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CONTROL OF SEPARATION
CLUTCH SYSTEM FOR CLUTCH CLOSING

SUMMARY

Transportation is an essential subject in the modern world. For years, internal
combustion engine-based vehicles dominated the industry. With advancing
technologies, more and more vehicles became available to people; thus, resulted in
some issues. Increasing doubt about oil supply renewability, expectations of better fuel
economy and growing concerns for the environmental effect of carbon and nitrogen
waste emissions resulting primarily from internal combustion engines have driven the
industry to alternate approaches. Although there are several alternative ideas for these
issues, hybrid electric vehicles have been focused and become more popular in the
world in recent years.

Although there are several perspectives for classifying the hybrid electrical vehicles,
they can be grouped into series hybrid and parallel hybrid, and more complex ones with
combinations of these. In the series hybrid, the electric motor is the only torque source
for driving the vehicle. In contrast, the internal combustion engine is used to charge
the battery only and is not connected to wheels by a mechanical link. On the other
hand, in a parallel hybrid, both engine and electric motor can be used as torque sources
for vehicles. There are various configurations in terms of power structure with the
opportunity of driving modes. Parallel hybrid structures can be classified depending
on the electrification capabilities of the vehicle, such as micro-hybrid, mild hybrid,
and full hybrid. In a general representation of parallel hybrid vehicles, there are various
driving modes such as electric-only mode, internal combustion mode only, boost. Also,
in parallel hybrid vehicles, there are various types of hybrid powertrain structures. One
of the most common ones is the P2 hybrid vehicle, which is a parallel hybrid structure.
In this type, the electric motor and internal combustion engine are separated via a
separation clutch, and it is essential to control this clutch during engaging since it
connects the two traction sources of the vehicle.

The thesis aims to provide a theoretical solution to the real-time practical
problem, particularly for P2 hybrid vehicle systems, the separation clutch closing
control. Classical control methods such as proportional-integral-derivative (PID),
proportional-integral proportional-derivative PI-PD, optimal control methods such as
linear quadratic regulator (LQR), LQR with known disturbances, and model predictive
control methods are applied for control of the system.

Initially, the mathematical system model is examined, and the state-space model is
determined by separating the system from other parts (e.g., engine and electric motor)
of the powertrain and considering it as a single unit. Then, a classical PID controller
is used for control of the system. After that, a PI-PD controller, which is a more

xxi



sophisticated method, is used in the system to solve the overshoot issue and provide
more comprehensive control possibilities using the PI-PD due to its advantages over
PID. By analyzing the results, it is deduced that the performance of PI-PD controller
is better over classical PID in terms of overshoot in system response.

A state-space model empowers the controller designer to use optimal control methods.
So, control of the system is performed via an LQR controller, which has a static
controller structure. The disturbances (input and output torque changes) for the system
can be measured via sensors or calculated by other control units. Thus, considering
disturbances as known features for the system, LQR with known disturbances
structure is used for control of the system. The LQR with known disturbances
outperformed the classical LQR considering system response with the additional
information. Additionally, LQR with known disturbance is relatively robust according
to simulations with the dynamic system model during operation.

After that, a classical MPC controller is designed for a nominal system with known
disturbances structure similar to the LQR approach. The multi-MPC structure is also
implemented for control of the system for dynamic model changes during operation
since the MPC algorithm highly depends on the accuracy of the model. For providing
a more realistic approach, system feedback information is obtained from a Kalman
filter.

The system responses with PI-PD controller, LQR with known disturbances, and
multi-MPC structures are compared in terms of the determined performance index
and controller cost. LQR and MPC structures are implemented with Kalman filter in
simulations. PI-PD can only control the slip speed due to the single input-single output
control structure, which makes it harder to control two outputs of the system. Hence
it has the worst system response in terms of the performance index. The system with
the Multi-MPC controller has the best result considering the performance index while
LQR with known disturbances, whereas the LQR controller performance, is between
these two methods.

Considering the separation clutch system as a compact unit is one of the benefits
of this study. Most control approaches of clutch closing algorithms try to control
other elements in powertrain together. Unlike most studies and applications in the
industry, the system in this study is considered as independent from other elements
of the powertrain system, such as electric motor, engine, and transmission in control
perspective.

The solution for controlling the system is provided with different control methods
using classical and more sophisticated structures. Moreover, the real-time aspects of
the system, such as feedback for the controller and dynamic model changes during
operation, are also considered for simulating the controllers to provide more suitable
solutions for practical problems.

Xxii



DEBRIYAJ KAPATMA SIRASINDA
AYIRICI DEBRIYAJ KONTROLU

OZET

Ulagim, modern diinya i¢in onemli bir konudur. Yillardir, icten yanmali motorlu
araclar sektore hakim olmustur. Gelisen teknolojiler sayesinde giderek daha fazla arag
insanlar tarafindan kullanilabilir hale geldi. Bunun sonucu olarak bazi problemler de
ortaya ¢ikti. Petrol arzinin yenilenebilirli§i konusunda artan siiphe, daha iyi yakit
ekonomisi beklentileri ve Ozellikle icten yanmali motorlardan kaynaklanan karbon
ve azot atif1 emisyonlarinin ¢evresel etkileri konusunda artan endiseler, otomotiv
sektoriinlin alternatif yaklagimlara yonelmesine sebep olmustur. Her ne kadar bu
konular1 ¢ozmek icin farkli bircok alternatif fikir bulunmus ve calisilmis olsa da,
hibrit elektrikli araclara odaklanildi. Boylece hibrit araglar son yillarda diinyada daha
popiiler hale geldi.

Hibrit elektrikli araglarin siniflandirilmast i¢in bir¢ok perspektif olmasina ragmen,
bunlar seri hibrit, paralel hibrit ve bunlarin kombinasyonlar: ile anlatilabilecek daha
karmagik olanlar olarak gruplandirilabilir. Seri hibrit araclarda elektrik motor, araci
stirmek icin tek tork kaynagi iken icten yanmali motor yalnizca bataryay1 sarj etmek
icin kullanilir ve mekanik bir baglant1 ile tekerleklere baglanmaz. Ote yandan,
paralel hibrit araglarda, hem icten yanmali motor hem de elektrik motoru arac
icin tork kaynagi olarak kullanilabilir. Bununla birlikte ¢esitli gii¢ aktarma organi
yapilandirmalari ile farkl: siirlis modlarina olanak taninmis olur. Paralel hibrit araglar,
aracin elektrifikasyon ozelliklerine bagh olarak mikro hibrit, hafif hibrit ve tam hibrit
gibi simiflandirilabilir. Genel olarak paralel hibrit araclarda, sadece elektrikli mod,
sadece icten yanmali mod, takviye modu gibi cesitli siiriis modlar1 vardir. Ayrica
bu araglarda cesitli hibrit gii¢ aktarma yapilandirmalart vardir. En yaygin olanlardan
biri, paralel bir hibrit yap1 olan P2 hibrit aracidir. Bu tipte, elektrik motoru ve igten
yanmali motor bir ayirma kavramasi ile ayrilir ve aracin iki ¢ekis kaynagini bagladig
icin kavrama sirasinda bu kavramanin kontrol edilmesi 6nemlidir.

