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Tez Danışmanı: Prof. Dr. M. Turan SÖYLEMEZ

TEMMUZ 2020





Berkan KAÇMAZ, a M.Sc. student of ITU Graduate School of Science Engineer-
ing and Technology student ID 504171103 successfully defended the thesis enti-
tled “CONTROL OF SEPARATION CLUTCH SYSTEM FOR CLUTCH CLOSING”,
which he/she prepared after fulfilling the requirements specified in the associated leg-
islations, before the jury whose signatures are below.

Thesis Advisor : Prof. Dr. M. Turan SÖYLEMEZ ..............................
Istanbul Technical University

Jury Members : Prof. Dr. Metin GÖKAŞAN ..............................
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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
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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.
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DEBRIYAJ KAPATMA SIRASINDA
AYIRICI DEBRIYAJ KONTROLU

ÖZET

Ulaşım, modern dünya için önemli bir konudur. Yıllardır, içten yanmalı motorlu
araçlar sektöre hakim olmuştur. Gelişen teknolojiler sayesinde giderek daha fazla araç
insanlar tarafından kullanılabilir hale geldi. Bunun sonucu olarak bazı problemler de
ortaya çıktı. Petrol arzının yenilenebilirliği konusunda artan şüphe, daha iyi yakıt
ekonomisi beklentileri ve özellikle içten yanmalı motorlardan kaynaklanan karbon
ve azot atığı emisyonlarının çevresel etkileri konusunda artan endişeler, otomotiv
sektörünün alternatif yaklaşımlara yönelmesine sebep olmuştur. Her ne kadar bu
konuları çözmek için farklı birçok alternatif fikir bulunmuş ve çalışılmış olsa da,
hibrit elektrikli araçlara odaklanıldı. Böylece hibrit araçlar son yıllarda dünyada daha
popüler hale geldi.

Hibrit elektrikli araçların sınıflandırılması için birçok perspektif olmasına rağmen,
bunlar seri hibrit, paralel hibrit ve bunların kombinasyonları ile anlatılabilecek daha
karmaşık olanlar olarak gruplandırılabilir. Seri hibrit araçlarda elektrik motor, aracı
sürmek için tek tork kaynağı iken içten yanmalı motor yalnızca bataryayı şarj etmek
için kullanılır ve mekanik bir bağlantı ile tekerleklere bağlanmaz. Öte yandan,
paralel hibrit araçlarda, hem içten yanmalı motor hem de elektrik motoru araç
için tork kaynağı olarak kullanılabilir. Bununla birlikte çeşitli güç aktarma organı
yapılandırmaları ile farklı sürüş modlarına olanak tanınmış olur. Paralel hibrit araçlar,
aracın elektrifikasyon özelliklerine bağlı olarak mikro hibrit, hafif hibrit ve tam hibrit
gibi sınıflandırılabilir. Genel olarak paralel hibrit araçlarda, sadece elektrikli mod,
sadece içten yanmalı mod, takviye modu gibi çeşitli sürüş modları vardır. Ayrıca
bu araçlarda çeşitli hibrit güç aktarma yapılandırmaları vardır. En yaygın olanlardan
biri, paralel bir hibrit yapı olan P2 hibrit aracıdır. Bu tipte, elektrik motoru ve içten
yanmalı motor bir ayırma kavraması ile ayrılır ve aracın iki çekiş kaynağını bağladığı
için kavrama sırasında bu kavramanın kontrol edilmesi önemlidir.

