 4.15 Schematic view of MPX4250DP differential pressure sensor [58]
As it is stated above, it has low response time. Additionally, it has linear output
characteristics as seen in Figure 4.16 [58].

Figure 4.16 Output characteristics of MPX4250DP differential pressure sensor [58]
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Also, its working temperature is between -40 and 140 °C which means it is suitable
for automotive applications (but, it has nonlinear output characteristics at the
temperatures higher than 85 and lower than 0 °C, the temperature error factors given
in the datasheet should be used for the temperatures ≥ 85℃ and ≤ 0℃).
As it is seen in Figure 4.17, the pressure sensor was assembled on the intake
manifold. The negative port of the sensor was connected to the manifold; the positive
port was directly open to the atmosphere. It means, it is measuring the pressure drop
on the whole intake system (air filter, HFM 5 air mass flow meter and throttle).

Figure 4.17 Air mass flow and fuel injection control system components and their
locations on the engine.
As it is stated before, the carburetor on the engine was used as a throttle and it was
not used for air-fuel mixing. It was converted to the electronic fuel injection system.
The fuel injector was assembled to the top of the intake manifold; and the output
signal of the pressure sensor was used as a trigger signal in the fuel injection
algorithm to start the fuel injection.
The gear wheel on the crank shaft has two missing teeth to detect the TDC (at the
end of compression or exhaust), but to determine whether the piston is at the end of
the compression or exhaust (for 4-stroke SI engine), additional sensor called cam
shaft sensor is needed. And, modern engines are equipped with both cam shaft and
crank shaft sensors to detect the exact position and stroke of the piston.
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In this study, a novel approach was used and the differential pressure sensor was
used to detect the air flow which means “intake stroke” of the single cylinder HBO
engine (if the engine was multi-cylinder, it would be impossible to figure out which
cylinder was breathing). And, the engine was converted from old fashioned
carburetor fueled engine to electronic port fuel injected engine without a cam shaft
sensor.
Also, the differential pressure sensor was used to estimate air mass flow, in Figure
4.18 the outputs of the Bosch HFM 5 air mass meter and differential pressure sensor
are given (the signals were filtered with Matlab/Signal Processing Toolbox). The
output of the HFM 5 air mass meter is not a sine wave form and it is difficult to find
the mean value of the signal during the operation (the mean value of the sine wave
signal of HFM 5 gives the air mass flow value). Also, the response is slow and
fluctuating because of pressure waves caused by opening/closing valve and
backflows. But, the pressure signals look more clear compared to the HFM 5. So, the
differential pressure sensor was used to estimated air mass flow.

Figure 4.18 Hot-film air mass meter and piezo resistive differential pressure sensor
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In chapter 2, the compressible air flow equations were stated in Equation 2.13 and
2.14. Briefly, it can be stated again as follows:
𝑚̇ = 𝑐𝑑 . 𝐴(𝑡).
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𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 < 0.5𝑃𝑖𝑛

√2

)≈{

√2.

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

. (1 −

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

)

𝑓𝑜𝑟 𝑃𝑜𝑢𝑡 ≥ 0.5𝑃𝑖𝑛

}

where 𝛹 is the parameter to include the compressible effects into account; Pin is the
total pressure at the inlet; Pout is the static pressure at the throat, γ is the isentropic
coefficient of air; Cd is discharge coefficient (should be experimentally determined
for each throttle open area) and At is the throttle plate open area. Actually, Pout is the
static pressure at the throat, but it is used as the pressure downstream of the throttle
plate (assumed there is no pressure recovery and pressure of the downstream is equal
to pressure at the throat, minimum area) [2]. And the air inlet can be assumed as
stationary state, so total pressure is equal to static pressure (the positive port of the
differential pressure sensor is directly open to the atmosphere, so this assumption is
very convenient).
The approximate flow function is stated above, for the choked flow it can be
assumed as constant. As it is seen in the Figure 4.14, the volumetric efficiency is
almost constant for each throttle opening and the flow is almost choked or dominated
by backflows. So, the flow function was used as constant and a linear air mass flow
equation as a function of the square root of the differential pressure (Pin-Pout) was
fitted. The fitted curves for different throttle opening are as Figure 4.19 and 4.20. In
the figures, the fitted curves and relative errors for 15,20 and 25% open throttle are
given; 30,60 and 100% open throttle curves and errors, and the equations of the fitted
curves are given in Appendix B.
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Figure 4.19 Estimated and measured air mass flows for 15, 20 and 25% open throttle

Figure 4.20 Percentage error between estimated and measured air mass flows for 15,
20 and 25% open throttle

4.3. Differential Pressure Based Electronic Fuel Injection
As it is stated above, the differential pressure sensor was also used to detect air flow
and start fuel injection; and the engine was converted from old fashioned carburetor
fueled engine to electronic port fuel injected engine without a cam shaft sensor. The
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sensor has very fast response and it responds the pressure drop caused by air flow
immediately. So, it was able to be used as a trigger source for fuel injection.
To develop an injection algorithm and to investigate the output characteristics of the
pressure sensor, it was modeled as a first order overdamped system as follows:
The transfer function of an overdamped first order system can be shown as in
Equation 4.14 and unit step response in the time domain can be stated as in Equation
4.15 for
𝑇𝐷 ≅ 0.
𝐺(𝑠) =

𝐾𝑒 −𝑠𝑇𝐷

(Eq. 4.14)

1+τs

𝑦(𝑡) = 𝐾. (1 − 𝑒 −𝑡/𝜏 )

(Eq. 4.15)

And typical response time required to go from 10% to 90% of the final value when
an incremental pressure is applied is typically 1ms (0.001 second) [58].
Equation 4.15 can be solved as follows for K=1:
𝑦(0.105𝜏) ≅ 0.1
𝑦(2.303𝜏) ≅ 0.9
𝜏 = 4.15290𝑒 − 4
And the step response of the sensor can be plotted as in Figure 4.21. Then the sensor
model was used in the initial simulations to prepare an initial algorithm for flow
detection. A pressure profile which is directly proportional to the motion of the
piston was assumed and the output of the differential pressure sensor was simulated
in Matlab/Simulink.
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Figure 4.21 Unit step response of the differential pressure sensor (K=1)

As it was stated in second chapter, incompressible flow assumption can be used used
for valve and orifice equations to see general view or roughly. This assumption is
valid for liquids and gases which have flow velocity up to a level. And the flow
equation for valve/orifice is called Bernoulli`s equation and was written as in Eq.
2.11 in chapter 2.

𝑚̇(𝑡) = 𝑐𝑑 . 𝐴(𝑡). √2. 𝜌. √𝑃𝑖𝑛 (𝑡) − 𝑃𝑜𝑢𝑡 (𝑡)
And, if the pressure profile is assumed as it is proportional to the piston position and
speed the equations can be stated as follows:
ṁa ∝ √(𝑃0 − PT )

(Eq. 4.16)

ṁ𝑎 ∝ 𝑈

(Eq. 4.17)

𝑈 = 𝐴. sin(𝜃) . [1 +

cos(𝜃)
0.5
𝑙 2
[( ) −sin2 (𝜃)]
𝑟

]

(Eq. 4.18)

Where “U” is piston speed, “l” is piston rod length, “r” is crank arm, "θ" is crank
angle and “A” is “Stroke*rpm*π/60”
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Then the equations and sensor model was simulated in Matlab/Simulink as in Figure
4.22 and 4.23

Figure 4.22 Simulink model to simulate pressure response of the model @1935 rpm
and 220° intake cycle (“transport delay” is used to overlap simulated signal with real
data)

Figure 4.23 Simulated manifold pressure and sensor model output @1935 rpm and
220° intake cycle
Then the simulated sensor output was compared with the real data which was directly
measured on the engine throttle. As it is seen in Figure 4.24, the model output –
especially the first half of the signal and the sensor is slower than the model- is pretty
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good to use to generate an algorithm for flow detection which means the sensor
model can be used in simulations.

Figure 4.24 Simulated manifold pressure and measured sensor output @1935 rpm
and 220° intake cycle with 20% open throttle
The figure shows that, the pressure drop signal is half sine wave and it is suitable to
convert it to a square wave or for peak detection which means it can be used to detect
the maximum pressure drop or it can be converted to a square wave and used to
directly drive the logic gates of the fuel injector driver circuit.
But, in this study the pressure signals were read by a microcontroller based injection
control circuit. And, the microcontroller was programmed to drive the injector when
a threshold is exceeded as in Figure 4.25 (the signals in the figure were recorded
while the engine was running).
The injection timing directly affects the performance and exhaust emission, so the
microcontroller based injection control circuit was used. The signal was read by the
microcontroller and used to start injection and necessary operations. Also, the source
code may be updated for an adaptive signal threshold to change the injection timing
due to engine working condition. There are some studies showing that the ignition on
closed valve increases the combustion efficiency because of enhanced fuel
evaporation caused by hot surface of the valve [59].
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Figure 4.25 Normalized pressure and injector drive signal @3000 rpm and 35% open
throttle
The differential pressure sensor can be used as a camshaft sensor and its output can
be combined with the output of the crankshaft sensor and used to activate the fuel
injector while the intake valves are close (Crank shaft sensor creates 60 pulses for
each revolution, with a counter circuit -also designed and implemented in the studythe angle of the crankshaft can be determined, and the differential sensor can be used
to check whether the stroke is intake or expansion).
As it is seen in the figure, the output of the sensor was used to drive the fuel injector.
The fuel injection algorithm was built on the sensor and Arduino board. The
algorithm can be summarized as in Figure 4.26. But, as it is stated above the fuel
injection point should be adjusted due to the working condition of the engine. For the
time being, the constant fuel injection threshold was used and it was not adjusted, but
the source code given in Appendix C can be easily modified to have an adaptive
injection timing threshold.
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Figure 4.26 Injector drive signal detection and pulse width creation algorithm

As it is seen in the flow chart, the fuel amount which will be injected is determined
with a 2-D look-up table which is based on throttle position (TPS) and engine speed
(rpm). The injector is an open/close type injector and the fuel injected is directly
proportional to duration of the signal (pulse width) and pressure of the fuel line. In
the study, a universal fuel pump was used to pressurize the fuel and TOMEI
universal fuel pressure regulator was used to adjust the pressure level to 3.27 kg/cm2.
The injector was calibrated at that constant pressure and a calibration constant was
derived as 0.002290 ml/ms which means the injector sprays 0.002290 ml fuel when it
stays open for 1 millisecond; and 2-D look-up table was built as below:
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Figure 4.27 Fuel injection look-up table of single cylinder HBO Engine

To generate 2-D look-up table, a Microsoft Excel worksheet was prepared. The
macro on the worksheet can generate the look-up table as Arduino arrays directly, it
is given in Appendix D.
The injection look-up table has three stages: Volumetric efficiency, AFR and pulse
widths. The elements of the initial 2-D look-up table are volumetric efficiencies for
rpm versus throttle position, the elements of the second table are the air-fuel ratios
and they (AFR and volumetric efficiency) are used to find the elements of the final 2D look-up table which are the pulse widths-in millisecond- which are used to keep
138

the injector open; if the volumetric efficiency or AFR table is changed, the third table
is updated automatically. For example, the injector will be open for 7.4 ms when the
engine is rotating with 3200 rpm speed and the throttle is 70% open.
In the final injection table, there are some cells colored pink which means the
duration of the injection is longer than the intake period which means some of the
fuel is injected on the closed intake valve. As it is stated before, injection on the
close valve can increase the combustion efficiency, and the source code of the
controller can be modified to inject the fuel on the closed valve. But, in the study fuel
injection was started when the air flow was detected.
As it is seen in the figure, the tables are rpm versus throttle position. The throttle
position was measured by sensing the feedback of the RC servo motor, but to
measure the speed of the engine a LM2907 (frequency to voltage converter IC) based
circuit was designed and constructed. The constructed circuit is one of the typical
application circuits of LM2907 as below:

Figure 4.28 LM2907 based frequency to voltage converter for HBO engine
The integrated circuit was designed to be used with magnetic pick up sensor and its
datasheet includes all necessary circuits for engine speed and crankshaft position
sensing. As in Figure 4.29, a sine wave to pulse generator circuit was also
constructed to measure the position of the crank shaft.
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Figure 4.29 LM2907 based pulse generator circuit for cranks shaft position of HBO
engine

The output pulses of the LM2907 based sine to pulse generator can be directly
counted by the microcontroller or a counter circuit can be designed to count and store
the pulse counts. In the study, a 74HC193 and 74HC573 based counter circuit was
designed and constructed to count the pulses of the crank shaft. The outputs of the
counter IC (74HC193) were stored and enabled/disabled with octal D-type
transparent latch (74HC573). With this circuit, the microcontroller can read the pulse
counts whenever it is necessary with a simple routine (enabled the outputs and reads
the output bits of the 74HC573). The circuit is given in Figure 4.30.
Also, a circuit was designed and constructed to drive the fuel injector and ignition
coil with the digital pins of Arduino Mega 2560. The circuit is a general purpose
metal oxide semiconductor field effect transistor (MOSFET) based half bridge driver
circuit. The MOSFETs on the circuit were driven by MOSFET driver IC, IR2101.
As it is stated before, it is a general purpose driver circuit and it can be used to drive
any inductive or resistive load (within its limits, continuous drain current 28 A @25
°C and 20 A @100 °C).
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Figure 4.30 Crank shaft pulse counter circuit

Figure 4.31 IRF540N based half bridge driver circuit (ignition coil and injector
driver)

One of the most challenging issues in internal combustion engine modeling and
control is wall-wetting phenomena. It can be summarized as: the sources of fuel
aspirated into the cylinders are evaporation of the airborne droplets and the
evaporation of the liquid fuel on the manifold walls and at the back of the intake
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valves; and it is very difficult to determine how much fuel evaporates from the walls
and how much fuel evaporates from the droplets especially in transient conditions. In
chapter 2, it was expressed in Equation 2.38 as follows:
𝑚̇𝜑 (𝑡) = (1 − 𝜅(𝜔𝑒 , 𝑃𝑚 , 𝑇𝑓 , … )) . 𝑚̇𝜓 (𝑡) + 𝜏(𝜔

𝑚𝑓 (𝑡)
𝑒 ,𝑃𝑚 ,𝑇𝑓 ,… )

(Eq. 2.38)

Where:
𝑚̇𝜑 (𝑡) is the fuel mass aspirated into the engine
𝑚̇𝜓 (𝑡) is the fuel mass injected into the port
𝑚𝑓 (𝑡) is the fuel mass stored on the walls
𝜅(… ) and 𝜏(… ) are experimental coefficients
The general approach is to obtain experimental coefficients and create 2-D look-up
tables, because it is too difficult to determine the coefficients during the operation.
Also, there are adaptive control techniques to compensate their effects.
But, it can be stated as during the steady-state conditions engine –engine with a
feedback oxygen sensor on the exhaust pipe- can operate environmentally friendly
with an assumption of no wall-wetting. In this study, the HBO engine was assumed
to be assembled on a hybrid electrical vehicle and used to charge the batteries (which
means used as a secondary source and it operates at fixed steady state condition-at
the most efficient condition-).

4.4. Kinematic Analysis of Single Cylinder HBO Engine
In this part of the thesis, the kinematic analysis of the single cylinder HBO engine is
given. Firstly, the formulation as a function of crank angle was derived and then it
was used to find the cylinder volume as a function of engine speed, crank angle and
speed.
The generated Matlab function - a function of crank angle and engine revolutionwill be used in combustion analysis. As it is seen in Figure 4.32 and 4.33, the engine
has an inclined assembly and the piston moves on 17° inclined path. At the TDC, the
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main pin, crank pin and wrist pin of the piston lay on the same axis; and the crank
angle was used as zero at this arrangement. And the BDC is at 172.8 ° CA.

Figure 4.32 Single cylinder HBO engine, piton @TDC and BDC

As it is seen in Figure 4.32, the connecting rod has a bent geometry to reduce side
friction and adjust the load distribution. Because of the custom design, the motion of
the piston at TDC and BDC is slow to keep the combustion volume constant and
increase the combustion efficiency. So, the motion of the piston and swept volume
was derived and implemented into the combustion analysis code.
In figure 4.33, the mechanism of the HBO engine is seen, the equations to simulate
the piston position and swept volume were derived by using the relations in the
figure.

143

Figure 4.33 Piston-crank mechanism of the single cylinder HBO engine

In the figure, the crank angle (theta) rotates CW, and “r=32 mm” is the crank radius,
“l=129.62 mm” is the connecting rod length, “h=149.64 mm” is the top point where
the piston can reach and “s” is the distance travelled from the top point. The
mechanism was analyzed for theta between -10 and 242° CA and 243-350° CA as in
Figure 4.34 and Figure 4.35.
In Figure 4.34, the drawing for calculations between -10 and 252° CA is given. To
derive the equations, ∆OAB was defined. The equations and the relations are:
𝛼 = 𝜃 − 242.3

(Eq. 4.19)

𝛽 = 73

(Eq. 4.20)

𝜙 = 180 − 𝛼 − 𝛽

(Eq. 4.21)

𝑏

𝑎

𝑠𝑖𝑛𝑒 𝑟𝑢𝑙𝑒 ∶ 𝑠𝑖𝑛𝛼 = 𝑠𝑖𝑛73

(Eq. 4.22)

𝑐𝑜𝑠𝑖𝑛𝑒 𝑟𝑢𝑙𝑒: 𝑙 2 = (𝑟 + 𝑎)2 + (ℎ − 𝑠 + 𝑏)2 − 2. (𝑟 + 𝑎). (ℎ − 𝑠 + 𝑏). 𝑐𝑜𝑠𝜙
(Eq. 4.23)
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Figure 4.34 Mechanism of the single cylinder HBO engine for -10 and 252° CA

In Figure 4.35, the drawing for calculations between 243-350° CA is given. To
derive the equations, ∆ABC was defined. The equations and the relations are:
𝑠𝑖𝑛𝑒 𝑟𝑢𝑙𝑒:

31.371
(180−10.7−𝜃)

=

𝑟+𝑥

(Eq. 4.24)

𝑠𝑖𝑛73

𝑐𝑜𝑠𝑖𝑛𝑒 𝑟𝑢𝑙𝑒: (𝑟 + 𝑥)2 = 𝑎2 + 31.3712 − 62.742cos 73

(Eq. 4.25)

𝑐𝑜𝑠𝑖𝑛𝑒 𝑟𝑢𝑙𝑒: 𝑙 2 = 𝑥 2 + (ℎ − 𝑠 + 𝑎)2 − 2. 𝑥. (ℎ − 𝑠 + 𝑎). cos(169.3 − 𝜃)(Eq. 4.26)

The position of the piston is calculated by using the equations given above and the
sketches given in Figure 4.34 and 4.35. The position “s” gives the distance between
the top position and piston position, so it can be directly used to calculate swept
volume.
Loop closure equations in Figure 4.36 and Equations 4.27-4.29 can be used to solve
the equations, but trigonometrical relations were used during the study (at some
positions the solution diverges, so the mechanism was investigated for 2 angle
ranges, between -10 and 242° CA and 243-350° CA).
The Matlab script to simulate the position “s” is given in Appendix E.
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Figure 4.35 Mechanism of the single cylinder HBO engine for 243-350° CA

Figure 4.36 Mechanism of the single cylinder HBO engine for loop closure method
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. 𝑒 𝑖.𝜃1 + 𝑅2 . 𝑒 𝑖.𝜃2 = 𝑅3 + 𝑅4 . 𝑒 𝑖.73°

(Eq. 4.27)

𝑅1 . 𝑐𝑜𝑠𝜃1 + 𝑅2 . 𝑐𝑜𝑠𝜃2 = 𝑅3 + 𝑅4 . 𝑐𝑜𝑠73 𝑓𝑜𝑟 "x" component

(Eq. 4.28)

𝑅1 . 𝑠𝑖𝑛𝜃1 + 𝑅2 . 𝑠𝑖𝑛𝜃2 = 𝑅4 . 𝑠𝑖𝑛73

(Eq. 4.29)

𝑓𝑜𝑟 "y" component

With the script given in Appendix E, the position of the piston and swept volume
were plotted as below, Figure 4.37.