Bu tez calismasinda, ger¢cek zamanli pratik bir problem olan P2 tipi hibrit arag
sistemlerinde elektrik motor ve i¢ten yanmali motor arasinda bulunan ayirici debriyaj
sisteminin kapatma kontroliine teorik bir ¢6ziim sunmak amaclanmistir. Yapilan
calismada, ayirici debriyaj sisteminin kapatma sirasindaki kontrolii i¢in Oncelikle
birer klasik kontrol yontemi olan oransal-integral-tiirevsel denetleyici (PID) ve
oransal-integral oransal-tiirevsel denetleyici (PI-PD) kontrol yapilari kullanilmistir.
Bundan sonra, bir optimal kontrol yontemi olan standart yapidaki dogrusal kuadratik
regiilator (LQR) ve daha sonrasinda bu yonteme ek olarak 6l¢iilebilir bozucu yapisina
sahip LQR kullanilmistir. Son olarak, sisteme farkli bir optimal kontrol yontemi olan
model ongoriilii kontrolcii yapisi da uygulanmistir.
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Ik olarak, ayiric1 debriyaj sistemi aragtaki diger gii¢ aktarma organlarindan (6rnegin
icten yanmal1 motor ve elektrik motoru) ayr1 bir {inite olarak diisiiniilmiistiir. Daha
sonra bu fiziksel sistemin matematik sistem modeli incelenmis ve durum-uzay modeli
elde edilmistir.  Ardindan, sistem durum uzay modelinden elde edilen transfer
fonksiyonu kullanilarak klasik bir PID kontrolorii ile kontrol edilmistir. Sonrasinda,
PID kontrol kullanilmis sistem cevabi sonuglarinda ortaya cikan asim sorununu
cozmek ve daha kapsamli kontrol olanaklar1 saglamak i¢in PID yontemine gore farkl
avantajlar1 olan ve daha gelismis bir kontrol yapisina sahip olan PI-PD kontrolor,
sistemin kontrolii icin kullanilmigtir.  Sistem cevaplar1 analiz edildiginde PI-PD
kontroloriin klasik PID’ye gbre asim problemlerini ¢ozmede daha basarili oldugu
gbzlemlenmistir.

Bir fiziksel sistem kontrolil icin sistemin durum-uzay matematiksel modeline sahip
olmak, kontrolor tasarimcisina optimal kontrol yontemlerini kullanabilme olanagi
tanir. Bu sebeple, sistemin kontrolii, statik bir kontrolor yapisina sahip olan LQR
kontrol ile gergeklestirilmistir. Sistemin matematik modeline gore ilk basta bozucu
olarak kabul edilen sinyaller (giris saftindaki tork degisimi ve ¢ikis saftindaki tork
degisimi), aslinda sensorler tizerinden Ol¢iilebilir veya diger kontrol {initeleri tarafindan
hesaplanabilir. Bu sebeple, klasik LQR yapisindan hareket ile bu bozucu sinyaller
sistem i¢in Olciilebilir bozucular olarak kabul edilerek 6l¢iilebilir bozucu yapisina sahip
LQR kontrolérii sistem icin kullanilmustir. Olgiilebilir bozucu yapisina sahip LQR,
kulland1g1 bozucu sinyal bilgileriyle klasik LQR ile kontrol edilen sisteme kiyasla
daha iyi sonuglar gostermistir. Diger bir deyisle oOlciilebilir bozucu yapisina sahip
LQR, klasik LQR yapisindan daha iyi performans gostermistir. Ayrica, benzetim
sonuglarina gore ol¢iilebilir bozucu yapisina sahip LQR’1n ¢ok biiyiik dinamik sistem
modeli degisikleri olmadik¢a dayanikli bir yapiya sahip oldugu da gézlemlenmistir.

Daha sonra, sistemin kontrolii i¢in klasik bir model Ongoriilii kontrolcii, LQR
yontemindekine benzer bir sekilde, Olciilebilir bozucu yapisina sahip olarak
tasarlanmistir.  Ayirict debriyaj sisteminde calisma sirasinda sistemin parametreleri
dinamik olarak degistiginden sistemin matematiksel modelinin de degistigi goz 6niinde
bulundurulmustur. Model 6ngoriilii kontrolcii algoritmas: biiyiik 6l¢iide matematiksel
modelin fiziksel sistemi dogru bir sekilde ifade etmesine baghdir. Bu yiizden bu sistem
dinamiklerine kars1 daha gelismis bir yap1 olan ¢oklu model 6ngoriilii kontrolcii yapisi
dinamik sistemin kontrolii i¢in de uygulanmistir. Buna ek olarak, sistemde bir Kalman
filtresi uygulanmigtir. Buradaki amac, gergek sistem dinamiklerine karst daha uygun
bir yaklagim saglayarak sistem geri bildirimini bu filtreden elde etmektir.

Son olarak, sistemin kontrolii i¢in kullanilan yapilardan PI-PD kontrolorii, dlciilebilir
bozucu yapisina sahip LQR ve coklu model 6ngoriilii kontrolcii yapilarina sahip
sistem yanitlar1 karsilastirilarak bu yontemler arasinda bir degerlendirme yapilmistir.
Kontrol yontemlerinin kargilastirilmasi icin sistem yanitlarina bagli hesaplanan bir
performans endeksi ve kontrolcii ¢iktilarina bagli hesaplanan bir kontrolor maliyeti
g6z 6niinde bulundurulmustur. Olgiilebilir bozucu yapisina sahip LQR ve coklu model
ongoriilii kontrolcii yapilarinin benzetimleri i¢in sistemin gercek dinamik 6zelliklerine
kars1 bir ¢oziim olarak sunulan Kalman filtresi kullanilmigtir. PI-PD kontrolcii, tek
girig-tek c¢ikis kontrol yapisina sahip olmasi sebebiyle sadece kayma hizini kontrol
edebilir; bu da sistemin iki ¢ikigini kontrol etmeyi zorlastirir. Dolayisiyla, performans
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endeksi acisindan en kotii sistem yanitina PI-PD sistem cevabi sahiptir. Coklu model
ongoriilii kontrolore sahip sistem sonucu performans endeksi dikkate alindiginda en iyi
sonuca sahipken, ol¢iilebilir bozucu yapisina sahip LQR’1n kullanildig1 sistem sonucu
performansi de8eri diger iki yontem arasinda elde edilmistir.

Ayirict debriyaj sistemini kompakt bir iinite olarak ele alarak aractaki diger giic
aktarim organlarindan bagimsiz olarak analiz etmek bu calismanin faydalarindan
biridir. Ayirict debriyaj kapatma algoritmalarinin ¢ogu, giic aktarim sistemlerindeki
diger elemanlar1 birlikte kontrol etmeye calisir. Endiistride yapilan ¢ogu calisma ve
uygulamanin aksine, bu ¢alismadaki sistem, elektrik motoru, icten yanmali motor ve
sanziman gibi gii¢ aktarma sisteminin diger elemanlarindan bagimsiz olarak kabul
edilmigstir. Bu diger yapilarin etkileri de incelenen sistem icin birer bozucu olarak
kabul edilmigtir.

Sistemin kontroliine yonelik ¢6ziim icin Once klasik sonra da daha karmagik yapilar
kullanilarak farkli kontrol yontemleri ele alinmigtir.  Ayrica, kontroldrler igin
geri bildirim mekanizmasi i¢in gercek zamanli sistemin geri bildirimi sirasindaki
kisitlamalar ve sitemin calismasi sirasinda olusan dinamik model degisiklikleri de
gz Oniine alinarak farkli yapilar diistiniilmiistiir. Boylece kullanilan yontemlerde,
benzetim yapilirken gercek zamanli sistemde olusabilecek problemler i¢in daha uygun
coziimler oraya konulmaya calisilmistir.
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1. INTRODUCTION

1.1 Introduction and Aim of Thesis

In recent years, electric motors are preferred to be used together with internal
combustion engines in the vehicle industry. As a result, usage and investment on hybrid
vehicles are increased due to their advantages over vehicles with petrol-based engines
in terms of fuel consumption, overall efficiency, and overall carbon oxides (CO,CO5)
emissions. However, their nontraditional powertrain structures make the production of
hybrid vehicles a challenging task for the suppliers in terms of control and calibration

processes.