Bu tez çalışmasında, gerçek zamanlı pratik bir problem olan P2 tipi hibrit araç
sistemlerinde elektrik motor ve içten yanmalı motor arasında bulunan ayırıcı debriyaj
sisteminin kapatma kontrolüne teorik bir çözüm sunmak amaçlanmıştır. Yapılan
çalışmada, ayırıcı debriyaj sisteminin kapatma sırasındaki kontrolü için öncelikle
birer klasik kontrol yöntemi olan oransal-integral-türevsel denetleyici (PID) ve
oransal-integral oransal-türevsel denetleyici (PI-PD) kontrol yapıları kullanılmıştır.
Bundan sonra, bir optimal kontrol yöntemi olan standart yapıdaki doğrusal kuadratik
regülatör (LQR) ve daha sonrasında bu yönteme ek olarak ölçülebilir bozucu yapısına
sahip LQR kullanılmıştır. Son olarak, sisteme farklı bir optimal kontrol yöntemi olan
model öngörülü kontrolcü yapısı da uygulanmıştır.
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İlk olarak, ayırıcı debriyaj sistemi araçtaki diğer güç aktarma organlarından (örneğin
içten yanmalı motor ve elektrik motoru) ayrı bir ünite olarak düşünülmüştür. Daha
sonra bu fiziksel sistemin matematik sistem modeli incelenmiş ve durum-uzay modeli
elde edilmiştir. Ardından, sistem durum uzay modelinden elde edilen transfer
fonksiyonu kullanılarak klasik bir PID kontrolörü ile kontrol edilmiştir. Sonrasında,
PID kontrol kullanılmış sistem cevabı sonuçlarında ortaya çıkan aşım sorununu
çözmek ve daha kapsamlı kontrol olanakları sağlamak için PID yöntemine göre farklı
avantajları olan ve daha gelişmiş bir kontrol yapısına sahip olan PI-PD kontrolör,
sistemin kontrolü için kullanılmıştır. Sistem cevapları analiz edildiğinde PI-PD
kontrolörün klasik PID’ye göre aşım problemlerini çözmede daha başarılı olduğu
gözlemlenmiştir.

Bir fiziksel sistem kontrolü için sistemin durum-uzay matematiksel modeline sahip
olmak, kontrolör tasarımcısına optimal kontrol yöntemlerini kullanabilme olanağı
tanır. Bu sebeple, sistemin kontrolü, statik bir kontrolör yapısına sahip olan LQR
kontrol ile gerçekleştirilmiştir. Sistemin matematik modeline göre ilk başta bozucu
olarak kabul edilen sinyaller (giriş şaftındaki tork değişimi ve çıkış şaftındaki tork
değişimi), aslında sensörler üzerinden ölçülebilir veya diğer kontrol üniteleri tarafından
hesaplanabilir. Bu sebeple, klasik LQR yapısından hareket ile bu bozucu sinyaller
sistem için ölçülebilir bozucular olarak kabul edilerek ölçülebilir bozucu yapısına sahip
LQR kontrolörü sistem için kullanılmıştır. Ölçülebilir bozucu yapısına sahip LQR,
kullandığı bozucu sinyal bilgileriyle klasik LQR ile kontrol edilen sisteme kıyasla
daha iyi sonuçlar göstermiştir. Diğer bir deyişle ölçülebilir bozucu yapısına sahip
LQR, klasik LQR yapısından daha iyi performans göstermiştir. Ayrıca, benzetim
sonuçlarına göre ölçülebilir bozucu yapısına sahip LQR’ın çok büyük dinamik sistem
modeli değişikleri olmadıkça dayanıklı bir yapıya sahip olduğu da gözlemlenmiştir.

Daha sonra, sistemin kontrolü için klasik bir model öngörülü kontrolcü, LQR
yöntemindekine benzer bir şekilde, ölçülebilir bozucu yapısına sahip olarak
tasarlanmıştır. Ayırıcı debriyaj sisteminde çalışma sırasında sistemin parametreleri
dinamik olarak değiştiğinden sistemin matematiksel modelinin de değiştiği göz önünde
bulundurulmuştur. Model öngörülü kontrolcü algoritması büyük ölçüde matematiksel
modelin fiziksel sistemi doğru bir şekilde ifade etmesine bağlıdır. Bu yüzden bu sistem
dinamiklerine karşı daha gelişmiş bir yapı olan çoklu model öngörülü kontrolcü yapısı
dinamik sistemin kontrolü için de uygulanmıştır. Buna ek olarak, sistemde bir Kalman
filtresi uygulanmıştır. Buradaki amaç, gerçek sistem dinamiklerine karşı daha uygun
bir yaklaşım sağlayarak sistem geri bildirimini bu filtreden elde etmektir.