Figure 4.37 Piston position, “s” and swept volume of the single cylinder HBO engine
(“s”, distance from the top point)

The investigated piston motion and swept volume formulas were implemented into
the combustion model of the single cylinder HBO engine. In the next part of the
thesis, the developed 2-zone combustion model of the engine will be presented.

4.5. 2-Zone Combustion Model of HBO Engine
In this part of the thesis, the developed two-zone combustion model of the engine
will be presented. The model is a thermodynamic model and it was developed with
Matlab and Cantera.
In section 2, the combustion models used for internal combustion engines were
categorized as thermodynamic (zero dimensional) models, phenomenological (quasidimensional) models and multi-dimensional (CFD) models. The thermodynamic
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models are the easiest models and they are used to make predictions of the effects of
the important engine parameters. In this type of models, homogenous and ideally
mixed mixture is assumed, sub processes are not modeled or empirical correlations
are not used to predict sub processes.
On the contrary, in CFD models the mass, energy and momentum equations are
solved locally and the thermodynamic properties of the local zones can be figured
out. Also, detailed sub models related to combustion and mixture formation are
included. The third category, phenomenological (quasi-dimensional) models are
between those two model types. In this type of model, the combustion chamber is
divided into multiple zones (two or more) and the temperature, pressure and volume
of the zones are found. So, more than 2 temperature and pressure zones can be
defined and the emission formation especially NOx (NOx formation is directly
related to temperature, so if the temperature of the zone is found, it can be used to
predict whether NOx formation occurs or not) can be investigated. And, if the
number of sub zones is increased, the spatial resolution of the model is increased.
In this thesis, a phenomenological model with 2 zones was developed. As it is seen
Figure 4.38, in 2-zone combustion model the combustion chamber is separated into 2
zones: high temperature (burned) zone and low temperature (unburned) zone.

Figure 4.38 Schematic view of 2-zone model [61]

As it is seen in the Figure 4.38, the frontier of the burned zone and unburned zone is
the flame front which has a spherical form. The analogy “spherical flame
propagation” is used to estimate the combustion and heat release rate. At the
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beginning of the combustion process the flame propagation can be assumed almost
laminar, but after a while it has a turbulent form and the spherical flame front has a
wrinkled surface which increases the burning rate. The burning rate of the fuel in the
assumption of spherical flame propagation can be written as in Equation 4.30.
𝑑𝑚𝑏
𝑑𝑡

= 𝜌𝑢 . 𝐴𝑓 . 𝑆𝑡

(Eq. 4.30)

Where:
𝜌𝑢 is the density of the unburned mixture
𝐴𝑓 is the flame area
𝑆𝑡 is the turbulent burning speed

And, the flame area and turbulent burning velocity are highly dependent on the
chamber geometry and position of the spark plug. The effect of the turbulence is
𝑆

usually specified as turbulent to laminar flame speed (𝑆𝑡 ) and it is used in the
𝑙

correlation in that form. At the beginning of the combustion the flame may be
assumed as laminar, but after a while it will be turbulent. In CFD codes and software
packages the turbulent zone is solved explicitly, but in the phenomenological models
the turbulence level is included into equations as a function of some characteristic
parameters such as turbulence intensity (𝑢, ), kinematic viscosity (𝑣) and length scale
factor (L) which is proportional to the height of the combustion chamber as in
Equation 4.31 [62, 63 and 64]:
𝑆𝑡
𝑆𝑙

𝑢, 1/3

= 𝐶. (𝑆 )

𝜌

𝑢,0

𝑙

1/9

. (𝜌 𝑢 )

𝑢, .𝐿 1/3

.(

𝑣

)

(Eq. 4.31)

Also, there are some studies to correlate the turbulence intensity and use it in the
Equation 4.31. One of them was presented in [65] as follows:
1/2

𝜌

𝑢, = 𝑢̅𝑖 . ( 𝜌𝑢)
𝑖

𝐴𝑝

𝑎𝑛𝑑 𝑢̅𝑖 = 𝜂𝑣 . 𝐴 . 𝑐𝑚

(Eq. 4.32)

𝑖𝑣

Where:
𝑢̅𝑖 is the mean inlet gas speed and “i” donates inlet conditions
𝐴𝑝 is the piston area
𝐴𝑖𝑣 is the maximum area of the intake valve
𝑐𝑚 is the mean piston speed
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Also, the constant “C” and length scale (L) should be determined for the engine and
they are highly dependent on the engine design and working conditions. And, they
should be calibrated for the specific case.
To summarize, the models using flame propagation relation are developed for a
specific engine geometry and they cannot be used for another engine directly. In the
model developed in this thesis, Wiebe function was used to find heat release rate, so
the spherical flame front analogy was not used and the 2 zones used as in Figure
4.39.

Figure 4.39 Schematic view of 2-zone model without a spherical flame propagation
analogy [61]

And the relation between the two zones was established with the equations governed
in section 2, and they are given again as follows:
𝑚𝑏 + 𝑚𝑢 = 𝑚𝑐𝑦𝑙
𝑑𝑚𝑏
𝑑𝑡

+

𝑑𝑚𝑢
𝑑𝑡

=

(Eq. 2.76.1)

𝑑𝑚𝑐𝑦𝑙

(Eq. 2.76.2)

𝑑𝑡

𝑉𝑏 + 𝑉𝑢 = 𝑉𝑐𝑦𝑙
𝑑𝑉𝑏
𝑑𝑡
𝑑𝑚𝑏
𝑑𝑡

+

𝑑𝑉𝑢

+

𝑑𝑚𝑢

𝑑𝑡

𝑑𝑡

=

(Eq. 2.77.1)

𝑑𝑉𝑐𝑦𝑙

=

(Eq. 2.77.2)

𝑑𝑡
𝑑𝑚𝑐𝑦𝑙
𝑑𝑡

=0

and

𝑑𝑚𝑏
𝑑𝑡

=−

𝑑𝑚𝑢
𝑑𝑡

(Eq. 2.78)

𝑑𝑈𝑢 = 𝛿𝑄 − 𝛿𝑊 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.1)

𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚𝑢 . 𝑑𝑢𝑢 = 𝛿𝑄 − 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.2)
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𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚. 𝑐𝑣𝑢 . 𝑑𝑇𝑢 = 𝛿𝑄 − 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 + 𝑑𝑚𝑢 . ℎ𝑢

(Eq. 2.80.3)

𝑑𝑚𝑢 . 𝑢𝑢 + 𝑚. 𝑐𝑣𝑢 . 𝑑𝑇𝑢 + 𝑃𝑐𝑦𝑙 . 𝑑𝑉𝑢 − 𝑑𝑚𝑢 . ℎ𝑢 = 𝛿𝑄

(Eq. 2.80.4)

The philosophy behind the mass transfer equations in the matrix is “dm amount of
fresh mixture having hu enthalpy moving from unburned zone to burned zone”. And
the equations 2.80 are valid for burned zone, but the sign of “dm” is positive. Also,
ideal gas equation (𝑃. 𝑉 = 𝑚. 𝑅. 𝑇) and its derivative form (𝑑𝑃. 𝑉 + 𝑃. 𝑑𝑉 =
𝑑𝑚. 𝑅. 𝑇 + 𝑑𝑇. 𝑚. 𝑅) can be used for both zones (the zones are assumed as ideal gas
mixture). And, all the governing equations can be summarized as in Equation 2.79:
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0
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0
0
0
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0
0
0
0
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0
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0
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0
0
0 (𝑚𝑏 . 𝑐𝑣𝑏 ) (𝑢𝑏 − ℎ𝑢 )

0
0
0
1 .
𝑃𝑐𝑦𝑙
0
𝑃𝑐𝑦𝑙 ]

0
𝑑𝑃𝑐𝑦𝑙
𝛿𝑄𝑤𝑎𝑙𝑙 𝑢
𝑑𝑇𝑢
∑𝑑𝑚𝑖𝑢
𝑑𝑚𝑢
𝑑𝑉𝑢 =
𝑑𝑉
0
𝑑𝑇𝑏
∑𝑑𝑚𝑖𝑏
𝑑𝑚𝑏
[ 𝑑𝑉𝑏 ] [𝛿𝑄𝑤𝑎𝑙𝑙 𝑏 ]
(Eq. 2.79)

Specific heat constants and internal energy correlations (Justi`s or Zacharias`) can be
used to solve the equations during the iteration steps of the combustion model, but in
our model Matlab and Cantera was used to calculate the properties of the zones at
each iteration steps.
As it is stated before, the followings should be assumed:


The cylinder volume is separated into two different zones: burned and
unburned zone.



The pressure is uniform, and there is no pressure gradient in the combustion
chamber.



The zone temperatures (𝑇𝐵 𝑎𝑛𝑑 𝑇𝑈 ) are uniform in their zones, there is no
temperature gradient in the zones.



The mixture in both zones are homogeneous and ideal gas mixture.
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The combustion takes place in the flame front which is very thin and its
volume can be neglected.



There is no heat transfer between two zones.

With the assumption stated above and Matlab Cantera functions, the model was
developed. And the combustion process of the single cylinder HBO engine (the
engine specifications are given in Table 4.1) was simulated. And the source code of
the model is given in Appendix F.

Table 4.1 Single cylinder HBO engine specifications:
SI

Engine Type

Single Cylinder

Cylinder number
Swept Volume (cm3)

348

Clearance Volume (cm3)

45
65.91

Stroke (mm)

82

Diameter (mm)
TDC, CA

0° (27.7° with vertical reference plane)

BDC, CA

187.2 °

The developed 2-zone combustion model was simulated for volumetric
efficiency=70%, AFR=14.7333, rpm=3200 and in cylinder wall temperature 500 K.
And the parameters of Wiebe function as n=4.5 and a=2.3. The simulated in cylinder
pressure and gas temperature is in Figure 4.40.
As it is stated above, the model combustion process is very challenging issue. The
most of the researchers prefer to use Wiebe function (Equation 2.84) than to model
turbulent flame propagation and burning rate. But, Wiebe function has challenging
parts, too. It has four parameters (start of the combustion, combustion duration,
efficiency parameter “a” and shape factor “n”) which should be identified. So, it
needs a series of experiments including in cylinder pressure measurements which
make it difficult process (but it is still simpler than modeling flame propagation).
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In this thesis, in cylinder pressure of the single cylinder HBO engine was not
measured, so the actual parameters of the combustion (Wiebe function) were not
identified. The aim of the thesis is to show the methods and correlations to model an
internal combustion engine for hybrid electrical usage (which will make MVEM
popular).

Figure 4.40 Simulated in cylinder pressure and temperature of HBO engine
As it is seen in Figure 4.41, also various shape factors were simulated and their
effects are investigated. Another challenging issue in combustion modeling is wall
heat transfer, because it is very difficult to measure the cylinder wall temperature,
estimate convective and conductive heat transfer coefficients.
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Figure 4.41 Effect of shape factor of Wiebe function to HBO engine combustion
model
In the model, Woschni`s correlation for wall heat transfer was used. Constant wall
temperature as 500 K was assumed and used in the simulation. The convective heat
transfer coefficient was calculated for each zone and heat transfer to or from the wall
to or from each zone was calculated. In the next part of the thesis, the studies to
detect the engine knock will be presented.

4.6. Engine Knock
As it is presented in chapter 2, one of the most critical and challenging issue in
engine control is knock phenomena. There are many studies to model the processes
inside the cylinder to estimate in cylinder temperature and pressure to predict
whether the knock occurs or not.
Knock control means “to predict or sense the knock occurrence and take an action to
stop knocking and avoid knocking”. The methods to predict knock occurrence can be
listed as empirical correlation models, chemical kinetic models and CFD models.
But, in automotive industry, to sense the knock occurrence with a knock sensor is
preferred than to use those prediction methods as it is in this thesis.
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But, to sense the knock is a challenging issue, too. Because, the piezo type knock
sensor is affected by all vibrational noises (i.e. pressure increase during the
combustion, vibration caused by rotating elements and their harmonics). So, the
output signal of the knock sensor should be filtered and only the output of the knock
sensor to knock occurrence should be sensed.
In this study, to sense the knock occurrence a band-pass filter based circuitry to was
designed, constructed and tested. The possible knock frequency can be calculated
with the Equations 2.106 and 2.107. With the first circumferential mode 𝛼𝑚,𝑛 =
1.841, bore diameter 82 mm and temperature ~2400 𝐾 (it is observed in the
previous section, in combustion model) the possible knock frequency is ~7 𝑘𝐻𝑧.
The output of the knock sensor on the engine was measured and it is seen in Figure
3.57. The signal was recorded when the engine speed is 1960 rpm (~32.67 𝐻𝑧)
which means ~3 combustion processes for 0.2 seconds, but all the processes (intake
valve opening, intake valve closing , exhaust valve opening, exhaust valve closing
and combustion) were sensed which means “the location of the knock sensor is not
correct or it is improperly assembled”.

Figure 4.42 Output of the knock sensor on HBO engine
As it is seen in the figure, the catch the correct signal is very difficult, because the
signal is composed of various signals. So, a band-pass filter should be used and the
signal composed of relevant signals should be achieved. In Figure 4.43, the power
155

spectral density estimate of the knock sensor signal (Figure 4.42) is given. As it is
seen in the figure, the signals with low frequency are dominant and it is very hard to
detect the knock signal with probable frequency ~7 𝑘𝐻𝑧. A 6th order band-pass filter
was designed with analog filter wizard [66]; and the signal was filtered.

Figure 4.43 Power spectral density estimate of the knock sensor signal

The transfer function of the filter is given in Equation 4.33;
−2.137𝑒12𝑠3
𝑠6 +25680𝑠5 +6.28e09s4 +1.041e14 s3 + 1.247e19 s^2 + 1.015e23 s + 7.827e27
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(Eq. 4.33)

Figure 4.44 Bode plot of the designed filter

The frequency response of the filter is given in Figure 4.44, the central frequency is 7
kHz and passband is 2 kHz. The circuit of the designed filter is given in Figure 4.45.
The capacitors are standard value capacitors, but the resistors are not, so the resistors
having close values were used; and the tolerances of the components on the circuit
are rough.

Figure 4.45-a 6th order band-pass filter circuit of HBO engine
157

Figure 4.45-b 6th order band-pass filter circuit of HBO engine
The constructed circuit was tested for varying frequency signal with 6 volts peak to
peak voltage and the results are given in the Figure 4.46, as it is seen in the figure, it
is blocking the signals with the frequencies out of the filter band.

Figure 4.46 6th order band-pass filter circuit of HBO engine
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As it is seen in the figure, there is an offset in the central frequency of the filter and
the central frequency is ~6 𝑘𝐻𝑧 and the band is ~1 𝐾ℎ𝑧. And, the offset caused by
tolerances of the components is acceptable and the frequency response of the filter is
pretty good (max probable frequency is 7 kHz it was calculated for max combustion
temperature, so central frequency 6 kHz and 1 kHz band is acceptable). The knock
sensor signal was filtered and it is given in Figure 4.47. As it is seen, it is composed
of signals with various frequencies.

Figure 4.47 Filtered and unfiltered knock sensor signal
And, it is still very difficult the detect knock occurrence, so the filtered signal should
be monitored during the period where the knock possible which is approximately 10°
to 70° after top dead center, this method is called as “windowing” [67].
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Figure 4.48 Filtered knock signal detected with windowing method
In Figure 4.48, the windowed signal (monitored just during the knock occurrence
possible region) is seen. Also, its spectral density estimate is given in Figure 4.49. As
it is seen in the figure, the knock signal can be easily seen. But, it should be noted the
knock controller unit should take crank angle data from ECU to perform windowing
method (in modern engine control systems, all relevant sub-systems can
communicate directly or via main control unit).

Figure 4.49 Power spectral density estimate of the filtered knock sensor signal
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Although, the knock occurrence was stated as a sign of abnormal combustion; it can
be seen during the normal combustion processes. Knock controller should also
determine whether the knock is severe or not. The term “knock intensity”- is the
amplitude of the pressure oscillation during the knock occurrence - is used to explain
the level of severity of the knock occurrence. The knock controller checks whether
the knock intensity is higher than desired level or not. If it is higher than the
threshold, the controller takes a control action such as spark retarding, AFR
reduction etc. In this study, the knock intensity was not considered.