There are several structures in hybrid vehicles, such as serial, parallel, and power split.
One of the parallel structures in parallel hybrid structures is P2 type, which has two
torque sources (engine and electric motor) in the same shaft before transmission and
separated with a separation clutch [2]. One of the challenging problems in this structure
is controlling the clutch closing sequence/process of the separation clutch between the

engine and the electric motor in parallel hybrid vehicles.

Although the control of the hybrid system components such as the engine, e-motor, and
transmission are well studied in the literature [8—11], the studies focusing particularly
on separation clutch control are not very common. In industry, the control of different
hybrid components is performed by separate control units (e.g., engine control unit
(ECU), motor control unit (MCU), transmission control unit (TCU)). This has many
advantages such as better management of work split for manufacturers, buying the
components as modular packages with dedicated control software, and keeping the

teams separate for development.



Separating development teams is an essential aspect of automotive since it increases
the effectiveness of the distribution of specialists in particular areas. Additionally, it

enables manufacturers to be able to hire different companies for software support.

Although the control of this system might be embedded into one control unit rather than
have a separate module, the control of the system is separated as a concept. In industry,
it is managed by rule-based control algorithms or algorithms together with classical
concepts (e.g., reference tracking [12, 13]) and the calibration of these algorithms for

use cases determined for the application in particular vehicle structures [14, 15].

Thus, this paper aims to provide a theoretical solution for a practical problem, namely
control of the separation clutch closing process, by considering the application of the
control unit’s modularity. To this end, the process is decided to controlled by using the
well-known classical and more advanced control theories for implementing only with

system inputs and outputs.

First, the physical model of the separation clutch system during slipping is examined
for finding a mathematical model for using the control theories. Then, the system is
controlled by well-studied control methods such as PID, LQR, and MPC. Moreover,
some further developments (PIPD, LQR with known disturbances, and Multi-MPC)
are implemented to control the system more efficiently and make the structures more
suitable for real-time applications. After that, the results are compared in terms of

performance and control cost.



2. HYBRID VEHICLES AND POWERTRAIN STRUCTURE

2.1 Hybrid Vehicle Structure

Transportation technologies have great importance in the world these days. Internal
combustion engines are used as torque sources for the road vehicles for most of
the time [16]. The fuel types for the internal combustion engines are primarily are
based on oil products such as gasoline, diesel, and natural gases. However, due to
the concerns regarding oil supply renewability, fuel economy, and the environmental
problems based on emissions of carbon and nitrogen combustion waste, the vehicle
industry is focused on alternative approaches such as hybrid electric vehicles (HEV)

in recent years [1,17,18].

There are numerous types of hybrid electric vehicles in terms of powertrain structure.
In HEVs, the internal combustion engine (ICE) and electric motor/generator (EM) are
used as torque sources in different configurations. There might be different approaches
for naming these structures/configurations in the industry, but generically, they can be
grouped as series hybrid and parallel hybrid [19].In a series hybrid, the ICE is used as
a generator for extending the driving range in the system. The torque from ICE is used
only to generate electricity to the battery, not used to drive the vehicle itself [19]. While
series hybrid vehicle system is more comfortable to control and capable of capturing
electricity during braking or slowing down, there are some disadvantages in production
since it should include a large battery pack and additional generator in the system only
for ICE part [19,20]. In a parallel hybrid, both engine and motor can be used as traction
sources for providing torque to the wheel to drive the vehicle [21]. In a parallel hybrid,

the ICE and EM can be used in different configurations in different hybrid modes [19]:

e Electric motor can be used for regenerative braking for charging the battery



EM/G

Battery R

A\ HiRInIN

- =~ ICE ]— C

Figure 2.1: General representation of hybrid vehicle powertrain [1].

e Only EM or only ICE can be used for traction source for the vehicle (EM only &
ICE only modes)

e Both EM and ICE can be used for driving the vehicle (Boost mode)

e ICE can be used for driving and charging at the same time while EM is acting as a

generator in the system

In all these applications or while the operation modes are changing, it is essential to be
able to split these two sources from each other with clutches [22]. Another common
HEVs structure type is a series-parallel hybrid that joins together the aspects of both
series and parallel hybrid HEVs by adding a new mechanical link for a series hybrid
approach and adding a new generator compared to the parallel hybrid [19]. In this
type, both series path and parallel path can be used with both EM and ICE. Therefore

it brings opportunities for more complex but elaborative control strategies [23].

In terms of electrification of the vehicle (or other words, the function of EM), the
parallel HEVs, can be classified into different groups, as in Fig.2.2. Although the
classification is also depending on the exact power, voltage capabilities of electric
motors and efficiency of the vehicles, the descriptions may not match the products

in the industry due to different approaches by companies through years and different



classification conditions by the studies. Therefore, in this study, the descriptions
are given in a way for more fundamental understanding without the vehicle/electric
motor’s exact properties by analyzing [2, 19]. Micro hybrid is the most essential and
economical type where the electric motor can only provide a small torque. The EM
is essentially a starter/alternator in the vehicle responsible for the stop-start function.
Mild hybrid is the next step in electrification, which provides an electric motor with
more torque capabilities. The EM is responsible for assisting the ICE during driving
additional to stop-start functions and even capable of regenerative braking. Compared
to mild HEVs, the full (strong) hybrid vehicles have an electric motor that can generate
enough traction to drive the vehicle on its own additional to mild HEVs capabilities.
Together with these classifications, there are numerous structures defined for parallel

HEVs according to powertrain positioning of the hybrid components. Different

O

Figure 2.2: Parallel hybrid vehicle powertrain structures [2].

positioning of the components is limiting or enabling the HEVs to perform some
capabilities. For example, the type-a and type-b, only EM hybrid mode (electric drive),
are not possible, whereas, in the following types, EM can be separated from ICE and
drive the vehicle. Also, in type-e, the torque sources are entirely separated, and they are
not in the same shaft. Thus, the structure allows for more functional capabilities. In this
study, the type-c parallel HEVs structure (P2 HEVs) is focused on in which the ICE and
EM are connected through a clutch. This clutch is called a “separation clutch” in the
industry. In industry, the clutch closing sequence is controlled by rule-based algorithms
which are generally implemented via lookup tables, rule-based on/off conditions are

torque/pressure requests [1].






3. MODELING AND CONTROL APPROACH OF THE CLUTCH

3.1 Mathematical Model

The separation clutch connects two torque sources in the system which are ICE and
EM. In general, the control of the vehicle is separated into parts for separating the tasks
and handling vehicle software implementation. Thus, the hybrid control unit (HCU)
is controlling these two components. The torque requests and operating modes are
determined by HCU software. Then, the engine control unit (ECU) and motor control
unit (MCU) is responsible for providing these torque requests. Therefore, in this study,
the internal behavior of the components is left out of scope. Then, the separation
clutch model is simplified as 2 inertia/ masses connected with 2 friction plates. In both
base/input and follower/output shaft, there is a torque source represented with inertia
and torque. The clutch model used for this study couples the rotary input and output

shafts through an idealized friction model.

—

Battery in e

I
I:]— Gearbox m=s  Motor {P Engine -

Clutch

—

Figure 3.1: Classical friction clutch model representation [3,4].

The clutch has three operation modes in reality which are “open”, “closed (or
engaged)” and “slip (unlocked)”. The open status is generally described when there
is no torque transfer between 2 plates and friction surfaces are not touching to each
other, so the clutch is not operating. The closed (or engaged) status when the plates are
coupled and the torque from the input shaft to the output shaft is transferred with the

constraint that the clutch torque is smaller than static friction torque [24]. In slip (or

7



unlocked) state, the system has two degrees of freedom while the friction plate speeds
are different and rub each other (slipping). The power is lost as the amount of the

product of kinetic friction torque and slip speed velocity [25].