4.7. Bsfc Reduction:
The modeled and designed fuel injection system was tested on the engine. One of the
aims of the study was to reduce brake specific fuel consumption by electrification of
the fuel system. The built 2-D AFR and injection tables were adjusted and the fuel
injection was reduced step by step.
As it is seen in Table 4.2 and Figure 4.50, the reductions in the bsfc values are seen.
At the top of the table, the fuel consumption when the engine was equipped with
carburetor is seen, those values were used as reference and implemented into the 2-D
fuel injection table. Then, the injected fuel amount was reduced step by step (5% to
25%) and the maximum reduction in bsfc was achieved at 20% percent injected fuel
reduction. In Fendal`s thesis[69], the HBO engine equipped with adjustable
carburetor was tested and ~200 g/hp.h specific fuel consumption was observed. The
fuel consumption of HBO engine is given in Table 4.2. The studies and researches on
HBO engine is still going on, so different results –better results- may be presented in
the future.
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Table 4.2 HBO engine fuel consumption, carburetor vs electronic fuel injection
@WOT:

Carburetor vs Electronic Fuel Injection

1200

Fuel Consumption with
Carburetor
10% Reduced Fuel Injection

1000

20% Reduced Fuel Injection

bsfc (g/hp.h)

800

600

400

200

0
1500

2000

2500

3000

3500

Engine Speed (rpm)
Figure 4.50 Reduction in bsfc with reduced injected fuel
162

4000

CHAPTER 5
CONFIGURATIONS OF ELECTRIC VEHICLES

In this chapter of the thesis, the configurations of electric vehicles and a custom
wheel hub brushless dc motor configuration will be defined -for second case-.
Firstly, the three main categories of hybrid electric drive train will be explained, then
the possible electric motor and internal combustion engine combinations will be
introduced. Finally, the possible traction motors will be introduced and compared.
Then, the pros and cons of chosen motor type -BLDC motor- will be stated.

5.1 Architectures of Hybrid Electric Drive Trains
In hybrid electric drive, the architecture defines how the energy sources and their
auxiliary parts are connected, and how the energy flows through the related parts. As
it is stated in introduction part, there are three main architectures of hybrid electric
drive trains: series, parallel and series-parallel hybrid electric drive trains.
But, nowadays hybrid electric vehicles may not be classified into those three main
categories and another architecture should be identified as complex hybrid electric
drive

train.

In

Figure

5.1,

the

four
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architectures

are

shown

[70].

Figure 5.1 Architectures of hybrid electric drive trains

5.1.1 Series Hybrid Electric Drive Trains
In Figure 5.1, the possible hybrid drive trains are shown; and it can be stated that the
most popular hybrid architecture is series hybrid connection. In series connection, the
internal combustion engine is directly coupled to the generator and it is used to drive
the generator. And the generator is connected to a power converter which is used to
rectify the generated electricity and charge the batteries via a DC/DC converter. In
Figure

5.2,

the

series

hybrid

connection
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is

shown

in

detail.

Figure 5.2 Series hybrid electric drive train [70]

As it is seen in Figure 5.2, the battery is charged with the engine, rectifier and
DC/DC converter. Also, it can be charged with an external battery charger. The
motor controller is connected to the same power bus and it can use both the power
stored in the battery and generated and rectified electricity; and it drives the traction
motor (in series hybrid connection, there is no connection between the traction
system and internal combustion engine). In the figure, the mechanical and electrical
power flows are shown; and it shows that the regenerative brake power is also used
to charge the battery.
As it is stated before and it is emphasized in the figure, the mean value engine
modeling gives better results for hev applications, because the engine is operated at
the optimum point or in the vicinity of the optimum point. In the figure, there are
bidirectional energy lines which means series hybrid drive train have various
working modes. (Mode#1) The first mode can be stated as pure electric mode in
which the power is supplied by the battery and the engine is not working. (Mode#2)
The second mode is the pure engine mode in which the necessary power to drive the
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traction motor is supplied by the generator driven by the engine. (Mode#3) The third
mode is the combination of the first two modes, the generator driven by the engine
and battery supply the necessary power. (Mode#4) In the fourth mode, the generated
power (by the engine-generator combination) is used both to drive the traction motor
and charge the battery. During the braking or neutral shift, the regenerative braking
and charging modes (Mode#5, 6 and 7) are activated, in these modes the battery can
be charged with the generated power by the brake system, engine can be used to
generate power and charge the battery (traction motor is not running) or both the
regenerated and generated power can be used to charge the battery.
As it is stated above, the series hybrid design has various working modes which
provides many advantages. The most important advantage is (it is also stated in
previous parts) that the internal combustion engine can be modeled and necessary
control actions can be held precisely because the engine has no direct connection
with tractive system (so it is not affected by the driving conditions) and it can work
at its optimum point (mean value model of the engine is derived at this optimum
point). So, the exhaust emissions and brake specific fuel consumption are reduced,
and efficiency is increased.
Another advantage of the series hybrid can be stated as there is no complex coupling
systems because internal combustion engine is not connected to the wheels and
during the shifting mode there is no coupling/decoupling actions.
The series hybrid configuration has also disadvantages; the most important
disadvantage can be stated as the energy conversion loss. Because, the mechanical
energy of the internal combustion engine is converted to the electrical energy, then it
is converted to mechanical energy again.
Another disadvantage is that the electric motor is the only traction source in this
configuration, so the motor size increases (but the space problem caused by increased
motor sizes and battery packages is common problem of electrical/hybrid electrical
vehicles).
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5.1.2 Parallel Hybrid Electric Drive Trains
In this configuration, the necessary mechanical power to drive the wheels supplied
by the engine and electric motor. They are coupled to the transmission systems
mechanically or electro-mechanically. As it is seen in Figure 5.3, the outputs of the
internal combustion engine and electric motor is coupled mechanically.

Figure 5.3 Parallel hybrid configuration and mechanical coupling [70]
Almost all the working modes of the series hybrid are valid for this configuration,
too. And the mechanical connection between the wheels and the internal combustion
engine may affect the working region of the engine this situation can be stated as the
disadvantage of the configuration. But, the sizes of the internal combustion engine
and electric motor can be optimized in this configuration and the space in the vehicle
is used efficiently.
The two outputs of the traction system are speed and torque; and in parallel hybrid
configuration the coupling mechanism is designed to couple the torques, speeds and
torque-speeds. They can be stated ad mathematically in Equation 5.1 and 5.2 as
follows:
𝑇𝑜𝑢𝑡 = 𝑘1 . 𝑇1 + 𝑘2 . 𝑇2

(Eq. 5.1)

𝜔𝑜𝑢𝑡 = 𝑘1 . 𝜔1 + 𝑘2 . 𝜔2

(Eq. 5.2)
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In figure 5.4, typical torque coupling mechanisms are shown; they are listed as gear,
pulley and shaft mechanisms. In the figure, the torque coupling philosophy is also
shown. The mechanisms are based on the fundamentals of mechanical engineering
and composed of basic components such as pulley, belt and gear.

Figure 5.4 Typical torque coupling mechanisms [70]
Another output of the traction system is speed, and to enhance the speed
characteristics of the vehicle, the speed output of the internal combustion engine and
electric motor can be coupled with a planetary gear unit or a transmotor technique
(transmotor is used in the reference book [70]) These mechanisms are complicated
than torque coupling mechanism and mostly they are used with torque coupling
mechanism (mostly they are not used alone). In Figure 5.5, the typical speed
coupling mechanism are shown.
Transmotor is an electric motor with rotating stator which is connected to rotating
shaft and its energy is carried with a slip ring. The relative speed of the rotor to the
stator is added (coupled) to the driving shaft speed.
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Figure 5.5 Typical speed coupling mechanisms [70]

5.1.3 Series-Parallel and Complex Hybrid Electric Drive Trains
As it is stated before, nowadays it is not possible to say whether the configuration of
the drive hybrid drive train is series or parallel. Most of them are designed to use
various strategies and architectures to have optimum efficiency. So, to call them as
complex hybrid drive train is very convenient. In Figure 5.6, the architecture of a
very popular hybrid electric vehicle, Toyota Prius is shown.
There is series connection and the internal combustion engine is serially coupled to
the generator. And the generated power is supplied to traction motor and battery.
Also, the engine and traction motor has a speed coupling mechanism based on a
planetary gear unit. Also, there is a torque coupling between the engine and the
motor; and they are driving the wheels together (parallel electric drive train).
To sum up, modern hybrid electric vehicles (all of the hevs can be stated as modern,
but modern is used to describe latest vehicles) have complex torque and speed
coupling mechanism; and they have series-parallel electric drive train architecture.
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Figure 5.6 The architecture of Toyota Prius [70]

The electric drive train architectures are presented above, now the possible traction
motor locations, their types and characteristics will be presented. Then, the designed
and tested wheel-hub BLDC motor will be introduced.

5.2 Possible Electric Motor Positions in HEV Configurations:
In the previous part, the architectures of hybrid electric vehicle drive train were
presented; those architectures show how the internal combustion engine and electric
motor are coupled. But, in an electric drive train architecture the traction motor can
be placed into various positions.
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In Figure 5.7, the possible electric motor positions are shown (actually the figure was
used in electric vehicle section not hybrid electric vehicle section to explain the
possible electric vehicle configurations in the reference book [70], but in this thesis
it is used to show the possible motor position in both EV and HEV).

Figure 5.7 Possible electric motor position in a HEV and EV configuration
In the first case, the electric motor can be used to replace the internal combustion
engine (EV) or it can be used in a series hybrid electric vehicle (HEV). The electric
motor is coupled to the system with a conventional automobile clutch system and it
can be driven as an internal combustion engine. In the configuration “b”, the electric
motor is mounted to the system with a fixed gear to eliminate complex gear and
clutch mechanism and their duties are held by the motor controller. In the
configuration “c”, the similar driving philosophy is valid and to make more compact
design, the whole system is mounted on the driving shaft. In configurations “d” and
“e”, two separate electric motors are used and they are assembled to the system with
a fixed gear. The differential is eliminated and its duty is held by the motor
controller/driver. The latter configuration is more compact because the gear
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mechanisms is assembled into the wheel. In the last configuration, the motors are
directly mounted into the wheels –this motor configuration is called as in-wheel
motor/drive- and the driving mechanism is simplified. But, in this configuration high
motor torque is needed to drive the wheels especially for initial motions. This
configuration was used in this thesis. An in-wheel BLDC motor was designed,
prototyped and tested, and it will be presented in the next sections. But, before the
designed motor possible motor types used for EVs and HEVs will be presented.

5.3 Traction Motor Types Used in EV and HEV Applications:
In this part of the thesis, the motor types used as a traction motor in EV and HEV
applications, their fundamentals and their advantages and disadvantages will be
presented briefly. Various types of electric motors are used in the industry and some
of them are used in EV and HEV applications. There are some factors affecting the
choice of EV and HEV propulsion system designers while choosing electric motor:
vehicle

constraints

(available

space,

weight,

size

etc.),

energy

source,

acceleration/deceleration, speed range, maximum speed, frequent start-stop,
maximum torque.
The motor types can be listed as: DC motors, induction motor, permanent magnet
brushless DC motors and switched reluctance motors (in this part traction motorsheart of the EVs and HEVs- will be presented, but it should be stated the batteries,
power converters and other electronic controllers are also very important).
DC motors may be the most widely used motor types because of their ease of
control; and it was also used in EV and HEV applications. But, DC motor uses a
commutator and brushes to rotate the rotor and they are source of friction especially
at high speeds and this makes DC motor less reliable and efficient. And it also needs
maintenance periodically. To eliminate losses caused by commutator and brushes,
the commutatorless motors were designed.
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5.3.1 DC Motors:
As it is stated above, DC motors are the most widely used motor types in
mechatronics. Its brushes make its control very easy. As it is seen in Figure 5.8,
There are two brushes and they are positive and negative sides of a battery or an DC
electric source. When the coil rotates, it continuously touches the brushes with a slip
ring and the direction of the flowing current through the current periodically
changes; and creates a force perpendicular to the coil and a torque to rotate the rotor.

Figure 5.8 DC motor and its operation principle [70]
The generated force and torque are directly related to coil wire length, magnetic flux
and the flowing current as below:
𝐹 = 𝐵. 𝐼. 𝐿

(Eq. 5.3)

𝑇 = 𝐹. 𝐷. 𝑐𝑜𝑠𝛼

(Eq. 5.4)

Another advantage of DC motor is its mathematical model is relatively simple and it
can be easily modeled and controller. Its simplified circuit can be shown as in Figure
5.9. And torque equations can be derived as in Equation 5.5-5.7.

173

Figure 5.9 Steady-state equivalent circuit of a DC motor

𝑉𝑎 = 𝐸 + 𝑅𝑎 . 𝐼𝑎 𝑎𝑛𝑑 𝐸 = 𝐾𝑒 . 𝜙. 𝜔𝑚

(Eq. 5.5)

𝑇 = 𝐾𝑒 . 𝜙. 𝐼𝑎

(Eq. 5.6)

𝑇=

𝐾𝑒 .𝜙
𝑅𝑎

.𝑉 −

(𝐾𝑒 .𝜙)2
𝑅𝑎

. 𝜔𝑚

(Eq. 5.7)

But, the speed-torque characteristic of DC motor shows a typical trend as in Figure
5.10, and it is not acceptable for a EV and HEV applications because desired
performance is almost constant torque trend in whole driving range.
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Speed vs Torque
Characteristic of Maxon MS - L298 DC motor
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Figure 5.10 Speed vs torque graph of a Maxon DC motor

5.3.2 Induction Motors:
In this part, basic operation principle of induction will be presented. Induction motor
type is the mature technology in commutatorless motors and it is the widely used
motor in the industry (90% of the motors used in the industry are induction motors).
Also, it is very popular in EV and HEV applications. The reasons which make
induction motors so popular in the industry and EV/HEV applications can be stated
as: high efficiency (up to 97%), high reliability, light-weight nature, small volume,
low-cost and almost maintenance-free lifecycle.
The conventional control of induction motors is called as “variable voltage-variable
frequency VVVF”, but this driving method is not successful at providing desired
performance for a EV or HEV application. So, field oriented control (FOC) is used
for EV and HEV applications.
Operation principle of induction motors is based on “induction”. When the current
flows through the stator windings a voltage is induced in the stator coils which are
short circuited (there is no permanent magnet). The induced voltage generates
current that flowing through the short circuited rotor windings and generates
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magnetic flux. The difference between those two magnetic fluxes creates a torque on
the rotor.
The induced current is directly related to the difference in the angular velocity
between rotating stator magnetic field and rotor velocity. When the difference
decreases, the generated torque is also decreased. When the velocity of the rotor
reaches the velocity of the rotating magnetic field there is no induced current and no
torque.

Figure 5.11 Cross-section of a two poles 3-phases induction motor and its phase
currents [70]
In Figure 5.11, windings and phase currents are shown, there are 120° phase
differences between each phase. The rotating magnetic field has also 120° phase
difference and it makes the rotor move. The phase equivalent circuit of an induction
motor can be assumed as in Figure 5.12 and necessary equations to model an
induction motor can be stated as below:
Relative speed between rotor and rotating magnetic field:
𝜔𝑠𝑙 = 𝜔𝑚𝑠 − 𝜔𝑚 = 𝑠. 𝜔𝑚𝑠

(Eq. 5.8)

Where:
𝜔𝑠𝑙 is relative speed between rotor and rotating magnetic field also called as slip
speed
𝜔𝑚 is the angular velocity of the rotor
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𝜔𝑚𝑠 is the angular velocity of the rotating magnetic field
𝑠 is the slip (it will be derived in Equation 5.9)
𝑠=

𝜔𝑚𝑠 −𝜔𝑚
𝜔𝑚𝑠

𝜔

= 𝜔 𝑠𝑙

(Eq. 5.9)

𝑚𝑠

Figure 5.12 Phase equivalent circuit of an induction motor and refer to the stator [70]

The stator, rotor and mutual impedances can be expressed as:
𝑍𝑠 = 𝑅𝑠 + 𝑗. 𝐿𝑠 . 𝜔

(Eq. 5.9.1)

𝑍𝑚 = 𝑗. 𝐿𝑚 . 𝜔

(Eq. 5.9.2)

𝑅𝑟` = 𝑎2𝑇1 . 𝑅𝑟

(Eq. 5.9.3)

𝑍𝑟 =

𝑅𝑟`
𝑠

+ 𝑗. 𝐿𝑟 . 𝜔

(Eq. 5.9.4)
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Where:
𝑍𝑠 is the stator impedance
𝑅𝑠 is the stator resistance
𝐿𝑠 is the stator inductance
𝑍𝑚 is the mutual impedance
𝐿𝑚 is the mutual inductance
𝑍𝑟 is the rotor impedance
𝑎 𝑇1 is the transformer factor
𝑅𝑟 is the rotor resistance
𝐿𝑟 is the rotor inductance
𝜔 is the stator frequency
The impedance of the driving point is:
𝑍 .𝑍

𝑍 = 𝑍𝑠 + 𝑍 𝑚+𝑍𝑟
𝑚

(Eq. 5.10)

𝑟

And the stator current is:
𝑉

𝐼𝑠 = 𝑍

𝐼𝑟` = 𝑍

(Eq. 5.11)
𝑍𝑚

𝑚 +𝑍𝑟

. 𝐼𝑠

(Eq. 5.12)

And electric power consumed by the motor is:
2 𝑅𝑟`

𝑃𝑒𝑙𝑒𝑐 = 3. 𝐼𝑟` .

(Eq. 5.13)

𝑠

And the mechanical power is:
2

𝑃𝑚𝑒𝑐ℎ = 𝑃𝑒𝑙𝑒𝑐 − 3. 𝐼𝑟` . 𝑅𝑟`

(Eq. 5.14)

And finally the generated torque output is :
𝑇=

𝑃𝑚𝑒𝑐ℎ

(Eq. 5.15)

𝜔𝑚
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The EVs and HEVs use a battery to supply electricity to the induction motor and
motor driver circuits; and the battery is a DC source. So, the modern EVs and HEVs
are equipped with a DC/AC converter system or circuit to convert the DC source of
battery to AC to drive induction motor. The DC/AC converter is based on power
electronic switches (MOSFET, IGBT, etc) and diodes. In Figure 5.13, the inverter
topology and signals are shown. Also, the topology can be used for brushless DC
motor drive (The designed BLDC motor in this thesis was driven with this topology).

Figure 5.13 Induction motor driver topology and reference sine signals, and
generated signals [70]
In the figure, the topology is seen and it is a type of bridge circuit based on power
electronic switches. The power electronic switches are opened and closed to create
“3” sine wave signals as reference signals. Also, the power width modulation (PWM)
method is used to control the magnitude of the generated sine signal.
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5.3.3 Switched Reluctance Motors (SRM):
Another commutatorless motor type is switched reluctance motor (SRM); and it is
very popular because of its low cost, robust structure and wide-speed working range.
Its driver circuit or DC/AC converter circuit is very similar to induction and BLDC
motor driver. Unlike induction and BLDC motors, the SRM has no permanent
magnet (PM) or windings on the rotor. The rotor is built with the stacked laminated
steels and the rotor material is highly permeable. To detect the position of the rotor to
energize the correct phase, a position sensor is necessary (but there are studies and
methods for sensorless drive).
There are two popular SRM topologies they are 8/6 and 6/4 rotor and poles
configurations; and they are shown in Figure 5.14.

Figure 5.14 Two popular SRM configurations [70]
Because of its design, the reluctance of flux path of a phase is a function of rotor
position and phase current which means flux linkage and bulk inductance change due
to the rotor position and current flowing through the phase. For constant current case,
while the rotor mowing from unaligned position to the aligned position the
reluctance (resistance) of the flux path reduces (actually this is the driving force in
SRM).
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The necessary equations of a SRM can be shown as below.
The phase voltage is:
𝑑

𝑉𝑗 = 𝑅. 𝑖𝑗 + 𝑑𝑡 ∑𝑚
𝑘=1 𝜆𝑗𝑘

(Eq. 5.16)

𝜆𝑗𝑘 = 𝐿𝑗𝑘 (𝑖𝑘,𝜃 , 𝜃). 𝑖𝑘

(Eq. 5.17)

Where:
𝑉 is the phase voltage (applied to the phase)
𝐽 𝑎𝑛𝑑 𝑘 is the phases
𝑅 is the phase resistance
𝐿𝑗𝑘 is the mutual inductance between phase “j” and phase “k”
(note that: the mutual inductance between the phases is very small compared with
the phase bulk inductance, so it can be neglected)
Equations 5.16 and 5.17 can be combined as below:
𝜕𝜆

𝑗𝑘
𝑉𝑗 = 𝑅. 𝑖𝑗 + ∑𝑚
𝑘=1 { 𝜕𝑖 .
𝑘

𝑑𝑖𝑘
𝑑𝑡

+

𝑉𝑗 = 𝑅. 𝑖𝑗 + ∑𝑚
𝑘=1 {(𝐿𝑗𝑘 + 𝑖𝑘 .

𝜕𝜆𝑗𝑘 𝑑𝜃
𝜕𝜃

𝜕𝐿𝑗𝑘
𝜕𝑖𝑘

. 𝑑𝑡 }

).

𝑑𝑖𝑘
𝑑𝑡

(Eq. 5.18.1)
+ 𝑖𝑘 .

𝜕𝐿𝑗𝑘
𝜕𝜃

. 𝜔}

(Eq. 5.18.2)

When a phase is energized the closest pole of the rotor shows a tendency to get
aligned with the energized phase and this tendency creates torque. And, the torque of
the SRM can be formulized with the derivative of the co-energy in terms of rotor
position and the instantaneous torque can be stated as below:
𝜕𝑊𝑓`

𝑇 = [ 𝜕𝜃 ]

1

𝑖=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

and 𝑇 = 2 . 𝑖 2 .

𝑑𝐿(𝜃)
𝑑𝜃

(Eq. 5.19)

As it is stated before, the driving circuit of the SRM is similar to the induction and
BDC motors. In Figure 5.15, a typical driver circuit which is composed of power
electronic switches and diodes is given [70].
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Figure 5.15 Typical bridge type SRM driver circuit [70]
One of the disadvantages of the SRM is that to drive the SRM, the position should be
sensed or estimates. Most of the SRMs are equipped with a position sensor and it
reduces its reliability. To eliminate the sensor, some sensorless methods were studied
and presented they may be listed as: flux linkage based drive, inductance based drive,
modulated signal injected drive method, observer based methods and mutual induced
voltage based driving methods.
Another disadvantage (may be the most important) is acoustic noise and mechanical
vibration caused by torque ripples caused by switching actions and nonlinear phase
inductance. And these consequences of torque ripple are very important for some
applications which need noise and vibration free precise drive.

5.3.4 Brushless DC Motors (BLDC):
Another commutotorless motor types used in EV and HEV applications is brushless
dc motor. Because, it has high efficiency, high speed, good thermal characteristics,
good torque-speed characteristics, wide working speed range and high torque-weight
ratio. With these advantages, the BLDC motors is the most important PM candidate
for EV and HEV applications.
The stator of BLDC motor is composed of high permeable laminated steels and a
chassis and the rotor carries the permanent magnets. The BLDC motor also have hall
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effect sensors/switches to detect the position of the rotor. Also, there are sensorless
drive methods. In the industry, they are commonly used for spindle drive, precise
position control applications because their drive characteristics with less torque
ripples.
Some of the advantages of the BLDC motor was stated above, it should be also noted
there is no audible noise caused by switching circuit or mechanical contact (which
means low maintenance need) during the operation of a BLDC motor; and it can be
easily controlled with a bridge type driver and PWM method.
BLDC motors can be classified according to their windings (delta connected and wye
or star connected), position of the PMs (axial flux and radial flux) and rotors (out
runner and in runner).

Figure 5.16 Delta vs Wye (star) connection [70]
In Figure 5.16, the delta and star connections are given. They are two common
winding connections, they are frequently used and compared in the industry the main
difference/advantage and disadvantage can be stated as: the delta connection
provides low torque at low speeds but it can reach to higher speeds, but the star
connection can provide high torque at low speeds but it may not reach to high
speeds.
Another classification is according to flux direction, in Figure 5.17 two motor types
with radial and axial flux are seen. In radial flux motor-this is the conventional motor
type-, the permanent magnets are located on the periphery of the rotor and the flux
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direction is perpendicular to the rotor axis. In axial flux motor, the magnets are
located on the surface of the rotor and the flux direction is on the same axis with the
rotor axis. The advantage of the axial flux motor, the path of magnetic flux is shorter
which means higher efficiency. But, the manufacturing process of axial flux motor is
relatively difficult.

Figure 5.17 Radial flux vs Axial flux motors [71]
The last classification is according to the rotor position. The rotor can be placed
inside the stator on and this type of motor is called in runner motor. Also, the rotor
can be placed outside of the stator and this type of motor is called out runner motor.
The main advantage of the out runner motor is that the permanent magnets can be
placed far from the rotation axis and the moment arm can be increased to increase the
output torque. But, the external rotating part can be dangerous if there is a human
contact.
As it is stated above, there are some classifications of BLDC motors, but they have
the same anatomy. Commonly, BLDC motors have “3 phases”, “3 hall sensors” and
they have “2 energized phases” at each steps and they complete 360 electrical
degrees at “6 steps” (360 electrical degree means 2 poles, 1 North and 1 South if
there are only two poles 360 electrical degrees equal to 360 mechanical degree). In
Figure 5.18, the simplified 3-phase BLDC diagram is shown, its windings have star
type connection and the step numbers and current flow directions are shown with
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arrows. There are two poles (1 North and 2 South), so it will complete one full
rotation at six steps.

Figure 5.18 Simplified 3-phase BLDC motor diagram [72]
There are 3 hall sensors and they are latch type hall effect sensor which means they
need both North and South poles to operate. When they sensed the South pole, they
turn their state to “on” and they stay at “on” state (even if the magnetic field is
removed) until they sense the North pole. With “3” on-off sensor, “8” (23 = 8)
different position can be sensed, but in BLDC motors they are offset from each other
by 120 electrical degrees and 3 sensors cannot be “high” or “low” at the same time,
so “6” different positions can be sensed (six steps).
As it is stated in previous sections, the bridge type driver circuit is used to drive
BLDC motor, too. In figure 5.19, output signals of 3 hall sensors and necessary gate
driving signals are shown, the schematic view of gate and bridge circuit is given in
Figure 5.20. The six steps algorithm can be easily implemented into a
microcontroller to drive bridge type driver circuit. The six steps are repeated again
for the next two poles (1, 6, 5, 4, 3, 2, 1, 6, 5, 4….).
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Figure 5.19 Outputs of hall sensors and gate driving signals [72]

Figure 5.20 Schematic view of bridge circuit of BLDC driver [73]
The schematic view of star connected 3-phase BLDC motor was given above, and it
should be stated for BLDC applications star connection is more popular. And, the
motor designed and prototyped in this thesis is also star connected. Now, the
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necessary equations to model a star connected BLDC motor (with a trapezoidal back
emf) will be presented. The equations are:
𝑑

𝑣𝑎𝑏 = 𝑅. (𝑖𝑎 − 𝑖𝑏 ) + 𝐿. 𝑑𝑡 (𝑖𝑎 − 𝑖𝑏 ) + 𝑒𝑎 − 𝑒𝑏
𝑑

𝑣𝑏𝑐 = 𝑅. (𝑖𝑏 − 𝑖𝑐 ) + 𝐿. 𝑑𝑡 (𝑖𝑏 − 𝑖𝑐 ) + 𝑒𝑏 − 𝑒𝑐
𝑑

𝑣𝑐𝑎 = 𝑅. (𝑖𝑐 − 𝑖𝑎 ) + 𝐿. 𝑑𝑡 (𝑖𝑐 − 𝑖𝑎 ) + 𝑒𝑐 − 𝑒𝑎
𝑇𝑒 = 𝑘𝑓 . 𝜔𝑚 + 𝐽.

𝑑𝜔𝑚
𝑑𝑡

+ 𝑇𝐿

(Eq. 5.20)
(Eq. 5.21)
(Eq. 5.22)
(Eq. 5.23)

Where:
𝑣𝑎𝑏 is the phase voltage between “a” and “b”
𝑣𝑎𝑐 is the phase voltage between “a” and “c”
𝑣𝑏𝑐 is the phase voltage between “b” and “c”
𝑖𝑎 , 𝑖𝑏 𝑎𝑛𝑑 𝑖𝑐 are the phase currents
𝑒𝑎 , 𝑒𝑏 𝑎𝑛𝑑 𝑒𝑐 are the phase back-emfs
𝑅 is the phase resistance (all phase resistances are assumed to be equal)
𝐿 is the phase inductance (all phase inductances are assumed to be equal)
𝑇𝑒 is the generated torque (in reference [73], it is used as electrical torque)
𝑇𝐿 is the torque caused by the load
𝑘𝑓 is the friction constant
𝜔𝑚 is the rotor speed
𝐽 is the rotor inertia
As it is stated before, the BLDC motor is driven with a bridge type switching circuit
which means it has a discrete or switching torque and back-emf outputs. And, they
can be stated as below:
𝑒𝑎 =

𝑘𝑒
2

. 𝜔𝑚 . 𝐹(𝜃𝑒 )

(Eq. 5.24)
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𝑒𝑏 =

𝑘𝑒

𝑒𝑐 =

𝑘𝑒

𝑇𝑒 =

𝑘𝑡

2

2

2

. 𝜔𝑚 . 𝐹 (𝜃𝑒 −

2.𝜋

. 𝜔𝑚 . 𝐹 (𝜃𝑒 −

4.𝜋

)

(Eq. 5.25)

)

(Eq. 5.26)

3

3

. [𝐹(𝜃𝑒 ). 𝑖𝑎 + 𝐹 (𝜃𝑒 −

2.𝜋
3

) . 𝑖𝑏 + 𝐹 (𝜃𝑒 −

4.𝜋
3

) . 𝑖𝑐 ]

(Eq. 5.27)

Where:
𝜃𝑒 is the electrical degree
𝐹(𝜃𝑒 ) is the function to generate the trapezoidal waveform of the back-emf and it
will be defined below (because of the discrete nature of BLDC it will be in following
form):
1,

𝑓𝑜𝑟 0 ≤ 𝜃𝑒 <
6

1 − 𝜋 . (𝜃𝑒 −

𝐹(𝜃𝑒 ) =

2.𝜋
3

),

−1,

𝑓𝑜𝑟

3

−1 + 𝜋 . (𝜃𝑒 −

5.𝜋
3

),

5.𝜋

𝑓𝑜𝑟

3

3

≤ 𝜃𝑒 < 𝜋

𝑓𝑜𝑟 𝜋 ≤ 𝜃𝑒 <
6

{

2.𝜋

2.𝜋

(Eq. 5.28)

5.𝜋
3

≤ 𝜃𝑒 < 2. 𝜋

}

Some of the advantages of BLDC motors are stated at the beginning of this section.
They can be summarized as below in Table 5.1:
Table 5.1 Advantages of BLDC Motors:
Performance

Motor Type:

Index:

DC

Induction

PM (BLDC)

SRM

Power Density

Low

Intermediate

High

Very High

Efficiency (%)

<90

90-95

95-97

<90

Load Eff. (%)

80-87

90-92

85-97

78-86

Controllability

Simple

Complex

Complex

Complex

Reliability

Normal

Good

Excellent

Good

Heat Diss.

Bad

Bad

Good

Good

Size/Weight

Heavy

Normal

Light

Light

Speed Range

Poor

Excellent

Good

Excellent

Manufacturing

Bad

Good

Good

Excellent

Cost ($/kW)

10

8-10

10-15

6-10
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As it is seen in the table above, BLDC motor and SRM are the biggest candidates for
HEV/EV application. But, BLDC motor technology has the maturity and it is more
popular than SRM motor for the time being (also the working characterictis of SRM
with torque ripples is the most important disadvantage of SRM).
Also, the BLDC motor has some disadvantages and they can be listed as below:


BLDC motors use rare earth magnets and those magnets are relatively
expensive compared to the other magnets.



Powerful rare earth magnets are dangerous they try to attract all ferrous
objects and the stator of the motor.



With the increasing temperature, magnetization of the rare earth magnets
reduces and it causes change in the output torque and speed characteristic.



While rotating the rare earth magnets induce high voltage in the windings
(this is used for charging batteries) and it can be dangerous in any open
circuit faults.



Surface mounted motors cannot reach the high speed levels because of the
connection of the permanent magnets to the body

But, it should be stated BLDC motor is the most important candidate for EV and
HEV applications to rotate the wheels. Also, BLDC motor is frequently used to drive
air auxilliary units such as conditioners, door mechanisms, wipers etc because of its
high efficiency which means BLDC motors are so popular in automotive industry
(actually they are frequently used in aerospace industry, but that field is out of our
scope).
So, BLDC motor type was chosen for wheel-hub motor design to create a hybrid
vehicle, and a prototype was designed and tested in this thesis. In the next chapter of
the

thesis,

the

BLDC

motor
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prototype

will

be

presented.

CHAPTER 6
BLDC MOTOR PROTOTYPE FOR HEV APPLICATION (SECOND CASE)

As it is stated before, two different cases were studied during the thesis. In this part
of the thesis, The BLDC motor prototype which was designed and manufactured for
the second case will be presented. In this case, parallel hybrid architecture was
assumed and the internal combustion engine –primary source for traction- of the
vehicle is supported with the BLDC motors which will be assembled on the rear
wheels of the vehicle.

6.1 The BLDC Motor Prototypes and Motor Driver/Controller Circuits:
As it stated in previous sections, there are various motor types and they are probable
candidates for EV and HEV applications; and they have some advantages and
disadvantages. In this thesis, BLDC motor was chosen, prototyped, assembled and
driven. It was assembled onto the rear wheel of a Fiat Doblo- a van- to convert the
van to a HEV.
The van used as a case study is a front wheel drive vehicle, and the motors were
assembled on the rear wheels as in Figure 6.1. In this configuration, the internal
combustion engine will always rotate and electric motors will step in when it is
needed (at initial acceleration) and then they will step out when the speed limit is
exceeded (~30 km/h) or at the end of acceleration (if speed exceeds the 30 km/h and
the vehicle is still accelerating the motors will step out because of their max design
speed or if the acceleration finishes and the vehicle speed is constant, the motor will
step out). Also, the motors were assembled on the rear wheels which makes the
vehicle a four-wheel drive vehicle, but it may affect the cornering characteristics of
the vehicle so, the speed limit of the motors which motors step out should be
carefully chosen (in this study max 30 km/h speed limit was chosen).
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Figure 6.1 HEV configuration studied for second case in the thesis
As it is seen in figure above, the motors were assembled on the rear wheels of the
van. The geometry of the wheel assembly is the biggest constraint in the study
(because any part of the wheel assemble was not modified or replaced). In Figure
6.2, the rear wheel assembly of the van is seen. The BLDC prototype was planned to
be assembled on the brake drum of the wheel assembly. So, the outer surface of the
brake drum is the area where the BLDC motor is assembled –it shapes the inner
diameter of the BLDC motor-. And the inner diameter of the wheel rim is another
boundary of BLDC motor it shapes the outer diameter of the BLDC motor.
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Figure 6.2 Rear wheel assembly of the van studied in the thesis

Mechanical constraints are stated above, they shaped the geometry and assembly
interface of the BLDC motor prototype. Another constraint is the “performance” torque output and maximum speed-. In Table 6.1, the initial design requirements and
parameters of the BLDC motor are shown. With these requirements and parameters,
the first prototype was manufactured to design and test the driver circuit used to
control the motor. This prototype has different assembly interface because it was not
assembled on the wheel, it was fixed with a clamp mechanism on a table and used to
test the driver circuit.
Table 6.1: Initial design requirements and parameters of BLDC motor
Number of magnets:

40

Number of coils:

30

Maximum torque:

26.25 N.m (@30 A)
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Maximum speed:

300 rpm

Battery Voltage:

48 V

R (RA-B=RA-C=RB-C=R)

2 ohm

L (LA-B=LA-C=LB-C=L)

2.45 mH

C (CA-B=CA-C=CB-C=C)

8.5 μF

BEMF (BEMF A-B= BEMF A-C= BEMF B-C= BEMF)

0.2 V/rpm

The most important design parameter is the maximum output torque of BLDC motor
and it is the stall torque in this study and it was calculated “Lorentz Force” equation.
In Equation 6.1, the formula is shown:
𝐹 = 𝐼. 𝐿. ∆𝐵

(Eq. 6.1)

Where:
F is the generated force
I is the current flowing through the coils
L is the total wire length perpendicular to the magnetic field lines
∆𝐵 is the change in the magnetic field flux density (at the maximum point a coil
stands in the middle of a pole pair –a South and a North poles- which means if a
field strength of a permanent magnet is 1 T, ∆𝐵 is 2 T). Also, the formulation is
given in Appendix H. The permanent magnets used on the prototypes are N35 grade
neodymium magnets (lowest grade), the average magnetic field density of the
magnets was taken as “0.1 T” in the Lorentz Force equation (the magnetic field
density of N35 neodymium magnet is shown in Appendix I).
For our case, the maximum torque (stall torque) can be calculated as in Equation 6.2
with “Lorentz Force” formula:
𝐹=

30.(50.25.20).2.0,1
1000

= 150𝑁 @20𝐴 and 𝑇 = 150.0,175 = 26,25 𝑁. 𝑚

(Eq. 6.2)

In formula 30A current was assumed. Each coil has 50 turns and average length of
each turn is 25 mm; and at each step two phases active which means active 20 coils.
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So the total wire length is 50x25x20 mm. As it is stated before, the average magnetic
flux density is ~0.1 𝑇 which means ∆B is 0.2 𝑇.
In Figure 6.3, the first prototype with aluminum (T6061) body is seen, it was used to
test the driver circuit. It is a 30/40 (30 coils and 40 permanent magnets -20 pole
pairs- star connected 3 phase BLDC motor. There are 3 hall sensors used to detect
the phases and 120 electrical degrees between them.