In the closed (engaged) state, the clutch plates stuck to each other and they are turning
in the same speed @; = @, and there is no loss due to kinetic frictions. So, the torque

transfer is provided by static friction torque and the model can be written as:
d)i(-]() +Jl) = T()_wi(bi"i_b())"f’Ti (31)

Since the aim is to control the clutch during the closing process, the slip state of the
clutch is considered only. In slipping, two rotational degrees of freedom are separated
as shown in Fig.3.1. The friction torque is acting as a negative effect for input shaft
whereas it acts as a positive effect in output shaft (input and output can be vise-versa
since the clutch is bidirectional). Thus the equations of motion are as follows where
®; is input shaft speed,®, is output shaft speed, 7; and 7T, are input and output shaft
torques, 7T is friction torque and b; and b, are input and output shaft damping ratios

[26].

0iJ; =T; — Ty + w;b; (3.2)
Wodo =T, + Tf + Wyb, (3.3)

The difference between input and output shaft speeds is defined as slip speed (@y;p).
The friction torque is calculated based on viscous drag coefficient(u), the kinetic
friction coefficient between clutch discs (ki) which is a function of @y;,, the clutch
de-rating the factor which accounts clutch wear (D), the number of friction surfaces
(Naisc), the effective torque radius (r.sy), the applied clutch pressure (F.), and the
surface area (A), the engagement pressure (P.g). If applied clutch pressure is above
engagement pressure, the clutch becomes engaged. The coefficients for the nominal
system is given as in Table 3.1. The friction torque is calculated as in equation 3.4 and
rewritten as in equation 3.5 by combining constant variables in Cy [4].
Ty = U@, ip + NyiscPeref pAkiD

(3.4)
P = max(Pe — Puygq,0)

Tf = U Qsip +CoPe (3.5)
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Table 3.1: System parameters.

Parameter Value
ki 0.3
D 1
Naise 2
Teff 130
A 0.001
Ji 0.25
Jo 0.1

The viscous damping in input and output shafts (b; and b,)) are considered as zero since

shafts are considered as rigid.

With the aim of smooth torque transfer between plates, it is expected that the jerking
feeling over driver will reduce and driving efficiency will be increased. Then the @y;,
and @y;, are decided to be controlled. Therefore, some manipulations in equations of

motion are needed.

3.1.1 State space model form

The derivative of equation 3.2 and 3.3 are taken and the first equation is multiplied
with J, while the second one is multiplied with J;. Then, the resulting first equation is

subtracted from the second equation then result can be seen below.

Jodi(@, — ;) = —Tidp + Tpdi + (Ji + T, ) (@ — @) + (J; +J,)CoP (3.6)

Ji+J,

Then, the equation 3.6 is divided by J;Jy, the term 7,

is replaced with J,,. Also, at
this point, @, — @; = @y, is determined as a state x1, and the derivative of slip speed
(Dgip = Wp — @;) is determined as a state xp. Thus, X, is the second derivative of slip
speed ((@yip = (@, — @;)). After that, the state-space model of the system can be

written in Equation 3.7.

Xr| 0 1] |x n 0 P
x| Jegt 0] |x2 JeqCo

In this model, input and output torque effects are considered as disturbances. Also,

Jo

0 —7| [T
sl e

it should be considered that the kinetic friction coefficient between clutch discs is a



function of @y;,. [4,27]. So, in simulations, the parameter Cy can be considered as a

non-linear feature of the system.

3.1.2 Controllability and observability analysis

In early examinations of system, if only the input torque is given to the system without
control, the system becomes unstable as expected since this means in reality only
engine torque is available and the clutch is not connected. Thus, the input shaft will
speed up whereas the output shaft will not move, and the slip speed will increase.

Furthermore, the system is examined and seen that it’s observable and controllable.

First, the system is studied for better understanding in terms of controllability and
observability. If a system can be transferred from an initial state x(#p) to a particular
final state in a finite time with the input of unconstrained control vector, that system
is described as controllable at time 7y [28]. The controllability of the system can be
investigated using the controllability matrix below. The system is controllable if only

if the rank of the matrix has full rank [29].
rank ((BABA’B ... A" 'B]) =n (3.8)

If the determination of the output of a system is possible over finite time using the

information initial state x(zy), the system is described to be observable at time 7y [28].

Similarly with controllability, the observability of the system can be checked by
calculating the rank of the observability matrix. The system is observable if the rank

of the matrix has full rank as described in the below equation [29].

C
CA

rank CA? =n 3.9)

C A;l—l
The system is both controllable and observable as calculated. Therefore it has been

seen that using well-studied classical control methods are applicable to the system.
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3.2 Control Strategies

As explained in chapter 2, the hybrid vehicle structures consist of various components
to control and manage during driving. Therefore, the industry has several approaches
to control the system. The approaches may depend on purely the experience in the
field, control theory, computational results, or the combination of these features. The
approaches can be combined into 2 main classes and those can be separated into 2 more
groups. The first strategy group is based on rules while the second group of strategies
is based on optimizations. Thus the two main strategy approaches can be classified
as rule-based and optimization-based methods as can be seen from the Fig.3.2 . The

details will be explained throughout this section.

Predictive State Machine
Adaptive Modified P.F.
Conventional Power Follower

Thermostat Control

A\ Deterministec,

Realdme

Fuzzy RB

RuleBased

OptinmizatiohsBased

Glebal

pfimization \ / Optifimizafion
Linear Programming EFC Minimization
Dynamic Programming Robust Control
Stochastic D.P. Model Predictive
Game Theory Decoupling Control
Genetic Algorithm

Control Theory

Figure 3.2: Control Strategies in hybrid vehicle controls [1].

The rule-based methods are primarily based on the rules defined based on intuition,
heuristics, expert knowledge, or even mathematical models of the systems. They can
be grouped into deterministic rule-based methods and fuzzy rule-based methods [1].
The modeling of most of the real systems is not a correct representation for all cycles

due to non-linearity. Also, rule-based development is beneficial and easy to follow and

11



debug in real-time applications since the rules are determined for each necessary case.

Thus, rule-based approaches are quite crucial in the field.

In deterministic rule-based methods, the rules are generally determined by human
expertise. This knowledge is based on the analysis of particular hybrid power-train by
experts, the efficiency and limitation map from providers for components, performance
goals for the vehicle such as driving comfort, emissions, and sustainability of
the hybrid components (e.g., clutches, engine, electric motor). After the rules
are determined, the control algorithm is generally implemented via software using
deterministic calculations, look-up tables, or even classical control approaches such
as (PI, PID) controllers. Then, the controller outputs are calculated using these

deterministic calculations and feedbacks from the system.

Additional to deterministic rules, fuzzy rule-based methods can be considered
as a reasonable approach for decision making since the hybrid drive-train has
various nonlinear elements such as time-varying plants, dependencies between hybrid
components. The fuzzy rules have two main advantages such as robustness (rules
have tolerance for the imprecision of the measurements and variations of the hybrid
components) and adaptation (the rules of fuzzy logic can be tuned easily according to

necessity) [1].

The second main classification of hybrid control strategies is optimization-based
methods. In this approach, generally, optimal references are determined and tried to
be followed by vehicles in real-time. The references are calculated by minimizing
pre-determined cost functions based on similar aspects described for deterministic
methods. These methods can also be split into two main categories, such as global

optimization methods and real-time optimization.

Global optimization methods try to calculate the optimal performance targets using a
fixed cycle by evaluating future and past demands from vehicle and driver. Since the
cycle is fixed, the calculation will not work if the nature of the cycle or conditions
changes. Also, the computational effort will be much since the calculation is over the

whole cycle, and algorithms aim to find the global optimal point (all possible causes

12



should be checked). Thus this approach is not applicable for real-time applications but

still a proper analysis result against real-time approaches [1].