Figure 6.3 Initial BLDC motor prototype
As it is stated above, the first prototype was used to test the driver circuit designed to
drive the BLDC prototypes. The bridge type driver was based on IRFP260N nchannel mosfets which have fast switching capacity, ease of paralleling 200V drain
to source breakdown voltage and 50 amperes (@25 °C) continuous drain current and
IR2101 mosfet driver which have capability to operate at high voltages up to 600V,
gate drive supply voltages between 10V to 20V, logic input compatibility and design
for bootstrap operation.
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Figure 6.4 The schematic view of the BLDC driver circuit
The schematic view and pcb layout of the driver circuit are given in Figure 6.4 and
6.5. As it is seen in Figure 6.4, all the power mosfets (high-side and low-side) are “nchannel” mosfets; the mosfets at high-side can be driven with the bootstrap
operation of the mosfet driver ICs (IR2101). The drive signals were generated by a
PIC16F877A based controller circuit and its source code is given in Appendix G.
The BLDC motor was supplied with a 48 VDC source, so the speed control of the
motor was based on power width modulation (PWM) via a potentiometer. As a rule
of thumb, the power width modulation signals was applied to the high side mosfets
of the driver circuit. The controller circuit sensed the potentiometer voltage and
calculated the durations of the PWM signal (duration @high level and duration
@low level).
The schematic view of the controller circuit is given in Figure 6.6, it is a
PIC16F877A based circuit and it uses a 20 MHz crystal oscillator (it is fast enough to
make ADC operations, necessary calculations and to generate commutation signals).
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Figure 6.5 The pcb layout of the BLDC driver circuit
As it is seen in Figure 6.6, there is a single PWM output; the same PWM output was
fed to the high side mosfets of the driver circuit via “AND gate” circuit and it is
given in Figure 6.7. In the circuit “7408 and gate” integrated circuits were used and
the outputs are strengthened with LM358 based voltage followers (LM358
operational amplifiers were used as voltage followers by connecting the output to the
inverting pin of the operational amplifiers).
With these circuits, the BLDC motor prototype was driven and tested, in the next
part the final prototype and test results will be presented.
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Figure 6.6 The schematic view of the BLDC controller circuit

Figure 6.7 The schematic view of the “AND gate” circuit
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6.2 Final BLDC Motor Prototype:
In the previous part, the first prototype was presented. And, it was used to design and
test the necessary driver, controller and auxiliary circuits. The mechanical constraints
of the rear wheel of the vehicle shaped the final prototype; and its outer interface was
designed to assemble the motor to the wheel assembly (this is the only difference
between the two prototypes). In Figure 6.8, the motor and rear wheel assembly is
shown; the motor was designed to assemble it onto the brake drum.

Figure 6.8 Model of BLDC motor assembly on the rear wheel of the vehicle

Figure 6.9 BLDC motor assembly on the rear wheel of the vehicle
In Figure 6.9, the final prototype is seen; a fixture was designed to assemble it to the
dynamometer. Also, a sprocket-chain was assembled on the motor and it was rotated
with an external AC motor and the signals of the hall sensors were checked with a
logic

analyzer.
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CHAPTER 7
PERFORMANCE RESULTS OF BLDC MOTOR PROTOTYPE AND
MODELED/CONTROLLED HBO ENGINE

In this part of the thesis, the test results of the BLDC motor prototype and identified
and controlled internal combustion engine studied for hybrid conversion architecture
will be discussed. As it was stated in previous chapter, there are many architectures
for HEV/EV conversion in the literature. The studied architecture –for second case of
the thesis- in the thesis was shown in Figure 6.1. In this architecture, the motors are
directly assembled on the wheels. And, there is no connection between the motors
and transmission. And, the motors are used to support the internal combustion
engine.
The motors can be designed to rotate at higher speeds than the wheels and the speed
of the motors can be reduced with a reduction gearbox, and the torque output to the
wheels can be increased. Also, the compact motor-gearbox assemblies can be
designed and applied. In this thesis, the motor was designed to operate at speeds
lower than 30 km/h vehicle speed (when the 30 km/h speed limit is exceeded the
motors will be kicked out) and any reduction mechanism was not used (as it was
stated before, the mechanical constraints of the wheel assembly shaped the design of
the motor; there was no space for any gearbox or reduction mechanism, so it was not
used). But, it should be designed again to operate at higher speeds and the torque
output should be increased to the desired level (initial design requirements).
In this architecture, the motors are assembled on the driving wheels. But, in our case
they were assembled on the non-driving wheels which make the vehicle 4-wheel
drive vehicle which means the dynamics of the vehicle was changed. The van (Fiat
Doblo) is front wheel drive vehicle and the front wheels have not enough space to
assemble a motor or motor-gearbox assembly, so the rear wheels were used.
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The assembly of the motors on the rear wheels changes the vehicle dynamics –as it is
stated before-. But in our case the motors are active at low speeds, so they will not
change the vehicle dynamics too much (at high speeds it may be very dangerous).
The dyno tests of the motor prototype were carried out with the equipment and tools
stated in Chapter 3 –materials and methods chapter-; they are AVL dynamometer,
AVL BME 400, F-FEM-CON, F-FEM-DIO units and relay based interface circuit.
The control, driver and auxiliary circuits designed for the BLDC motor prototype
were also used during the dyno tests. In Figure 7.1, the motor prototype and fixture
assembly on AVL dynamometer is seen. The motor was assembled on the base of
dyno system with a “Motor to Dyno fixture”; it was designed and adjusted to have
perfect coaxial connection between the motor and dynamometer. The dyno system
has also a flexible beam and coupling mechanism to compensate the connection
errors and absorb vibrations caused by unbalanced loads (in our case the maximum
speed of the motor is relatively low, so the vibrations or assembly/connection errors
may be ignored).

Figure 7.1 BLDC motor assembly on AVL Dynamometer, Atilim University
Automotive Lab.
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The dyno tests carried out to plot performance graph of the motor prototype was
“constant speed” torque tests. In this test mode, the speed regulator of dynamometer
sets the desired speed and measure the torque output of unit under test and calculates
power. In our test routine the dyno was set to the maximum speed of the motor
prototype, then the set speed was reduced “50 rpm” at each test step up to the
minimum speed of the motor (working range of the motor was scanned); the torque
output of the motor was measured at each step by the dyno and the outputs plotted at
the end of the test routine.
One of the design requirements of the BLDC motor prototype was “maximum
speed”; the motor was designed to operate at 500 rpm (maximum speed), but it could
not to reach to that speed during the dyno tests (possible reasons will be discussed in
discussion and conclusion parts). In Figure 7.2, the performance graph of the motor
is shown. The maximum speed reached during the test was 225 rpm and maximum
torque was 14.3 N.m.

BLDC Protoype Performance
Speed vs Torque
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Figure 7.2 Performance graph of the BLDC motor
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Another discussion point is the performance of BLDC motor prototype and the
possible reasons to cause low performance.

As it is seen in Figure 6.11, the

maximum torque is not at desired level (desired level is the initial design requirement
which is 26.25 N.m). Also, the top speed is around 225 rpm which is lower than the
design requirement (design requirement is 300 rpm).
There are some losses to reduce the performance of electric motors, they are also
valid for our case, the BLDC motor prototype. They can be listed in three categories:
mechanical losses, power losses and electromagnetical losses. As it is stated before,
the BLDC motor is a commutatorless motor type and it has relatively less mechanical
losses. But, there are bearing losses, hydrodynamic rolling forces and sliding friction
losses.
Power losses are also active in our case, BLDC motors are driven with a switching
bridge circuit and the voltage drops on the switching semiconductors and dissipiated
as heat (because the semiconductors –they are mosfets in our case- have an internal
resistance).
Mostly, PWM method is used to adjust the voltage supplied to the coils of the BLDC
motor to set the speed and torque output. But, PWM is another power loss reason.
The frequency of PWM is increased to get smooth switching action and less torque
ripples, but the power loss also increases with the increasing PWM frequency. In our
case, the PWM frequency is ~10 𝑘𝐻𝑧 which is medium frequency range for PWM
method, but it does not eliminate the power loss caused by PWM.
Electromagnetical losses are dominants in electric motor and tranformator
applications; and in our case they are too dominant. One of the electromagnetical
losses is “eddy currents” which are caused by changing magnetic fields; and they
cannot be eliminated totally, but they can be reduced. To reduce the eddy currents,
the core body is formed by thin metal sheets -laminations- which are parallel to the
magnetic field. Also, an insulation material is used between two laminations. The
eddy currents cannot pass through the laminations because of the insulation, so they
can not create large arcs or paths. Also, because of the hall effect the current flowing
on a lamination induces a magnetic field with opposite direction on the neighbor
lamination, so they try to cancel out each other.
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The BLDC prototype manufactured for this study has no laminated stator, because of
the mechanical constraints its stator manufactured with a solid steel. This is the
biggest reason not to reach the design requirements.
For core materials electrical steels are used. Their the most significant properties are
“high permeability and low core loss”. For electric motors non-oriented electrical
steels which have the same properties in each direction and for transformers grain
oriented electrical steels which have those properties in one direction are used. And,
these steel alloys provide high efficieny and they are necessary. But, in our case
S235JR (1.0038) steel which has low permeability and electromagnetical properties
was used. This can be stated as one of the most significant reasons to cause poor
performance.
To select proper core material, the B-H curves of the possible materials should be
examined. The proper material should have high magnetical saturation and low
hysteresis. The used core material in the thesis has low saturation point, so it was not
possible to increase the speed and torque output of the motor after a point (the battery
voltage was also increased from 48 VDC to 72 VDC, but the maximum speed and
torque output of the motor did not increase). The B-H characteristics of the core
material can be also stated as one of the reasons to cause poor performance.
Finally, the hand wired windings/coils of the motor prototype can be stated as a
reason for poor performance, because they are not identical and may have high
inductance and also because of their resistance. It should be stated, the perfect
windings also have also performance reduction effect because of their resistance
cause power loss (as heat dissipiation).
MVEM approach and how the sub-systems of a SI internal combustion engine are
modeled and controlled with MVEM approach were stated before. The single
cylinder HBO engine was used during the thesis to study MVEM approach. The
engine was modeled and controlled during the performance tests. The two main
objectives -low bsfc and high torque- were checked. In Figure 7.3, the test results of
HBO engine are seen.
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Figure 7.3 Final test results of HBO engine
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As it is seen above, pretty good test results were achieved. The minimum bsfc is
lower than 170 gr/kW.h, the maximum power is more than 10 kW and the maximum
torque is around 23 N.m. Also, the auidible noise and vibration were reduced. As it
was stated before, the studies and researches on the HBO engine is alive and still
going on, but the results are very close to the maximum limits of HBO engine which
means: the design of the HBO engine should be freezed and the researches and
studies should be focused on its application as a REX module or charge module on a
HEV or EV.
In this chapter of the thesis, the performance results of the BLDC motor prototype
and the final test results of HBO engine studied in this thesis were stated. The
possible reasons reducing the performance of electric machies, motors and
transformers -they are very dominant in our case- were stated and explained.
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CHAPTER 8
DISCUSSION AND CONCLUSION

The thesis is based on two cases. In the first case, series hybrid conversion
architecture was assumed. In this assumption, the internal combustion was assumed
as a part of charge or REX module. In the second case, the internal combustion
engine was assumed as the primary source for traction and it was supported with the
wheel-hub BLDC motors. In both case, we needed the accurate mathematical models
and equations of the internal combustion engine and BLDC motors. Therefore, the
mathematical models of BLDC motor from the literature was used; and MVEM
approach was used to model the internal combustion engine (HBO engine).
To study two cases, the thesis was constructed as two main parts; they are mean
value engine modeling approach and EV/HEV conversion application. First of all,
the mean value engine modeling approach was introduced –because it has great role
in both cases-, then single cylinder HBO engine was studied to apply mean value
engine modeling steps. In the second main part of the thesis, the EV/HEV conversion
strategies were introduced, and one of them -parallel hybrid conversion- was studied.
Also, a wheel-hub BLDC motor prototype used in the EV/HEV conversion strategy
was designed, constructed and examined.
In mean value engine modeling part, after introducing necessary steps, relations and
equations, the subsystems of the HBO engine are modeled and to convert single
cylinder HBO engine from carburetor fueled engine to electronic fuel injected engine
a custom conversion kit was designed and implemented, the aim of the kit was to
implement port fuel injection system and reduce brake specific fuel consumption.
In the first case, series hybrid conversion strategy was assumed; and with this
assumption the HBO engine was assumed to be used as a secondary source –energy
source to charge the batteries- on a hybrid vehicle engine. With this assumption to
use steady state conditions and mean values of the engine parameters were made
more convenient. Because, as a secondary source the engine would be used at its
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optimum steady state conditions, so there would be no or less transient conditions
(the mean value engine modeling approach has many pros and cons, but the most
important con of the approach is the poor performance of the model in transient
conditions).
During the mean value engine modeling, the air flow path was followed and
throttling, air flow into cylinder, combustion, knock and exhaust subsystems were
explained. And, the mean value engine modeling approaches of all subsystem were
defined, but some of them were out of the scope of this study.
The air mass flow was measured with piezo resistive differential pressure sensor and
it was calibrated with an automotive type commercial air mass flow meter, Bosch
HFM 5. Then, the air breathing characteristic of the engine was determined and a 2D AFR and fuel injection look-up table were prepared; and implemented into
Arduino Mega 2560 board and assembled on the engine. And engine was tested; and
reduction in the brake specific fuel consumption was achieved.
A piezo resistive differential pressure sensor based carburetor to injector system was
designed, constructed and tested successfully. It was shown, it can be used to convert
any small size engine with carburetor to electronic PFI engine to reduce fuel
consumption.
Pulsating air flow measurement is very challenging issue, and it was very difficult to
measure air mass flow into single cylinder HBO engine, because of its small size and
backflows in the manifold. Also, the automotive type commercial air flow meters are
designed and manufactured for midsize or large size engines. For future work, it can
be stated that to measure the air mass flow into small size engine, the intake system
of the engine should be equipped with large surge tank (order of 100 times larger
than the displacement) to make the port pressure time independent. Because, the
pressure in the intake system fluctuates, for multi-cylinder engine almost constant
intake pressure can be seen but it is almost impossible for a single cylinder engine.
In band-pass filter circuit board, general purpose low grade components were used.
But, to have precise and not sensitive to temperature and aging class 1 components
should be used. To model the combustion process in the engine and determine the
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parameters of the Wiebe function in-cylinder pressure vs crank angle is necessary. In
cylinder pressure transducer and its axillary equipment are very expensive, so some
researchers have used the knock sensor output to estimate the in cylinder pressure.
To estimate the in cylinder pressure, the position of the knock sensor should be
chosen carefully and its signal should not be affected by the opening and closing of
the valves or the other vibration sources.
In the second main part of the thesis, a BLDC motor prototype was designed and
tested. As it was stated in the discussion part, there are many possible reasons to
cause losses and to reduce the performance of the electric motors and transformers.
Also, they were very dominant in our prototype and it was seen in the dyno tests of
the motor prototype.
Those reasons and losses were categorized into three main groups, they are
mechanical, power and electromagnetic losses (these main losses are seen in every
electric motors and transformers; and it is not possible to totally eliminate them).
In our prototype, the wheel-hub was not modified and the prototype was constructed
on the wheel-hub. So, there were no additional bearings or rolling mechanism which
means the prototype did not cause to additional mechanical losses. The other loss
catergory is the “power losses”, to drive the BLDC motor prototype a bridge type
driver circuit was designed and constructed. The circuit was composed of mosfets
and diodes, to energize the necessary coils in an order. And, those components cause
to voltage drops and power losses. Also, the PWM losses can be included into this
category, too. The PWM frequency of the circuit was adjusted to medium level (it is
a trade off between smoothe drive and power loss), so the PWM losses can be
neglected in our case. But, the electromagnetic losses were very dominant in our
motor prototype as it was stated in the discussion part. As electromagnetic loss, the
eddy currents are very critical and they were very dominant in crucial level, because
the stator body was not manufactured with steel laminations (may be not acceptable
for an electric motor). Also, the hand wired coils were very critical, too; they were
another power loss reason.
In the previous part, the losses and their reasons were stated and briefly summarized
in this part, too. The prototype was used to examine the EV/HEV conversion
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architecture and it showed that an BLDC motor can be designed and assembled on
the wheel-hub without any modification on the wheel assembly; the aim was not to
design the perfect and high performance BLDC motor. Also, the reasons to cause
poor performance were detected and stated clearly which means they can be easily
eliminated with a professional manufacturing and a high performance BLDC motor
prototype can be manufactured and assembled on the wheel-hub.
With the two cases, the possible modeling and control actions necessary for HEV
conversion were covered. In future works, they can be used to model and control a
HEV or EV. It should be noted as a further recommendation, the mathematical
models of the sub-systems should be created in Matlab/Simulink environment and
Simulink tools should be used and model based control techniques should be applied.
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APPENDIX A