On the other hand, the real-time optimization methods aim to find the optimal
references in that exact moment and do not need to evaluate the whole cycle.
The optimization calculation is instantaneous, and the algorithm tries to find the
optimal control references by using optimization algorithms and current measurements
from the vehicle. Although these methods are capable of working in real-time
applications, the methods may still require a high computational effort than classical
control methods. They may need a close representation of the physical system in
the mathematical model (e.g., MPC), or the designing process may require more

investment (e.g., robust) [1].

All the classification above is in terms of approaches to control strategies specifically
for hybrid vehicles. Perhaps, the general picture should also be combined with
generic control theory. In control theory, separation can also be made as model-based
methods and rule-based methods. However, this is not directly applicable to hybrid
control strategies. Model-based control can cover some applications in deterministic
rule-based methods such as classical control methods (e.g., PID) and optimal control
methods (e.g., LQR, LQG). These controls depend on the existence of a proper
mathematical model mostly to be designed generally. Also, model-based control is
applicable for real-time optimization methods such as model predictive control which

highly depends on the mathematical model accuracy in real life.

The classifications described in this section are for simplifying the understanding of the
concept. Similarly with “model-based methods,” the direct classification might not be
possible for some cases or a different categorization can be done considering different

standpoint/perspective.

In industry, control of the system is mostly performed by deterministic rule-based
control based on experience in the field by engineers. This control primarily depends
on open-loop control of the system via determined control signals by experiments/tests

and calibration of the control signal in the vehicle by fine-tuning. In this study, the
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mathematical model of the system is determined with the aim of using a model-based

approach to control the system.
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4. CONTROL of the SEPARATION CLUTCH SYSTEM

In the physical model, the main objective of the closing process of the clutch is to
synchronize the input and output shaft speeds, in other words, making slip speed zero.
In this study, using the state-space model, the slip speed and slip speed change rate
is tried to set to zero simultaneously considering @y, is the main effective aspect on
jerk during the clutch closing phase. Firstly, for simulating the control structure with

measured disturbances, the model is reconstructed in equation 4.1.
P
X 0 0 O .
2 0 T LT
o

where the matrix B is reshaped as B for using all system inputs together in calculations.
General representation of the controller with the system in MATLAB /Simulink is

given in figure 4.1.

L Outputs

[
[ 0 0 |-{Ref Control Signal B_tilda Matrix

Multiply

Ref Disturbance IV'\IAu?t(IT))I(y 9 1

w5 s X
A

Controller

Matrix

Multiply

wDot_slip
wDot_slip

Disturbances

Figure 4.1: Simulink structure of the system for simulations.

4.1 Classical Control Methods: PID, PI-PD

Since the system’s mathematical model enables us to use a theoretical model-based

control method, the well-known classical models can be used for controlling the
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system. PID controller is still one of the most common control methods in the industry.
The reasons are its simplicity, effectiveness over different systems under a wide range
of operating conditions, and its control signal calculation algorithm which can be
realized by engineers with current computer technologies [30]. It calculates the control
input for the system by checking the error in the system, the change in the error and

the sum (integral) in error throughout the application.

4.1.1 PID

Proportional integral derivative (PID) controllers and the modified versions of it
constitute a large part of the control methods in the industry [5]. The main reasons for
this are the simple and clear structure, adequate robustness, numerous tuning methods
of the controller, and is one of the most widely studied methods in literature [31].
Therefore, PID control algorithms have a wide range of application areas such as
process control, motor drives, magnetic and optic memories, automotive, flight control,

instrumentation, etc. [32].

PID structure consists of 3 main aspects as described in the name: proportional,
integral, and derivative as it is shown in Fig.4.2 below. Mainly, the controller aims
to provide a control signal depending on the error in the system which is calculated as

the difference between the reference and the actual system response.

/ ([ Proportional ) \
> (P)
K, *e

Control
Input
(u)

Integral

(1)
(e) | KixJedt

~N

Error

v

A 4
+ + +

( Derivative
| o

& )

Figure 4.2: PID controller representation.
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Calculating the control signal (u), the algorithm adds up the error (e) dependent
controller aspects, so the controller equations can be written as below where K, K;
and K; are the proportional, integral and derivative gains for the controller, respectively
[33].

U(s)=C(s)E(s) 4.2)

1
C(S) = Kp + Ki; + Kys 4.3)

There are many analytical and optimal methods for calculating the controller gains in
literature such as pole-placement [34], Nyquist plot approach [35], and stability range
determination for the gains [33]. The further investigation over PID gain determination

is out of the scope of the study.

For using PID, the single input single output (SISO) system transfer function is
calculated by choosing @y, as output and considering input and output torques as

disturbances in Equation 4.4.

Tl B 1.092
P2wgip, — (s2—4.44110-165—2.8)

4.4)

After that, a classical PID structure is implemented, and the system is simulated with

controller activation after 1.5 seconds.

The mathematical model of the system is only valid when the @y;, is different from
zero. If the @y, 18 zero, then the system is engaged, and other parts of the partial model
should be used. Therefore, once the @y, is zero, the control of the system is finalized
according to the current approach in this study through clutch closing control. Thus,
the results are re-shaped by setting the @y;;, and @y, to zero after the synchronization
is completed to prevent confusions. This method is applied to a comparison of the

results throughout the paper.

4.1.2 PI-PD

As it can be seen from Fig.4.3 that the system has an overshoot. For solving this
problem, a further complex method, Proportional integral- proportional derivative

(PI-PD) structure is recommended because it has satisfactory results in the literature
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Figure 4.3: System response with PID controller.

to control unstable systems and to solve overshoot problems especially due to time
delays in the system [5,31,36]. Moreover, the method has advantages to deal with the

uncertainty of the systems over classical PID [32].

In PI-PD the control structure, the system has a PD controller in the internal feedback
loop to locate the open-loop system poles into proper positions for stability while PI
the controller is located on the outer loop of the structure to control the new system

created with PD in the inner loop as shown in Fig.4.4 [5,36].

@]
£
=]
>

h

Figure 4.4: PI-PD system structure representation [5].
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Thus, PI-PD control is implemented for the system, and the system is simulated again
after the parameters of the PI-PD are tuned accordingly. Fig.4.5 shows the differences

between the system responses with PID and PI-PD structures.

Fig.4.5 shows that the overshoot on @y;;), is solved by PI-PD controller with the expense
of ay;,. However, it should be noted that this classical control method is only checking
one aspect of the system which is the slip speed. Then, methodically, it is not correct
to compare the results by checking @y, behavior. In conclusion, with the classical
methods, the system control is simulated with both well-known PID and an improved

structure of PI-PD and as expected PI-PD performed better considering @y, behavior.

1500 T T
wslip-PID
> wslip-PIPD
[0} -
» 1000
S
g
2
= 500 b
=
o | | |
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time [sec]
(b)
2000 [ T T T T T T T T ]
o wslipdot-PID
O wslipdot-PIPD
g 1000 b
ge]
o
= 0 ]
o}
§e]
o
= -1000 7
2
_2000 Il Il Il Il Il Il Il Il Il
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time [sec]

Figure 4.5: System responses with PID and PI-PD controllers, a: @y;,, b: @y;p.
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4.2 Optimal Control Methods: LQR

In this study, the system is tried to be controlled to make the states of the system zero
at the same time. Thus, the control algorithm becomes an optimal control problem.
Also, the system is both controllable and observable, so state-space domain control
methods (e.g., state feedback) apply to the system. Therefore, the linear quadratic
regulator (LQR) method is used as the first method for control since it is one of the

most well-known optimization control methods in the literature.

The optimal control strategies aim to calculate control signals which achieve the
extremum desired performance criteria (cost function or performance index) under
some physical constraints. Being one of the most studied methods, LQR is a unique

form of state feedback control approach.

The LQR algorithm aims to calculate controller gain for the state feedback control
structure which minimizes the cost function depending on weighted system states and
controller output [37—]. The gain is found by LQR algorithm by solving the quadratic

cost function as follows:
J(u) = / (" Qx + u” Ru)d 4.5)
0

where Q is the weighting factor matrix for state errors, and R is the weighting factor
matrix for regulating the controller signal. The weighting matrix Q determines the
importance of the states against each other while the weighting matrix R regulates the
aggressiveness of the controller. In other words, the matrix Q is used for punishing the
errors of the states with a weighting between them and the matrix R is used for limiting
the control signal [38]. For instance, larger R gain will result in a less aggressive

controller which will produce a lower control signal and slower system response.

The optimal state feedback controller gain K by LQR is calculated from the equation
4.6.
K=R'B"P (4.6)
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where P is calculated from the Algebraic Ricatti Equation as shown in the equation

47.
ATP+PA—PBR'BTP+0=0 4.7)

The system is controlled by different LQR weighting parameters to show the

differences in the system in Fig.4.6. According to results, the reduction in R is resulting
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Figure 4.6: System responses with LQR with different weightings, a: @y, b: @y;p.

in a decrease of controller aggressiveness as expected since it is limiting the control
signal. Moreover, the change in the weighting factor for @y, changes the transient
response while also affects the behavior of @y;, (inverse relation). Once @y, is
increased, one of the new system poles(eigenvalues) are placed closer to the origin

that slows down the system, also increase in R or @y, places the poles further away

from the origin.
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4.2.1 A further approach with LQR:Known disturbances

Until this point, the disturbances (input and output torques) are considered as
uncontrolled and unknown aspects. However, for vehicle controls, the torque values of
input and output shafts which are engine and transmission input shaft (or EM) torque
values are generally known and given to the master controller as real-time signals.
They are either measured by sensors or calculated by ECU, MCU, or TCU. Therefore,
these torque signals are determined as measured disturbances for the system since they

are known aspects of the system in real-time applications.

Therefore, a second approach is implemented considering that the disturbances are
known in the system. Then, the effect of disturbances on the system can be removed
by manipulating the control signal. Since the inputs of the system are control signal

P, input and output torque changes 7}, T,, the total system output can be written as in

Equation 4.8 where B:
U
B[2x3] di| = control +B<272) *dj +B(273) *xdy (4.8)
dp

Then, the control signal can be modified as follows for removing the effects of
disturbances.

U*=U — (B(2,2) xd\ + B(2,3) xdy) (4.9)

After calculating the new control signal equation, the control structure is modified in

Simulink environment and the system is simulated. After that, the slip state initial
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Figure 4.7: LQR structure modification with known disturbances.

value is set to 100 whereas T, is given with a ramp to 20 quantization of 1 when

22



T; is always zero and the system is simulated and compared with classical LQR as

shown in Fig.4.8. According to Fig.4.8 , the second approach in the LQR application is
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Figure 4.8: System responses with original LQR and known disturbance LQR, a:
Oyiip, b2 Ogip.

promising a better performance due to the structure with information on disturbances.

It can be noted that, as this approach is modifying the control signal, considering the

U*, if the effect of disturbances increased over the control signal, the effect of the

second approach would be more satisfactory.

4.2.2 LQR robustness

After the results with the new approach, the LQR structure is checked against model
changes. As mentioned in chapter 3, the dynamic friction coefficient is changing
depending on slip speed in the system. For simulations, first, the nominal system
controlled, secondly, the dynamic system with changes, finally the dynamic system
with more major changes (dynamic model 2) are controlled via a nominal LQR control

structure. It has been seen from figure 4.9 the controller cannot control the system if
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the system dynamics(parameters) is changed more than a threshold. So, the initial
LQR controller may not be sufficient to use in all the applications. Thus, the system
analysis should be done before controller design and simulations should be performed
for determining if this static structure of LQR control is capable of controlling the
system. If this approach is not enough, further developments can be done such as a

switching algorithm with multiple LQR controllers which is not part of this study.
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Figure 4.9: Dynamic system responses with LQR.

4.3 Optimal Control Methods: MPC

MPC is also covered in the study due to its popularity in clutch control especially
for transmission systems in automotive applications [24,27]. As described in LQR
section the input and output torque signals are determined as measured disturbances

also for the MPC controller since in real-time applications they are known aspects of

the system.

The system is controlled by an MPC controller by determining the weights of slip

speed and slip speed change. MPC uses an algorithm and plant’s mathematical model
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for calculating the future states of the system and calculates an optimized control signal
using this information and the knowledge of the measured disturbances in this case.
Initially, the weights are determined as 100 for each aspect of slip speed and slip speed

change matching with the aim.

4.3.1 MPC algorithm

The main principle of the MPC algorithm is to use a mathematical model of
the plant to predict the future steps of the system via receding horizon principle
and calculate optimized control signal by solving the quadratic performance index
problem. Unlike most methods, MPC is working with a long-range prediction with
dynamic structure due to predictions over future horizons at each time step and
it has been shown to achieve good performance for the multi-input multi output
systems even with dead-time, non-minimum phase, and slow dynamics [14, 40, 41].
Furthermore, there are several proposed approaches to work with MPC for non-linear

or linear-time-invariant dynamic systems [15,40,42,43].

Fig.4.10 below shows the generic representation of the MPC methodology at time k.
N,, is prediction horizon and N, is the control horizon. To identify the parameters
in more details, prediction horizon N, represents the number of future samples of
the prediction of the system output whereas control horizon represents the number

of samples of the optimal control signal will be calculated with the algorithm [6,40].

Output Setpoint

Predicted Qutput / -

Past Qutput P
Measurements T
—_ Control Action
Past Control J
Action | | Lf
| _'_ I | h'
k K+, ke, Time

. Control Horizon |
I

Figure 4.10: MPC Methodology [6].

1
Prediction Horizon
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MPC algorithm can be used with the state-space model which is explained in more
detail in chapter 3. This model is used for future estimations. The discrete-time
state-space model of the system can be written as in equation 4.10 where A, B, C,

D are the state matrices of the system, and dj is the measurement disturbance [44,45].

X1 = Axy + Buy
(4.10)
Vi = Cxp + Duy +dy,

For the sake of simplicity, D and d; are assumed as zero and the next states are also

written below.

Xi+2 = Aka =+ Buk+1 = A(Axk + Buk) + Buk+1 — Azxk +ABuk +Buk+1 (4.1 1)

Vk+2 = Cxpq1 +Dup +diy 1 = C(Axk —i—Buk) (4.12)

Thus, the general representation of the equation for n number of predictions can be

written as below:
Xipn = A"+ A" Bug+ A" 2Bujyy + -+ ABujy o + Bt
Virn = Cxtpn + Ditgn +diy 1 = CA"x 4+ CA" 'Buy +CA" 2Bug 1+ (4.13)
o+ +CABuy 2+ CBujyn—1
Future states of the system is represented as below for whole prediction horizon (V)
where x(k; + m|k;) is the predicted state at k4 1 time with the information of system
x(k) at k; where Au(k) = u(k) —u(k— 1) [40].
x(k; + 1|k;) = Ax(k;) + BAu(k;)
x(ki +2|k;) = Ax (ki + 1]k;) + BAu(k; + 1)
= A%x(k;) + ABAu(k;) + BAu(k; + 1)
(4.14)
x(ki +2|k;) = ANex (ki + 1|k;) + AN~ BAu(k;)+

AN 2 BAu(ki4-1) -+ AN Ne BAu(k; 4+ N, — 1)
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From calculated states for prediction, the output state predictions can be written as
below:

y(ki + 1|k;) = CAx(k;) + CBAu(k;)

y(ki +2|k;) = CA%x(k;) + CABAu(k;) +CBAu(k; + 1)

(4.15)
y(ki +2|k;) = CANex(k; 4 1|k;) + CAN? ' BAu(k;) + CANr 2 BAu(k; + 1)+
oo CAN ™ NeBAu (ki + N, — 1)

So, future predicted outputs can be reorganized in a compact form for formulation of
MPC algorithm by using notations Y = [y(ki + 1|ki) y(ki +2|ki) y(ki+3|ki)...y(ki+
Nplki)]T and AU = [Au(k;) Au(ki+1) Au(k; +2) ... Au (ki + N, — 1)]T.