ARDUINO SOURCE CODE FOR KALMAN FILTER BASED CL ESTIMATOR

/*With this source code, Kalman Filter based CL estimator is implemented into
Arduino Mega 2560
x(k+1)=Ad.x(k)+Bd.U
y(k))Cd.x(k+1)+D.U
Ad=[0.9985 0.0024;-1.1837 0.9165];
Bd=[0.0015;1.1902];
Cd=[1 0];
D=0
*/
#include <Servo.h>
Servo myservo; // create servo object to control a servo
float Q=0.01; // Q is 2x2 matrix here, Q variable represents the (1,1) and (2,2) elements at
//the diagonals
float R=0.15; //
//matrices
//Ad =
// 0.8209 0.0001
//-68.5165 -0.0092
float a11=0.8209; //Ad 2x2
float a12=0.0001;
float a21=-68.5165;
float a22=-0.0092;
//Bd 0.1848
// 70.7039
float b11=0.1848; //Bd 2x1
float b21=70.7039;
float c11=1; //Cd 1x2
float c12=0;
float k11=0; //Kalman gain 2x1
float k21=0;
float p_pre11=0; //priori covariance
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float p_pre12=0;
float p_pre21=0;
float p_pre22=0;
float p11=0; //posteriori covariance
float p12=0;
float p21=0;
float p22=0;
float phT11=0; //update step 1 de kullanılacak matrix
float phT21=0;
float inv_=0; //inverse işlemi yapılacak matrix
//state variables
float x1_pre=0;
float x1=0;
float x2_pre=0;
float x2=0;
float x1_estimated=0;
float x2_estimated=0;
float measured=0;
int pos = 0; // variable to store the servo position
int sensorValue = 0;
float out=0;
float dizi[761];
float analog[761];
int komut[761];
void setup() {
myservo.attach(9); // attaches the servo on pin 9 to the servo object
Serial.begin(9600);
}
void loop() {
pos = analogRead(A1); // reads the value of the potentiometer (value
between 0 and 1023)
pos = map(pos, 0, 540, 0, 180); // scale it to use it with the servo (value
between 0 and 180)
myservo.write(pos);
sensorValue = analogRead(A0);
measured=(sensorValue*5.0*96.618/1023)-72.27;
x1=a11*x1_pre+a12*x2_pre+b11*pos; //U=pos;
x2=a21*x1_pre+a22*x2_pre+b21*pos;
out=c11*x1;
p11=(float)(a11*(p_pre11*a11+p_pre12*a12)+a12*(p_pre21*a11+p_pre22*a12))+Q;
p12=(float)(a11*(p_pre11*a21+p_pre12*a22)+a12*(p_pre21*a21+p_pre22*a22))+Q;
p21=(float)(a21*(p_pre11*a11+p_pre12*a12)+a22*(p_pre21*a11+p_pre22*a12))+Q;
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p22=(float)(a21*(p_pre11*a21+p_pre12*a22)+a22*(p_pre21*a21+p_pre22*a22))+Q;
//kalman update step#1
phT11=p11*c11+p12*c12;
phT21=p21*c11+p22*c12;
inv_=c11*phT11+c12*phT21+R;
k11=phT11*(1/inv_);
k21=phT21*(1/inv_);
//kalman update step#2
x1_estimated=x1+k11*(measured-out);
x2_estimated=x2+k21*(measured-out);
x1_pre=x1_estimated;
x2_pre=x2_estimated;
//kalman update step#3
p_pre11=p11;
p_pre12=p12;
p_pre21=p21;
p_pre22=p22;
p11=(float)(p_pre11*(1-k11*c11)+p_pre21*(-k11*c12));
p12=(float)(p_pre12*(1-k11*c11)+p_pre22*(-k11*c12));
p21=(float)(p_pre11*(-k21*c11)+p_pre21*(1-k21*c12));
p22=(float)(p_pre12*(-k21*c11)+p_pre22*(1-k21*c12));
p_pre11=p11;
p_pre12=p12;
p_pre21=p21;
p_pre22=p22;
Serial.print(pos);
Serial.print(",");
Serial.print(x1_estimated);
Serial.print(",");
Serial.println(measured);
delayMicroseconds(2400); //The sampling time is 2500 us, about 100 us is required for
//serial communication, so it is compensated here
}
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APPENDIX B
LINEAR FLOW EQUATIONS

Calculated and measured air flows for 30, 60 and 100 % open throttle cases.

Relative errors between linear flow model (as a function of square root of the
pressure drops) and measured air mass flows
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Correlated air mass flow and differential pressure sensor graphs and fitted curves
(during the correlation square roots of the pressure signals were normalized with rpm
value) for 15, 20, 25,30,60 and 100% throttle openings
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APPEXDIX C
SOURCE CODE OF THE ARDUINO MEGA 2560 BASED CONTROL
CIRCUIT
/*
Bu kod ile tek silindirli HBO motorun dyno testlerinin
yapilmasi saglanacaktir
Bu kod ile enjektörün ve ateşleme bobininin kontrolü
salanacaktır.
Aşağıda kullanılan fonskiyonların açıklaması verilmiştir:
int counter_oku()
counter devresinin çıkışlarını okumak için kullanılacaktır.
void start_pozisyonu_bul()
fonksiyonu volan üzerindeki eksik dişi bulmak için
kullanılmaktadır
eksik di bulunduğunda eksik dişin bitimindeki LOW to HIGH
transition da bir pulse üretir
bu LOW to HIGH geçi sıfır noktasını vermektedir. Ayrıca bu
pulse counter devresinin "clear" pinini tetikleyip
devrenin çıkışlarını sıfırlayacaktır
ÇOK önemli!!! sıfır noktası TDC nin yaklaşık 45 derece
öncesi yani 8 diş öncesini göstermektedir
Bu noktanın seçilmesinin sebebi yüksek hızlarda ateşleme
avansının 35 derecelere kadar arttırılmasıdır
float sure_hesapla()
Bu fonskiyon önceden arrayler ierine yazılmış devir ve tps
sensörünün pozisyonuna göre oluşturulmu enjektörün açık
kalma süresini okuyup/hesaplayan fonksiyondur
Bu fonksiyonun çıktına göre timer a bir preload degeri
yüklenir ve enjektör açılır(doğru pozisyonda) timer kesmesi
gelince de kesme içersinde enjektör kapatılır
int avans_hesapla()
Bu fonksiyonla ateleme için gerekli avans açısı
hesaplanıyor 600 rpm için 12 derece 6000 rpm için 30 derece
avans öngörüldü
((30-12)/(6000-600))*rpm_value/3 pulse 3 derece =1 Pulse
*/
//Bu tek tps degeri ve rpm ile iyi calisti simdi deneme1_v5
te artık degerlerin hepsi için çalıan kod yazacaız ya da o
hale getireceiz
// the setup routine runs once when you press reset:
float tps_value;
float _tps_value; //ara hesaplamalar icin gerekli tps
degiskeni
float rpm_value;
float _rpm_value; //ara hesaplamalar icin gerekli rpm
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degiskeni
int array_index=0; // tps arrayinde okunan degerin hangi
aralikta oldugunu tespit iin kullanılacak
float vacuum_value=0;
float _vacuum_value=0;
/*float tps_array[] = {0,7.8,15.3,23.1,30.6,38.4,46.3,53.7,61.
6,69.4,76.9,84.7,92.2,100};
floata rray_1[]={0,15,15,60,78,96,117,135,156,177,195,216,235,
255};
floata rray_2[]={0,15,15,57,78,96,117,135,153,174,192,213,231,
250};
floata rray_3[]={0,15,15,57,75,93,111,129,150,168,186,204,225,
244};
floata rray_4[]={0,15,12,54,72,90,108,126,144,162,180,198,216,
235};
floata rray_5[]={0,15,12,54,69,87,105,123,141,159,177,195,213,
231};
floata rray_6[]={0,15,12,51,69,87,105,120,138,156,174,192,207,
225};
floata rray_7[]={0,12,12,51,69,84,102,120,135,153,171,186,204,
222};
floata rray_8[]={0,12,12,51,66,84,99,117,132,150,165,183,198,
216};
floata rray_9[]={0,12,12,48,63,81,96,114,129,147,162,177,195,
210};
floata rray_10[]={0,12,12,48,63,78,93,108,126,141,156,171,189,
204};
floata rray_11[]={0,12,12,45,60,75,90,105,120,135,150,165,180,
195};
floata rray_12[]={0,12,12,45,57,72,87,102,117,132,147,159,174,
189};
floata rray_13[]={0,12,9,42,57,69,84,99,114,126,141,156,168,
183};
floata rray_14[]={0,12,9,42,54,69,84,96,111,123,138,150,165,
177};
floata rray_15[]={0,9,9,39,54,66,81,93,105,120,132,147,159,
174};
*/
float tps_array[] = {0,10,20,30,40,50,60,70,80,90,100};
floata rray_1[]={4,4,4,5,5.8,6.3,7.9,9.3,10.6,7.5,7.5};
floata rray_2[]={4,4,4,5,5.8,6.3,7.9,9.3,10.6,7.5,7.5};
floata rray_3[]={4,4,4,6.8,7.5,8.2,8.8,9.6,10.6,7.5,7.5};
floata rray_4[]={4,4,4,5,7.5,8.2,8.8,9.6,10.6,7.5,7.5};
floata rray_5[]={4,4,4,7.8,8.5,9,9.8,10.6,11.6,7.5,7.5};
floata rray_6[]={5.5,5.5,6.4,6.6,6.8,6.3,7.4,8.7,10.6,7.5,7.
5};
floata rray_7[]={5,5,6.2,6.4,6.6,6.3,7.4,8.7,10.6,7.5,7.5};
floata rray_8[]={5,5,6.4,6.6,6.8,6.3,7.5,8.7,10.6,11,11};
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floata rray_9[]={5,5,6.6,6.8,7,6.2,7.4,8.7,10.5,10.5,10.5};
floata rray_10[]={5,5,6.8,7,7.2,6.1,7.4,9.2,9.2,9.2,9.2};
floata rray_11[]={5.5,5.5,7,7.2,7.4,6.1,7.6,8,8,8,8};
floata rray_12[]={5,5,5.5,5.6,5.8,6.2,7.4,7.6,7.6,7.6,7.6};
floata rray_13[]={3.5,3.5,3.5,3.5,4.9,6.1,7.6,9.1,10.9,12.2,
13.5};
floata rray_14[]={3.5,3.5,3.5,3.5,4.5,5.6,7,8.4,10,11.2,12.4};
floata rray_15[]={3.5,3.5,3.5,3.5,4.1,5.1,6.4,7.6,9.2,10.3,11.
2};
float _data=0;
float potValue=0;
float data=0;
float data_1=0;
float data_2=0;
float data_3=0;
float data_4=0;
float x_per=0;
float y_12=0;
float y_34=0;
unsigned int injector_pulse_count=0;
unsigned int injector_preload_count=0;
//bobin iin de timer kullanmak gerekirse, timer3(16 Mhz)
arduino mega için kullanılabilir
unsigned int inductor_pulse_count=0;
unsigned int inductor_preload_count=0;
int pulsebuttonstate=0;
unsigned int t1=0;
unsigned int t2=0;
unsigned int deltat1=0;
unsigned int deltat2=0;
int pozisyon_bulunamadi=1;
int atesleme_dongusu=1;
int enjeksiyon_dongusu=1;
int counter_deger=0;
int avans=0;
int _avans=0;
int inductor_start=0;
const int Atps = A0;
const int Arpm=A1;
const int Avacuum=A3;
const int pot=A4;
#define injector 13
#define inductor 12
#define pulsepin 11
#define start_pulse_pin 10
#define vakum_pulse_pin 6
#define load 9
#define LE 8
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#define OE 7
#define jikle 24
void setup() {
// initialize serial communication at 9600 bits per second:
Serial.begin(9600);
pinMode(jikle, INPUT);
pinMode(injector, OUTPUT);
pinMode(inductor, OUTPUT);
pinMode(start_pulse_pin,OUTPUT);
pinMode(vakum_pulse_pin,OUTPUT);
pinMode(pulsepin,INPUT);
pinMode(load,OUTPUT);
pinMode(LE,OUTPUT);
pinMode(OE,OUTPUT);
//counter cikislarini okumak icin
pinMode(30,INPUT);
pinMode(31,INPUT);
pinMode(32,INPUT);
pinMode(33,INPUT);
pinMode(34,INPUT);
pinMode(35,INPUT);
pinMode(36,INPUT);
pinMode(37,INPUT);
// initialize timer1 for injector
noInterrupts(); // disable all interrupts
TCCR1A = 0;
TCCR1B = 0;
TCNT1 = 1;
TCNT1 = 34286;
TCCR1B |= (1 << CS12);
TIMSK1 |= (1 << TOIE1);
/
}
ISR(TIMER1_OVF_vect) // interrupt service routine that
closes the injector
{
digitalWrite(injector,HIGH);
noInterrupts();
}
//Paydalar sıfır olabiliyor o yüzden dikkat if denum=!0 gibi
bir ifade kullan;
void loop() {
atesleme_dongusu=1;
enjeksiyon_dongusu=1;
digitalWrite(LE,HIGH); //Counter ın LE ve OE pinleri ilk
basta HIGH a cekilmeli
digitalWrite(OE,HIGH);
digitalWrite(injector,HIGH); // enjektör kapalı konumda
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pulsebuttonstate = digitalRead(pulsepin);
/*
if(pulsebuttonstate==LOW)
{
while(pulsebuttonstate==LOW)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
}
}
//Bu kısmı ekledim
if(pulsebuttonstate==HIGH) //start pozisyonunu bulmadan
diger kısımlara gecmesin diye boyle bir if daha ekledim
{
while(pulsebuttonstate==HIGH)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
}
}
if(pulsebuttonstate==LOW)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
if(pulsebuttonstate==LOW)
{
t1=TCNT1;
while(pulsebuttonstate==LOW)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
}
while(pulsebuttonstate==HIGH)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
}
t2=TCNT1;
if(t2<=t1)
{
deltat1=t2-t1+65536 ; // bu deger yeterli
mi
}
else
{
deltat1=t2-t1;
}
pozisyon_bulunamadi=1;
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start_pozisyonu_bul(); // ilk çalıtırmadan sonra
eger bu pozisyon bulunamazsa dijital olarak pulse saysın
}
} */
//start pozisyonu bulundu diger islemlere gecilebilir
//enjectörün açık kalma süresi okundu ve "_data" adlı
değişkene atandı
_data=sure_hesapla();
int _potValue = analogRead(pot);
potValue =_potValue*13.8/1023;
_data=_data+(_data*potValue/5.0);
Serial.println(_data); //seri port üzerinden takip etmek
için
_avans=avans_hesapla(); // pulse cinsinden deger verecek
injector_pulse_count=(int)(_data*1000/16);
//Serial.println(injector_pulse_count);
injector_preload_count=65536-injector_pulse_count;
//kabaca bobini burda enerjilendirmeye baslayalim
digitalWrite(inductor,HIGH);
while(enjeksiyon_dongusu==1)
{
float sensorValue = analogRead(Avacuum);
_vacuum_value = sensorValue * (5.0 / 1023.0);
// Serial.println(_vacuum_value);
if(_vacuum_value>=0.8)
{
digitalWrite(injector,LOW); //enjektör açıldı
TCNT1 = injector_preload_count;
enjeksiyon_dongusu=0;
interrupts();
digitalWrite(vakum_pulse_pin,HIGH);
delayMicroseconds(100);
digitalWrite(vakum_pulse_pin,LOW);
while(_vacuum_value>=0.6)//0.4 tü
{
delayMicroseconds(5);
sensorValue = analogRead(Avacuum);
_vacuum_value = sensorValue * (5.0 / 1023.0);
}
}
//counter_deger=counter_oku(); //oncesinde LE ve OE
islemlerini yap ve start pozisyonu bulununca sayici
sifirlanmalı
counter_deger=25; //deneme icin yapildi daha sonra duzelt
if((counter_deger>=(15-(_avans)))&&(atesleme_dongusu==1))
{
digitalWrite(inductor,LOW);
atesleme_dongusu=0; // atesleme gerceklesti
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}
else if((counter_deger>=45)&&(atesleme_dongusu==0))
{
enjeksiyon_dongusu=0; // enjeksiyon dongusunden cikip
sifir noktasi bekelenebilir
}
else
{
}
//delay(5000);
}
}
int counter_oku()
{
int _counter_deger=0;
int _pin_deger=0;
digitalWrite(LE,LOW);
delayMicroseconds(20);
digitalWrite(OE,LOW);
delayMicroseconds(20);
_pin_deger=digitalRead(30);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+1;
}
_pin_deger=digitalRead(31);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+2;
}
_pin_deger=digitalRead(32);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+4;
}
_pin_deger=digitalRead(33);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+8;
}
_pin_deger=digitalRead(34);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+16;
}
_pin_deger=digitalRead(35);
if(_pin_deger==1)
{
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_counter_deger=_counter_deger+32;
}
_pin_deger=digitalRead(36);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+64;
}
_pin_deger=digitalRead(37);
if(_pin_deger==1)
{
_counter_deger=_counter_deger+128;
}
digitalWrite(LE,HIGH);
digitalWrite(OE,HIGH);
return _counter_deger;
}
void start_pozisyonu_bul()
{
while(pozisyon_bulunamadi==1)
{
pulsebuttonstate = digitalRead(pulsepin);
if(pulsebuttonstate==LOW)
{
delayMicroseconds(2);
pulsebuttonstate = digitalRead(pulsepin);
if(pulsebuttonstate==LOW)
{
t1=TCNT1;
while(pulsebuttonstate==LOW)
{
pulsebuttonstate = digitalRead(pulsepin);
delayMicroseconds(2);
}
while(pulsebuttonstate==HIGH)
{
pulsebuttonstate = digitalRead(pulsepin);
delayMicroseconds(2);
}
t2=TCNT1;
if(t2<=t1)
{
deltat2=t2-t1+65536 ;
}
else
{
deltat2=t2-t1;
}
if(deltat2>=(deltat1*1.50)) //eksik dislerden dolayi
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delatt2 deltat1 den buyuk olacak !!! 1.5 ile carptik ama
float olacak mı
{
deltat1=deltat2;
pulsebuttonstate = digitalRead(pulsepin);
if(pulsebuttonstate==LOW)
{
///
t1=TCNT1;
while(pulsebuttonstate==LOW)
{
pulsebuttonstate = digitalRead(pulsepin);
delayMicroseconds(2);
}
while(pulsebuttonstate==HIGH)
{
pulsebuttonstate = digitalRead(pulsepin);
delayMicroseconds(2);
}
t2=TCNT1;
if(t2<=t1)
{
deltat2=t2-t1+65536 ;
}
else
{
deltat2=t2-t1;
}
///
if(deltat1>=(1.50*deltat2))
{
pozisyon_bulunamadi=0;
digitalWrite(start_pulse_pin,HIGH);
delayMicroseconds(100);
digitalWrite(start_pulse_pin,LOW);
}
else
{
deltat1=deltat2;
}
}
}
else
{
deltat1=deltat2; //motorun hizlanmasi durumunda
deltat1 in update edilmesi gerekir
}
}
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}
}
}
int avans_hesapla()
{
int sensorValue = analogRead(Arpm);
_rpm_value = sensorValue * (5.0 / 1023.0);
//rpm_value=_rpm_value*1650; // burada gerekli
hesaplamalari yapacağiz
rpm_value=(floor(_rpm_value*10))*165;
//rpm_value=2200; //25 Haziran denemesinde sabit değerler
ile test yapıyoruz
avans=(int)((rpm_value-600)*3.0/5400)+2; //600 rpm de
12 derece avans 6000 rpm de 30 derece avansa göre hesaplandı
//1 pulse 6 derece oldugu icin 18/6=3 degeri denkleme
yazildi
//Serial.print("avans(pulse)=");
//Serial.println(avans);
return avans;
}
float sure_hesapla()
{
// read the input on analog pin Atps--tps sensörünün bağlı
olduu kanal Arpm rpm sensörünün balı olduu kanal
//burada bu kodu kullan
/* val = analogRead(potpin); // reads the value
of the potentiometer (value between 0 and 1023)
val = map(val, 0, 1023, 0, 180); // scale it to use it
with the servo (value between 0 and 180)
*/
int sensorValue = analogRead(Atps);
_tps_value = map(sensorValue,273, 681, 0, 100);
_tps_value=10;
sensorValue = analogRead(Arpm);
_rpm_value = sensorValue * (5.0 / 1023.0);
//rpm_value=(floor(_rpm_value*10.0))*165; //gerekli
hesaplamalari yapacagiz
rpm_value=_rpm_value*1750-250;
tps_value=_tps_value;
//2-D injection look-up table
for (int thisPin = 0; thisPin < 11; thisPin++)
{
if((tps_array[thisPin]<=tps_value)&&(tps_value<tps_array[thisP
in+1]))
{
array_index=thisPin;
}
}
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if(rpm_value<600)
{
data_1=array_1[array_index];
data_2=array_1[array_index+1];
data=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
//Serial.println(data);
}
else if((rpm_value>=600)&&(rpm_value<800))
{
data_1=array_1[array_index];
data_2=array_1[array_index+1];
data_3=array_2[array_index+1];
data_4=array_2[array_index];
}
else if((rpm_value>=800)&&(rpm_value<1200))
{
data_1=array_2[array_index];
data_2=array_2[array_index+1];
data_3=array_3[array_index+1];
data_4=array_3[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-800.0)/(1200.0-800.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=1200)&&(rpm_value<1600))
{
data_1=array_3[array_index];
data_2=array_3[array_index+1];
data_3=array_4[array_index+1];
data_4=array_4[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-1200.0)/(1600.0-1200.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=1600)&&(rpm_value<2000))
{
data_1=array_4[array_index];
data_2=array_4[array_index+1];
data_3=array_5[array_index+1];
data_4=array_5[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
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_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-1600.0)/(2000.0-1600.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=2000)&&(rpm_value<2400))
{
data_1=array_5[array_index];
data_2=array_5[array_index+1];
data_3=array_6[array_index+1];
data_4=array_6[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-2000.0)/(2400.0-2000.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=2400)&&(rpm_value<2800))
{
data_1=array_6[array_index];
data_2=array_6[array_index+1];
data_3=array_7[array_index+1];
data_4=array_7[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-2400.0)/(2800.0-2400.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=2800)&&(rpm_value<3200))
{
data_1=array_7[array_index];
data_2=array_7[array_index+1];
data_3=array_8[array_index+1];
data_4=array_8[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-2800.0)/(3200.0-2800.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=3200)&&(rpm_value<3600))
{
data_1=array_8[array_index];
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data_2=array_8[array_index+1];
data_3=array_9[array_index+1];
data_4=array_9[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-3200.0)/(3600.0-3200.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=3600)&&(rpm_value<4000))
{
data_1=array_9[array_index];
data_2=array_9[array_index+1];
data_3=array_10[array_index+1];
data_4=array_10[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-3600.0)/(4000.0-3600.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=4000)&&(rpm_value<4400))
{
data_1=array_10[array_index];
data_2=array_10[array_index+1];
data_3=array_11[array_index+1];
data_4=array_11[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-4000.0)/(4400.0-4000.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=4400)&&(rpm_value<4800))
{
data_1=array_11[array_index];
data_2=array_11[array_index+1];
data_3=array_12[array_index+1];
data_4=array_12[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-4400.0)/(4800.0-4400.0));
data=y_12+(y_34-y_12)*x_per;
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}
else if((rpm_value>=4800)&&(rpm_value<5200))
{
data_1=array_12[array_index];
data_2=array_12[array_index+1];
data_3=array_13[array_index+1];
data_4=array_13[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-4800.0)/(5200.0-4800.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=5200)&&(rpm_value<5600))
{
data_1=array_13[array_index];
data_2=array_13[array_index+1];
data_3=array_14[array_index+1];
data_4=array_14[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-5200.0)/(5600.0-5200.0));
data=y_12+(y_34-y_12)*x_per;
}
else if((rpm_value>=5600)&&(rpm_value<6000))
{
data_1=array_14[array_index];
data_2=array_14[array_index+1];
data_3=array_15[array_index+1];
data_4=array_15[array_index];
y_12=((data_2-data_1)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_1;
y_34=((data_3-data_4)*(tps_value-tps_array[array_index]))/(tps
_array[array_index+1]-tps_array[array_index])+data_4;
x_per=((rpm_value-5600.0)/(6000.0-5600.0));
data=y_12+(y_34-y_12)*x_per;
}
else
{
//Serial.println("hiz 6000 rpm den büyük veya 600 rpm
den kücük");
}
return data;
}
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APPENDIX D
Microsoft Excel Worksheet for 2-D Injectıon Table
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Output of the Create Arrays (Arrays of 2-D Table) Code:

float array_1[]={0.0,13.5,14.4,14.5,15.3,15.3,16.3,16.3,16.3,15.6,15.3};
float array_2[]={0.0,11.8,12.6,13.4,14.2,14.2,15.2,15.2,15.2,14.4,14.2};
float array_3[]={0.0,9.8,10.6,11.4,12.2,12.2,13.0,13.0,13.0,12.4,12.2};
float array_4[]={0.0,7.4,8.4,9.2,10.4,10.9,12.1,12.7,13.2,13.0,13.3};
float array_5[]={0.0,6.0,7.0,7.7,8.9,9.4,10.5,11.0,11.6,11.5,11.8};
float array_6[]={0.0,4.5,5.4,6.1,7.3,8.1,8.6,9.1,10.2,10.2,10.5};
float array_7[]={0.0,3.7,4.5,5.2,6.4,7.1,7.6,8.1,9.1,9.2,9.5};
float array_8[]={0.0,3.0,3.9,4.6,5.6,6.4,6.9,7.4,8.3,8.4,8.8};
float array_9[]={0.0,2.5,3.4,4.4,5.4,5.9,6.4,6.9,7.8,7.9,8.3};
float array_10[]={0.0,2.4,3.4,4.4,5.2,5.7,6.2,7.1,7.6,7.7,8.1};
float array_11[]={0.0,2.7,3.6,4.4,5.2,5.7,6.5,7.1,7.6,7.7,8.1};
float array_12[]={0.0,2.9,3.9,4.7,5.5,6.3,6.8,7.4,7.9,8.0,8.4};
float array_13[]={0.0,3.5,4.4,5.2,6.3,6.8,7.7,8.5,9.4,8.6,8.9};
float array_14[]={0.0,4.2,5.2,6.0,7.2,7.7,8.6,9.4,10.4,9.4,9.7};
float array_15[]={0.0,5.2,6.3,7.1,8.3,8.8,9.7,10.6,11.6,10.4,10.8};

239

APPEXDIX E
Matlab Script for Simulation of Piston Position
datas=zeros(360,1); %stores the position “s” values
l=129.62;
r=32;
h=149.64;
for i=1:242
i
x=((sind(107)*31.371)/sind(10.7+i))-r
a=sqrt((r+x)^2+31.371^2-2*(r+x)*31.371*cosd(62.3-i));
if((i>=63)&&(i<=169))
a=-1*a
end
%ae, be, ce equation constants
ae=1;
be=-2*x*cosd(169.3-i);
ce=x^2-l^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae)
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae)
s1=h-a-x1
s2=h-a-x2
if((s1>=0)&&(s1<=66))
datas(i)=s1;
else
datas(i)=s2;
end
if(i>=172)
s1=64.6713
end
%ae=1;
%be=18.344;
%ce=31.371^2-datax(i).^2;
%x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
%x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
%if(sign(x1)>=1)
%datas(i)=x1;
%else
%datas(i)=x2;
%end

end
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l=129.62;
r=32;
h=149.64;
for i=243:350
i
alpha=i-242.3
ae=1-((sind(73))^2/(sind(alpha)^2));
be=-62.742*cosd(73);
ce=31.371^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
if(sign(x1)==1)
b=x1
else
b=x2
end
phi=180-73-alpha
b=sind(alpha)*31.371/sind(phi)
a=b*sind(73)/sind(alpha)
%gama=real(asind((r+l)*sind(10.7)/a))
%constants for second order equation ax^2+bx+c=0;
ae=1;
be=-2*(r+a)*cosd(phi);
ce=(r+a)^2-l^2;
%x1,2=(-b+/-sqrt(b^2-4ac))/2a
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae)
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae)
if(sign(x1)==1)
datas(i)=real(h+b-x1);
real(h+b-x1)
else
datas(i)=real(h+b-x2);
real(h+b-x2)
end
end
l=129.62;
r=32;
h=149.64;
for i=350:360
i
x=((sind(107)*31.371)/sind(10.7+i))-r
a=sqrt((r+x)^2+31.371^2-2*(r+x)*31.371*cosd(62.3-i));
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if((i>=63)&&(i<=169))
a=-1*a
end
%ae, be, ce equation constants
ae=1;
be=-2*x*cosd(169.3-i);
ce=x^2-l^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae)
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae)
s1=h-a-x1
s2=h-a-x2
if((s1>=0)&&(s1<=66))
datas(i)=s1;
else
datas(i)=s2;
end
if(i>=172)
s1=64.6713
end
%ae=1;
%be=18.344;
%ce=31.371^2-datax(i).^2;
%x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
%x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
%if(sign(x1)>=1)
%datas(i)=x1;
%else
%datas(i)=x2;
%end

End

Matlab Function to Find Piston Position
function s = calculate_position(i)
%0.1 deg incremental
%datax=zeros(360,1);
%datas=zeros(360,1);
l=129.62;
r=32;
h=149.64;

if((i>=0.1)&&(i<=242.29))
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x=((sind(107)*31.371)/sind(10.7+i))-r;
a=sqrt((r+x)^2+31.371^2-2*(r+x)*31.371*cosd(62.3-i));
if((i>=63)&&(i<=169.29))
a=-1*a;
end
%ae, be, ce equation constants
ae=1
be=-2*x*cosd(169.3-i)
ce=x^2-l^2
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae)
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae)
s1=h-a-x1
s2=h-a-x2
if((s1>0)&&(s1<=66))
%datas(i)=s1;
s=s1;
else
%datas(i)=s2;
s=s2;
end
if(i>=172)
s1=64.6713;
end
%ae=1;
%be=18.344;
%ce=31.371^2-datax(i).^2;
%x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
%x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
%if(sign(x1)>=1)
%datas(i)=x1;
%else
%datas(i)=x2;
%end

elseif((i>=242.3)&&(i<=349.28))

l=129.62;
r=32;
h=149.64;

i;
alpha=i-242.3;
ae=1-((sind(73))^2/(sind(alpha)^2));
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be=-62.742*cosd(73);
ce=31.371^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
if(sign(x1)==1)
b=x1;
else
b=x2;
end
gama=180-73-alpha;
b=sind(alpha)*31.371/sind(gama);
a=b*sind(73)/sind(alpha);
%gama=real(asind((r+l)*sind(10.7)/a))
ae=1;
be=-2*(r+a)*cosd(gama);
ce=(r+a)^2-l^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
if(sign(x1)==1)
%datas(i)=real(h+b-x1);
real(h+b-x1);
s=real(h+b-x1);
else
% datas(i)=real(h+b-x2);
real(h+b-x2);
s=real(h+b-x2);
end

l=129.62;
r=32;
h=149.64;
elseif((i>=349.29)&&(i<=360))
i;
x=((sind(107)*31.371)/sind(10.7+i))-r;
a=sqrt((r+x)^2+31.371^2-2*(r+x)*31.371*cosd(62.3-i));
if((i>=63)&&(i<=169))
a=-1*a;
end
%ae, be, ce equation constants
ae=1;
be=-2*x*cosd(169.3-i);
ce=x^2-l^2;
x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
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x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
s1=h-a-x1;
s2=h-a-x2;
if((s1>=0)&&(s1<=66))
%datas(i)=s1;
s=s1;
else
%datas(i)=s2;
s=s2;
end
if(i>=172)
s1=64.6713;
%s=s1;
end
%ae=1;
%be=18.344;
%ce=31.371^2-datax(i).^2;
%x1=(-be+sqrt(be*be-4*ae*ce))/(2*ae);
%x2=(-be-sqrt(be*be-4*ae*ce))/(2*ae);
%if(sign(x1)>=1)
%datas(i)=x1;
%else
%datas(i)=x2;
%end
else
end
end
Matlab Function to Find Cylinder Volume
function chamber_volume = calculate_volume(i)
%gives the volume of the cylinder as a function of CA in cc
%uses the function calculate_position()
d=82; %mm piston diamater
cv=45; %clearence volume when the piston @TDC in cc
h=calculate_position(i); %mm
chamber_volume=45+(h*pi*d*d/4)/1000;%in cc, cm^3
end
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APPEXDIX F
Matlab Script for Combustion Simulation
tic;
lambda=1;
Xegr=0;
vol_eff=0.7;
air_fuel_ratio=14.7333;
Ru=8.314;
%Universal gas constant J/mol-K
cylinder_volume=393.104e-6; %m3 it will be calculated with a function
calculate_volume()
T0=298.15;
%Initial charge temperature
rpm=3200;
n_poly=1.2;
%polytropic gas constant 1.2-1.4
Tw=500;
%cylinder wall temperature in K
eq_ratio=1;
alpha=1.56;
beta=-0.26;
Sl0=1*0.4658*(eq_ratio^(-0.326))*exp(-4.48*(eq_ratio-1.075)^2);
Sl=0;
sphere_radius=2e-3;
MW_air=28.9697;
%g/mol
MW_fuel=114.231;
%g/mol
MW_mixture=30.4125;
%g/mol
MW_burned=28.6483;
%g/mol equilibrate('TP') ile hesaplandi
mass_incylinder=(cylinder_volume*vol_eff*1.17681+cylinder_volume*vol_eff*1.1
7681/air_fuel_ratio)*1000;
%gram initial mass in the cylinder at IVC fuel+air
mol_incylinder=(cylinder_volume*vol_eff*1.17681*1000/MW_air)+(1000*cylinder
_volume*vol_eff*1.17681/air_fuel_ratio)/MW_fuel;
gas = Solution('PRF_LT.cti', 'gas');
nsp = nSpecies(gas);
P = oneatm;
V0=cylinder_volume;
P0=mol_incylinder*Ru*T0/V0;
stroke=65.91e-3;
Bore=82e-3;
Upiston=(rpm/60)*2*stroke; %Ucorrected=2.28Upiston+0.00324.T0.(V/V0).(PPmotor)/P0
%V2=calculate_volume(t,rpm); the function to calculate volume
%V1=2*(45.3e-6);
%volume which ignition starts
dt=5e-5;
duration=0.005;
mb=0;
mu=mass_incylinder-mb
mb_rate=0;
dT=0.005;
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sgn0=0;
sgn1=0;
V1=calculate_volume(0,rpm); %the volume when ignition starts
%V1=45e-6;
P1=(P0*(V0/V1)^n_poly);
%the pressure when the ignition starts

P0=P1;
V0=V1;
Vu0=0;
Vu1=0;
hu0=0;
Vb0=0;
Vb1=0;
Ub1=0;
Ub0=0;
Ub0_ref=0;
Uu0=0;
Uu1=0;
Vb=0;
Qheat=0;
V1=calculate_volume(0,rpm); %total volume
%V1=45e-6;
T1=P1*V1/(Ru*(mu/MW_mixture)); %ideal gas law P.V=n.Ru.T

Vinitial=cylinder_volume; %at the beginning of the compression and will be used
for wall heat transfer calculations
Tinitial=T0;%at the beginning of the compression and will be used for wall heat
transfer calculations
Pinitial=P0;%at the beginning of the compression and will be used for wall heat
transfer calculations

%motor pressure, volume and temperature between ca 187.2 and 350(where the
%combustion starts, motor means cranked
pressure_motor=zeros ((ceil(((350-187.2)/(rpm*6))/dt)+1),1);
volume_motor=zeros ((ceil(((350-187.2)/(rpm*6))/dt)+1),1);
temperature_motor=zeros ((ceil(((350-187.2)/(rpm*6))/dt)+1),1);
for k=1:length(pressure_motor)
ca=187.2+(k-1)*rpm*dt*360/60;
h=calculate_position(ca); %mm
chamber_volume=(45+(h*pi*82*82/4)/1000)*1e-6;%in m^3
volume_motor(k)=chamber_volume;
pressure_motor(k)=(P0*(V0/chamber_volume)^n_poly);
temperature_motor(k)=pressure_motor(k)*chamber_volume/(mol_incylinder*Ru);
end
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T1=temperature_motor(k);
P1=pressure_motor(k);
V1=volume_motor(k);