Y = Fx(k;) + AU (4.16)
where
[ CA [ CB 0 0 0 |
CA? CAB CB 0 0
F=|CA®|.¢o—| CA’B CAB CB 0 4.17)
_CANP_ |CAY~1B CAM»—2B CANr?B ... CAM»NeB|

After that, the cost function of MPC can be defined in 4.18 similarly with LQR
considering R; as desired outputs of the system where Q and R is the controller tuning

parameter similar to LQR.
J=(Rs—Y)TQ(Ry—Y)+AUTRAU (4.18)

Then, the equation 4.18 can be rewritten again using the substations from equation 4.17
for Y and AU. After that, the problem becomes a QP optimization problem similar
to LQR algorithm and can be solved with QP solvers which is out of scope since

MATLAB MPC toolbox is used for the simulations in Simulink in this study.

4.3.2 Simulation results - MPC

Similarly, with LQR, MPC algorithm is implemented with the assumption that the
disturbances are known. Firstly, the system is controlled by an MPC controller by

determining the weights of @y, and @y;,. Initially, both of the weights are determined
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as 100 for each system state matching with the aim of study. After that, the weights of

the MPC controller are changed in the system and results are plotted as in Fig.4.11. The

a
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g 300 - wslip /w 50-10
gl
g
— 200
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(b)
T T T T T T T T
e wslipdot /w 50-50
9 500 [ wslipdot /w 10-50 | |
K7 wslipdot /w 50-10
gl -
g 0 — .
2
o
£ -500 n
o
=
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Figure 4.11: : System responses with MPC with different weighting, a: @y;,, b: @y;).

first result 1s showing when the weights are taken as same which is 50-50. The second
line is for weight ratio 10-50. Moreover, the last line shows similarly when the weights
are taken 50 and 10 for slip speed and slip speed change, respectively. In simulation,
the slip speed becomes negative however at that point, the speed synchronization
is finished, and the clutch is locked; also, the control application will be finished,
and another operating point is active for the physical system. Thus, the figure only

represents the system response until slip speed reaches zero.

As can be seen from Fig.4.11, the increase in @y;, weighting for @y, weight results
in a slowing down in system response which causes more time to finish speed
synchronization. However, as it can be seen clearly from “50-10 results, the @y;),
is great compared to other applications which will cause a jerk and more feeling to the
driver during speed synchronization. These results can be used as a guide to calibrating

the weights for real-time applications.
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As mentioned in section 3, the real-time system is not static. The kinetic friction
coefficient is changing depending on slip speed. For the MPC method, the plant model
accuracy is the key aspect of the algorithm. If the mathematical model is not matching
with the actual system, the system response might not be as expected according to

calculations of the MPC algorithm.

Therefore, a solution is aimed to be implemented using multiple MPCs. This concept
can be described as gain scheduled MPC. In this application different MPC controllers
are designed to work on different operating points of the system and the switch between

these controllers are done during the execution of the application [15].

To simulate this behavior, the state space system is changed during executions by
changing the matrix B; element depending on friction coefficient is changed using

a look-up table as a function of slip speed as shown in Fig.4.12 and 4.13. After that,

L Outputs
| 0 0 |»{Ref Control Signal X B_dyn Matrix

Multiply

Matri
Ref Disturbance ua;tir;;)l(y <

: A
Controller @

wDot_slip

» =

wDot_slip

Disturbances

Matrix

Multiply

Figure 4.12: Dynamic model of the system depending on slip speed.

multiple MPC controllers are designed by modifying the nominal one by changing the
plant models and the multi-MPC structure is built in Simulink as shown in Fig.4.14.
After the implementation, the system is simulated and the differences between dynamic
system results between with multi-MPC structure and with nominal MPC controller is

examined.

For comparing these results, a performance index (PInd) is determined as in equation
4.19. It is used for comparing the results where W and W, are weighting factors which

are set to 10 and 20, respectively. The performance index punishes the time passes
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Figure 4.13: Dynamic model aspect of the system depending on slip speed.

to synchronize the speeds with the magnitude of the slip speed. It also considers the
slip speed change during the whole process without considering time. In other words,
faster synchronization with the least aggressive slip speed change behavior will be the

best behavior with the system.

Oglip=

twsi:O g 0 .
Pind = [ Wi g |rdi+ [ Wy | ds (4.19)

After calculation, results are divided with 107 to quantify the results to show a more

meaningful number. As shown in Table 4.1, the PInd of the system with nominal

Table 4.1: Performance comparison of nominal-MPC and multi-MPC.

Controller Performance Index Value
Nominal MPC 52.4974
Multi-MPC 47.8440

MPC is 52.4974 whereas the PInd of the system with multi-MPC is 47.8440 (8.864 %

improvement).

Making the study closer to a candidate for a real-time application, the physical
limitations of the real system is further considered. Since slip speed change
rate cannot be measured directly in most applications, an A Kalman observer is
implemented into the system to calculate system outputs and use them as feedback for

MPC.
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Figure 4.14: Multi-MPC structure in Simulink environment.
4.3.2.1 Feedback for controllers using Kalman filter

The Kalman filter could be described as an estimator algorithm with a prediction
correction form using a series of mathematical equations minimization of the error
covariance under presumed conditions is the main aim of the estimator by solving
an optimization problem. [46]. Kalman filter is one of the most notable subjects in
research and applications (especially in the assisted or autonomous navigation) by
having a comparably simple structure and its robust nature. Also, the computational
advancements for digital control environments in recent years made the Kalman filter

is more suitable in real-time applications [46].

An indirect feedback control approach is used for estimation of a system by the Kalman
filter. Estimation of the states of the process using measurement data with noise in any
sample is the primary aim of the filter Separating the noisy part and meaningful part

from sensors is a comprehensive challenge. Also it is the reason why the Kalman



system is termed a filter instead of an observer. Measurement update equations and

time update equations are two groups of Kalman filter algorithm [46].

The time update part of the Kalman filter is in charge of projecting the current error
covariance and state forward (in time) for achieving priori estimates. On the other
hand, acquiring an improved posterior estimation by incorporating a new measurement
to priori estimation is the main objective of the measurement update part of the filter
that makes them responsible for feedback information for the filter. [46]. The set of
equations of the Kalman filter are given in equation 4.20.
x(t) =A(t)x(t) +B(t)u(t) + G(t)w(t) (state equation)

y() =C(t)x(t) + D(t)u(t) + H(t)w(t) +v(t) (measurement equation) (420
where u(t) represents the known inputs v is for the white noise of measurement and
w represents the processed white noise. The correspondences between measurement

and process noises are considered white noise in for the descriptions of E(v') = R,

E(wV') =N and E(ww') = Q [47]. N is assumed as zero in this work.

The complete structure of the Kalman filter operation is given in figure 4.15.

Measurement Update ( “Correct™)

Time Update (“Predict™) (1) Compute the Kalman pain

i - - -1
(1) Pm_]?ct the state ahead Kk — PkHT(HPkHT + R)
% = A% +Bu_,
(2) Update estimate with measurement 7
) 1 a1y -~ — o > a7
2) Pm_]ec-'t the emror covariance ahead = i+ ‘R‘k("'k — H"'&')
P, = AP, A T+ (3) Update the error covariance

Py = (I-KH)P;

Initial estimates for £ _; and Pp_,

Figure 4.15: Kalman filter complete picture of equations [7]

Moreover, the filter can be applied in MATLAB by determining the mathematical
model of the plant, and covariance matrices, R and Q. The Q matrix of covariance
can be considered as the weight for the accuracy of the plant model. The R covariance
matrix is the measure of the accuracy for the measurement (regarding noises). Both

are initially determined as one in this work.
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For minimizing the estimation error covariance in the equation 4.21, MATLAB is

forming a state estimate of £.
Pit)=E[x—%)]" (4.21)
The Kalman filter problem uses the equations below for finding the optimal solution.

L(t) = (P(t)CT (t) +N) (4.22)

x(t) = A()x(t) + B(t)u(t) + L(t) (y(t) — C(¢)%(t) — D(¢)) (4.23)

L is calculated by the solution of the algebraic Ricatti equation and where

R(t) =R(t)+H)N(t)+NT()H" (1) + H(t)Q(t)H" (1) (4.24)

N(t)=G(t) (Q(t)HT (t) + N(t)) (4.25)

Furthermore the structure for the resulting estimator can be seen as in figure 4.16 It can
be concluded from the figure the measurement/output from the real time system y and
input u for the system are used for estimating the states and output yX by the Kalman

filter. Using the observer, plant model changes are also considered and given to the

Plarnt )

Kalman Esfimafor
Figure 4.16: Kalman filter structure representation [7].

observer for providing more accurate estimations and Kalman observer is used for
state estimation of @y, and @y;,. The Kalman observer simulated under different
conditions with different simulations. Since the trivial calibration of Kalman was
satisfying and primary focus of the study is not fine-tuning of the observer, spending

more effort is considered unnecessary.
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4.3.3 Comparison of MPC controllers

After the implementation, the system response differences are compared again as
shown in Fig.4.17 and the performance index for multi-MPC with the observer is

calculated as in Table 4.2.

Finally, the multi-MPC structure provides the best improvement for the system where
multi-MPC structure with Kalman observer still works better than nominal MPC (even
with the advantage of nominal MPC structure does not use an observer) in the view of

defined performance index but with the expense of @y;;),.

The difference between multi-MPC and multi-MPC with observer caused by
differences in feedback to the system and may not directly relate to an improvement
considering @y, and @y;, together.

Dynamic System Respon%e) with different MPCs
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Figure 4.17: Dynamic system response for all MPC controllers.

Table 4.2: Comparison of MPC controllers by performance indexes.

Controller Performance Index Value
Nominal MPC 52.4974
Multi-MPC 47.8440
Multi-MPC w/observer 48.8717
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5. COMPARISON OF ALL CONTROLLERS

The controllers are compared using the performance index described above in one
simulation. For comparison, PI-PD, LQR second approach (LQR* in the figure), and
multi-MPC structures are used against the dynamic model. As can be seen from
Fig.5.1, the controllers are activated after two seconds during the simulation. The
results are compared using the performance index mentioned above and controller cost

calculated as absolute integral. Then, all results are put to Table 5.1. In Table 5.1,

(a)
T T T T T T T T T
wslip PIPD
'g' 200 - wslip LQR* 7
@ wslip MultiMPC
3
o
2100 T
7]
=
0 I | | . h — ) \
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Time [sec]
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600 T T T T ( T ) T T T T
& wslipdot PIPD
§ 400 wslipdot LQR* T
=2 wslipdot MultiMPC
8 200 i
S 0
2
)
= -200 i
Il Il Il Il

Time [sec]
Figure 5.1: Dynamic system response for all controllers, a: @y, b: @)
the mathematical results are shown depending on performance index and controller
cost. The cost of the controllers are calculated by absolute integral and the values are

quantified such as performance index. In both values, the smaller is better in terms of

total performance in terms of the comparison criteria in this study.
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Table 5.1: Comparison of all controllers by performance indexes and controller costs.

Controller Performance Index Value Controller Cost
PI-PD 198.6133 11.796
LQR* 176.1769 15.7927

Nominal MPC 163.3768 20.8896

Multi-MPC 162.2364 18.8428

It can be deduced that the multi-MPC has provided the best result in this simulation
with the highest cost. As expected, the PI-PD response is the best considering only
the @y;, since it is suitable and designed for a single input single output part of the
system. Even though it has the smallest cost for the control signal; as there is no
control structure considering the @y, then the controller fails in the performance
index. LQR* has performed between PI-PD and multi-MPC controller according to

the results from table 5.1.
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6. CONCLUSIONS AND RECOMMENDATIONS

The purpose of the thesis is to provide a theoretical solution for the practical problem
in particular P2 hybrid vehicle systems. The control of the system is studied using
classical control methods such as PID and PI-PD; optimal control strategies such as

LQR, and model predictive control methods.

First, the modeling of the system is studied using free body diagram principle, and
the state-space model of the system is calculated. The expected system response is
determined as the system response goes to zero as fast as possible for both outputs, as
explained in chapter 4. Then, the system is controlled with the classical PID controller.
Having overshoot in the system, a more sophisticated method, the PI-PD controller is

used in the system to provide a solution.

After that, the LQR controller is implemented into the system since having a
state-space model enables the control engineers to use the optimal control strategies.
In the LQR method, the controller gain is calculated once, so the system is static. The
parameters of the quadratic problem (Q and R matrices) are essential in this method.
After examining the system, it is decided to use two disturbances of the system as
measured disturbances. In the automotive field, these quantities will be provided or
calculated via sensor information. Thus, another structure is used with LQR using
the disturbances as known properties of the system. The robustness of the controllers
against model changes is also checked against model changes, which is possible due
to the characteristic of the separation clutch system, as explained in detail in chapter
3. According to simulation results, LQR with known disturbances has better system
responses against classical LQR. The controller is relatively robust since it can handle

system changes unless the change is significant.

After, the system is controlled with the MPC controller using a state-space model.

Similarly with LQR, MPC structure used the known disturbances approach. After
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the simulations with the nominal system, multi-MPC methods are applied for the
system against model changes during operation. Additionally, a Kalman filter is
implemented to provide a more accurate approach for using real-time applications
for system feedback information. The multi-MPC structure has provided the best

responses considering the performance index, which described in detail in chapter 4.

Finally, for comparison of the PI-PD controller, LQR with known disturbances and
multi-MPC is done. For simulations, the Kalman filter is used for providing feedback
information to LQR and MPC. As the results are given, the Multi-MPC controller
outperformed the proposed LQR (LQR*) and PI-PD methods. PI-PD can only control
the @y;, due to the control structure, whereas the LQR controller is between these two

methods.

One of the contributions of this study is considering the system as a compact unit
which is separated from other aspects of the powertrain system such as EM and ENG.
The system control solutions are considered as independent from EM and ENG. The
controllers are only using pressure signal which is a part of the separation clutch
unit, unlike most control approaches in the industry where all three elements of EM,
ENG, and separation clutch are controlled together. Different control methods over
this system are used for proposing a solution which also examined for the responses.
Although the control is the primary perspective, the importance of dynamic model

changes and feedback information for the system have been intensified.

The study is open for further improvements in terms of fine-tuning of parameters and
introducing more complex methods. Since the LQR algorithm tries to ensure that ;)
and @y;, go to zero as soon as possible, further tuning on LQR weight parameters
results in better responses. Similarly, it should be noted that the PI-PD results are
the results after trivial optimization tuning during this paper. There might be better
results by further investigation and tuning of the parameters. Furthermore, different

structures for proposed controllers can be introduced to the system as future works
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such as multiple gains for LQR against model changes and a different approach to

PI-PD by taking @y;;,, into account.
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