Tb0=0;
Tu0=T1;
Tu1=T1;
Tb1=T1;
T_b_loop_start=T1; %it will be used to find the burned temperature
%%%
set(gas,'T',T1,'P',P1,'X','IXC8H18:1,O2:12.2,N2:45.31446,Ar:0.58072');
for i=1:((duration/dt)+1)
t(i)=(i-1)*dt;
pressure(i)=P1;
unburned_volume(i)=V1-Vb;
%temperature(i)=Tb; %burned zone temperature
%radius(i)=sphere_radius;
%sphere_radius=sphere_radius+Sl*dt;
burn_rate(i)=mb_rate; % mass burned @dt
burn_amount(i)=mb;
%Sl=Sl0*((T1/T0)^alpha)*((P1/P0)^beta)*(1-2.21*Xegr^0.773); %m/s
%Sl=Sl0*((T1/300)^alpha)*((P1/100000)^beta)*(1-2.21*Xegr^0.773); %m/s
%
%flame_speed(i)=Sl;
V1=calculate_volume(t(i),rpm); %total volume
Ucorrected=2.28*Upiston+0.00324*Tinitial*(V1/Vinitial)*(P1(Pinitial*((Vinitial/V1)^n_poly)))/Pinitial; %The combustion not started yet so PPmotor=0
convective_heat_coefficient_u=3.26*(Bore^(-0.2))*((P1/1000)^(0.8))*((Tu1)^(0.55))*(Ucorrected)^(0.8); %W/K.m2
convective_heat_coefficient_b=3.26*(Bore^(-0.2))*((P1/1000)^(0.8))*((Tb1)^(0.55))*(Ucorrected)^(0.8); %W/K.m2
P0=P1;
V0=V1;
%set the initial conditions
set(gas,'T',Tu0,'P',P1,'X','IXC8H18:1,O2:12.2,N2:45.31446,Ar:0.58072');
%yogunluk(i)=density(gas);
mb_rate=(x_wiebe(t(i),rpm)+1e-5)*mass_incylinder-mb;
%bu k?s?mda burned zone için energy equation yazacag?z ve T yi çekmeye
%çal??aca??z
%mb_rate=0.001;
mb=mb+mb_rate; %son durumdaki mb
x_wiebe(t(i),rpm)+1e-5;
hu0=enthalpy_mass(gas);
Uu0=intEnergy_mass(gas)*mu/1000;
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set(gas,'T',298.15,'P',101325,'X','IXC8H18:1,O2:12.2,N2:45.31446,Ar:0.58072');
hu_ref=enthalpy_mass(gas);
Uu0_ref=intEnergy_mass(gas)*mu/1000;
uu0_ref=intEnergy_mass(gas);
u(i)=intEnergy_mass(gas);
mu=mass_incylinder-mb;
set(gas,'T',Tb1,'P',P1);
equilibrate(gas,'TP');
hb=enthalpy_mass(gas);
Qheat=((enthalpy_mass(gas)-hu0)*mb_rate/1000)*-1; %bu Qchem olacak
set(gas,'T',298,'P',101325); %burnt gas
ub_ref=intEnergy_mass(gas); %internal energy of the burned gas at
%reference condition @298 K and 1 atm pressure
hb_ref=enthalpy_mass(gas); %enthalpy of the burned gas at reference
%condition @298 K and 1 atm pressure
set(gas,'T',Tb1,'P',P1);
%equilibrate(gas,'HP');
%U_nevzat=intEnergy_mass(gas);
%U_nevzat=Qheat+(mb_rate*hu0/1000)+Ub0-Qheat*0.25; %Also, the woschni
heat
%loss equations should be included
U_will_be_found=Qheat+(mb_rate*(hb-hb_ref)/1000)+Ub0calculate_wall_area(t(i),rpm)*convective_heat_coefficient_b*(Tb1-Tw)*dt*(V1unburned_volume(i))/V1; %Total_heat_loss*(Vb/V)
%U_nevzat=Qheat+(mb_rate*(hb-hb_ref)/1000)+Ub0;
%To find the result numerically, initial temperature and difference error
%between exact result and estimated result are defined
fark=10000;
fark_pre=100000;
%T_nevzat=300;
T_will_be_found=T_b_loop_start;
while fark>=0.01
set(gas,'T',T_will_be_found,'P',P1);
MW_burned=meanMolecularWeight(gas); %bunu sonradan ekledim
T_will_be_found=T_will_be_found+dT;
fark=abs(U_will_be_found-(intEnergy_mass(gas)-ub_ref)*mb/1000(mb*Ru*T_will_be_found/MW_burned)+(mb-mb_rate)*Ru*Tb0/MW_burned);
%sgn1=sign(U_will_be_found-(intEnergy_mass(gas)-ub_ref)*mb/1000(mb*Ru*T_will_be_found/MW_burned)+(mb-mb_rate)*Ru*Tb0/MW_burned);
if (fark_pre<=fark)
% dT=-dT/2
% sgn_index=sgn_index+1;
fark=0; %exit the loop To avoid divergence
end
fark_pre=fark;
end
Tb1=T_will_be_found;
249

Tb0=T_will_be_found;
temperature(i)=T_will_be_found;
fark_will_be_stored(i)=U_will_be_found-intEnergy_mass(gas)*mb/1000(mb*Ru*T_will_be_found/MW_burned)+(mb-mb_rate)*Ru*Tb0/MW_burned;
Ub0=(intEnergy_mass(gas)-ub_ref)*mb/1000;
ave_mol_weight(i)=MW_burned;
%mole fractions of the some combustion products
%gas = Solution('PRF_LT.cti', 'gas');
%set(gas,'T',Tb1,'P',P1,'X','IXC8H18:1,O2:12.2,N2:45.31446,Ar:0.58072');
products(i,1:5)=moleFraction(gas,{'IXC8H18','O2','CO2','CO','OH'});
%let`s find Tu1
U_will_be_found=Uu0-Uu0_ref-(mb_rate*(hu0hu_ref)/1000)+(mu+mb_rate)*Ru*Tu0/MW_mixturecalculate_wall_area(t(i),rpm)*convective_heat_coefficient_u*(Tu1Tw)*dt*unburned_volume(i)/V1; %Total_heat_loss*(Vu/V);
%U_nevzat=Uu0-Uu0_ref-(mb_rate*(hu0hu_ref)/1000)+(mu+mb_rate)*Ru*Tu0/MW_mixture;
fark2=10000;
fark2_pre=100000;
T_will_be_found=5; %the unburned mixture may cool down to atmosphere
temperature,so the loop starting temperature is very low
gas = Solution('PRF_LT.cti', 'gas');
set(gas,'T',Tu0,'P',P1,'X','IXC8H18:1,O2:12.2,N2:45.31446,Ar:0.58072');

while fark2>=0.01
set(gas,'T',T_will_be_found,'P',P1);
T_will_be_found=T_will_be_found+dT;
fark2=abs(U_will_be_found-((intEnergy_mass(gas)-uu0_ref)*mu/1000)mu*Ru*T_will_be_found/MW_mixture)
%sgn1=sign(U_will_be_found-((intEnergy_mass(gas)-uu0_ref)*mu/1000)mu*Ru*T_will_be_found/MW_mixture);
if (fark2_pre<=fark2)
%dT=-dT/2
%sgn_index=sgn_index+1;
fark2=0; %exit the loopTo avoid divergence
end
fark2_pre=fark2;
end
Tu1=T_will_be_found
Tu0=T_will_be_found;
temperature_u(i)=Tu1;
boundary_work(i)=(mu+mb_rate)*Ru*Tu0/MW_mixturemu*Ru*T_will_be_found/MW_mixture;
%Vb=((mb/MW_burned)*Tb1*V1)/((mu/MW_mixture)*Tu1+(mb/MW_burned)*T
b1);
mu
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Vu=V1*(MW_burned*Tu1*mu)/((mb*Tb1*MW_mixture)+(MW_burned*Tu1*mu)
);
%P1=(mb/MW_burned)*Ru*Tb1/Vb
P1=(mu/MW_mixture)*Ru*Tu1/Vu;
Volume(i)=Vu;
heat_generated(i)=Qheat;
heat_loss_u(i)=calculate_wall_area(t(i),rpm)*convective_heat_coefficient_u*(Tu1Tw)*dt*Vu/V1;
heat_loss_b(i)=calculate_wall_area(t(i),rpm)*convective_heat_coefficient_b*(Tb1Tw)*dt*(V1-Vu)/V1;
i
end
toc;
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APPEXDIX G
SOURCE CODE of PIC16F877A BASED BLDC DRIVER CONTROLLER
#include "C:\D\calismalar\pic\PIC16F877A\bldc_surucu\pwm_adc2\main.h"
#use fast_io(b)
#use fast_io(d)
#use fast_io(e)
int1 sensor_A,sensor_B,sensor_C,start_stop;
int1 P=0;
int1 Q=0;
int sayac=0;
int periyot=30;
int bilgi_3;
unsigned long int bilgi,bilgi_2; //
float voltaj,voltaj_2;
#INT_AD
void ADC_Kesmesi ( )
{
}
void main()
{
port_b_pullups(TRUE);
setup_adc(adc_clock_div_2);
setup_adc_ports(ALL_ANALOG);
enable_interrupts(INT_AD);
enable_interrupts(GLOBAL);
setup_psp(PSP_DISABLED);
setup_spi(SPI_SS_DISABLED);
setup_timer_0(RTCC_INTERNAL|RTCC_DIV_1);
setup_timer_1(T1_DISABLED);
//setup_timer_2(T2_DISABLED,0,1);
setup_comparator(NC_NC_NC_NC);
setup_vref(FALSE);
set_tris_b(0x00);
set_tris_d(0xFF);
set_tris_c(0xBB);
set_tris_e(0x0F); // E portu komple giriş
// TODO: USER CODE!!
output_bit(PIN_B0,0); //Phase B low side
output_bit(PIN_B1,0); //Phase B high side
output_bit(PIN_B2,0); //Phase A low side
output_bit(PIN_B3,0); //Phase B low side ' not used !!!
output_bit(PIN_B4,0); //Phase C low side
output_bit(PIN_B5,0); //Phase A high side
output_bit(PIN_B6,0); //Phase B high side ' not used !!!
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output_bit(PIN_B7,0); //Phase C high side
setup_ccp1(CCP_PWM);
//setup_timer_2(T2_DIV_BY_1,255,1);
setup_timer_2(T2_DIV_BY_4,127,1);
periyot=30;
While(TRUE)
{
start_stop=input(PIN_D7);
if(start_stop==0)
{
delay_ms(10);
if(input(PIN_D7)==0)
{
P=1;
output_bit(PIN_B3,1);
}
}
else
{
//output_bit(PIN_B3,0);
}
While(start_stop==0)
{
sensor_A=input(PIN_D4);
sensor_B=input(PIN_D5);
sensor_C=input(PIN_D6);
start_stop=input(PIN_D7);
//Step#1
if((sensor_A==1)&&(sensor_B==0)&&(sensor_C==0))
{
if(sayac!=1)
{
output_bit(PIN_B4,0);
output_bit(PIN_B1,0);
output_bit(PIN_B2,0);
output_bit(PIN_B5,0);
delay_us(5);
output_bit(PIN_B7,1);
output_bit(PIN_B0,1);
}
sayac=1;
}
//Step#2
else if((sensor_A==1)&&(sensor_B==0)&&(sensor_C==1))
{
if(sayac!=2)
{
output_bit(PIN_B4,0);
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output_bit(PIN_B1,0);
output_bit(PIN_B5,0);
output_bit(PIN_B7,1);
output_bit(PIN_B2,1);
delay_us(5);
output_bit(PIN_B0,0);
}
sayac=2;
}
//Step#3
else if((sensor_A==0)&&(sensor_B==0)&&(sensor_C==1))
{
if(sayac!=3)
{
output_bit(PIN_B4,0);
output_bit(PIN_B0,0);
output_bit(PIN_B5,0);
output_bit(PIN_B2,1);
output_bit(PIN_B7,0);
delay_us(5);
output_bit(PIN_B1,1);
}
sayac=3;
}
//Step#4
else if((sensor_A==0)&&(sensor_B==1)&&(sensor_C==1))
{
if(sayac!=4)
{
output_bit(PIN_B7,0);
output_bit(PIN_B0,0);
output_bit(PIN_B5,0);
output_bit(PIN_B1,1);
output_bit(PIN_B4,1);
delay_us(5);
output_bit(PIN_B2,0);
}
sayac=4;
}
//Step#5
else if((sensor_A==0)&&(sensor_B==1)&&(sensor_C==0))
{
if(sayac!=5)
{
output_bit(PIN_B7,0);
output_bit(PIN_B2,0);
output_bit(PIN_B0,0);
output_bit(PIN_B4,1);
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output_bit(PIN_B1,0);
delay_us(5);
output_bit(PIN_B5,1);
}
sayac=5;
}
//Step#6
else if ((sensor_A==1)&&(sensor_B==1)&&(sensor_C==0))
{
if(sayac!=6)
{
output_bit(PIN_B7,0);
output_bit(PIN_B1,0);
output_bit(PIN_B2,0);
output_bit(PIN_B5,1);
output_bit(PIN_B0,1);
delay_us(5);
output_bit(PIN_B4,0);
output_bit(PIN_B6,1); //used to measure ADC duration
set_adc_channel(5);
delay_us(20);
bilgi=read_adc();
voltaj=0.004887585533*bilgi;
set_adc_channel(6);
delay_us(20);
bilgi_2=read_adc();
voltaj_2=0.004887585533*bilgi_2;
//3.25 volts is the maximum output of the current transducer
bilgi_3=bilgi_2/4;
if((voltaj<=3.25)&&(bilgi_3>=periyot))
{
periyot=periyot+2; //son adımdan sonra periyot artsın
}
else if((voltaj>=3.25)||(bilgi_3<=periyot))
{
if(voltaj>=4.0)
{
periyot=periyot-10;
if(periyot<=10)
{
periyot=10;
}
}
else
{
periyot=periyot-5;
if(periyot<=10)
{
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periyot=10;
}
}
}
else
{
periyot=periyot-10;
if(periyot<=10)
{
periyot=10;
}
}
if(periyot>=250)
{
periyot=250;
}
}
sayac=6;
}
else
{
}
set_pwm1_duty(periyot);
output_bit(PIN_B6,0); //used to measure ADC durationu
}
//
if(P==1)
{
While(periyot>=25)
{
output_bit(PIN_B6,1);
sensor_A=input(PIN_D4);
sensor_B=input(PIN_D5);
sensor_C=input(PIN_D6);
//Step#1
if((sensor_A==1)&&(sensor_B==0)&&(sensor_C==0))
{
if(sayac!=1)
{
output_bit(PIN_B4,0);
output_bit(PIN_B1,0);
output_bit(PIN_B2,0);
output_bit(PIN_B5,0);
delay_us(5);
output_bit(PIN_B7,1);
output_bit(PIN_B0,1);
}
sayac=1;
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}
//Step#2
else if((sensor_A==1)&&(sensor_B==0)&&(sensor_C==1))
{
if(sayac!=2)
{
output_bit(PIN_B4,0);
output_bit(PIN_B1,0);
output_bit(PIN_B5,0);
output_bit(PIN_B7,1);
output_bit(PIN_B2,1);
delay_us(5);
output_bit(PIN_B0,0);
}
sayac=2;
}
//Step#3
else if((sensor_A==0)&&(sensor_B==0)&&(sensor_C==1))
{
if(sayac!=3)
{
output_bit(PIN_B4,0);
output_bit(PIN_B0,0);
output_bit(PIN_B5,0);
output_bit(PIN_B2,1);
output_bit(PIN_B7,0);
delay_us(5);
output_bit(PIN_B1,1);
}
sayac=3;
}
//Step#4
else if((sensor_A==0)&&(sensor_B==1)&&(sensor_C==1))
{
if(sayac!=4)
{
output_bit(PIN_B7,0);
output_bit(PIN_B0,0);
output_bit(PIN_B5,0);
output_bit(PIN_B1,1);
output_bit(PIN_B4,1);
delay_us(5);
output_bit(PIN_B2,0);
}
sayac=4;
}
//Step#5
else if((sensor_A==0)&&(sensor_B==1)&&(sensor_C==0))
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{
if(sayac!=5)
{
output_bit(PIN_B7,0);
output_bit(PIN_B2,0);
output_bit(PIN_B0,0);
output_bit(PIN_B4,1);
output_bit(PIN_B1,0);
delay_us(5);
output_bit(PIN_B5,1);
}
5
C:\D\calismalar\pic\PIC16F877A\bldc_surucu\pwm_adc2\pwm_adc.c
sayac=5;
}
//Step#6
else if ((sensor_A==1)&&(sensor_B==1)&&(sensor_C==0))
{
if(sayac!=6)
{
output_bit(PIN_B7,0);
output_bit(PIN_B1,0);
output_bit(PIN_B2,0);
output_bit(PIN_B5,1);
output_bit(PIN_B0,1);
delay_us(5);
output_bit(PIN_B4,0);
periyot=periyot-20;
if(periyot<=10)
{
periyot=10;
}
}
sayac=6;
}
else
{
}
set_pwm1_duty(periyot);
}
//to stop the motor
output_bit(PIN_B0,0); //Phase B low side
output_bit(PIN_B1,0); //Phase B high side
output_bit(PIN_B2,0); //Phase A low side
output_bit(PIN_B3,0); //Phase B low side ' not used!!!
output_bit(PIN_B4,0); //Phase C low side
output_bit(PIN_B5,0); //Phase A high side
output_bit(PIN_B6,0); //Phase B high side ' not used!!!
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output_bit(PIN_B7,0); //Phase C high side
P=0;
output_bit(PIN_B6,0); //to check whether the code enters into the loop or not
}
}
}
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APPEXDIX H
EXCEL SHEET TO CALCULATE LORENTZ FORCE AND INDUCED
BACK EMF
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APPEXDIX I
MAGNETIC FIELD OF N35 NEODYMIUM MAGNET(Ø20 mm,
thickness=5mm)
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