Son olarak, sistemin kontrolü için kullanılan yapılardan PI-PD kontrolörü, ölçülebilir
bozucu yapısına sahip LQR ve çoklu model öngörülü kontrolcü yapılarına sahip
sistem yanıtları karşılaştırılarak bu yöntemler arasında bir değerlendirme yapılmıştır.
Kontrol yöntemlerinin karşılaştırılması için sistem yanıtlarına bağlı hesaplanan bir
performans endeksi ve kontrolcü çıktılarına bağlı hesaplanan bir kontrolör maliyeti
göz önünde bulundurulmuştur. Ölçülebilir bozucu yapısına sahip LQR ve çoklu model
öngörülü kontrolcü yapılarının benzetimleri için sistemin gerçek dinamik özelliklerine
karşı bir çözüm olarak sunulan Kalman filtresi kullanılmıştır. PI-PD kontrolcü, tek
giriş-tek çıkış kontrol yapısına sahip olması sebebiyle sadece kayma hızını kontrol
edebilir; bu da sistemin iki çıkışını kontrol etmeyi zorlaştırır. Dolayısıyla, performans
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endeksi açısından en kötü sistem yanıtına PI-PD sistem cevabı sahiptir. Çoklu model
öngörülü kontrolöre sahip sistem sonucu performans endeksi dikkate alındığında en iyi
sonuca sahipken, ölçülebilir bozucu yapısına sahip LQR’ın kullanıldığı sistem sonucu
performansı değeri diğer iki yöntem arasında elde edilmiştir.

Ayırıcı debriyaj sistemini kompakt bir ünite olarak ele alarak araçtaki diğer güç
aktarım organlarından bağımsız olarak analiz etmek bu çalışmanın faydalarından
biridir. Ayırıcı debriyaj kapatma algoritmalarının çoğu, güç aktarım sistemlerindeki
diğer elemanları birlikte kontrol etmeye çalışır. Endüstride yapılan çoğu çalışma ve
uygulamanın aksine, bu çalışmadaki sistem, elektrik motoru, içten yanmalı motor ve
şanzıman gibi güç aktarma sisteminin diğer elemanlarından bağımsız olarak kabul
edilmiştir. Bu diğer yapıların etkileri de incelenen sistem için birer bozucu olarak
kabul edilmiştir.

Sistemin kontrolüne yönelik çözüm için önce klasik sonra da daha karmaşık yapılar
kullanılarak farklı kontrol yöntemleri ele alınmıştır. Ayrıca, kontrolörler için
geri bildirim mekanizması için gerçek zamanlı sistemin geri bildirimi sırasındaki
kısıtlamalar ve sitemin çalışması sırasında oluşan dinamik model değişiklikleri de
göz önüne alınarak farklı yapılar düşünülmüştür. Böylece kullanılan yöntemlerde,
benzetim yapılırken gerçek zamanlı sistemde oluşabilecek problemler için daha uygun
çözümler oraya konulmaya çalışılmıştır.
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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,CO2)

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.

1



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.
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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]:

• Electric motor can be used for regenerative braking for charging the battery
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Figure 2.1: General representation of hybrid vehicle powertrain [1].

• Only EM or only ICE can be used for traction source for the vehicle (EM only &

ICE only modes)

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

• 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
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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

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].
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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.

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
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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 ωi = ωo 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:

ω̇i(Jo + Ji) = To−ωi(bi +bo)+Ti (3.1)

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

ωi is input shaft speed,ωo is output shaft speed, Ti and To are input and output shaft

torques, Tf is friction torque and bi and bo are input and output shaft damping ratios

[26].

ω̇iJi = Ti−Tf +ωibi (3.2)

ω̇oJo = To +Tf +ωobo (3.3)

The difference between input and output shaft speeds is defined as slip speed (ωslip).

The friction torque is calculated based on viscous drag coefficient(µ), the kinetic

friction coefficient between clutch discs (kk) which is a function of ωslip, the clutch

de-rating the factor which accounts clutch wear (D), the number of friction surfaces

(Ndisc), the effective torque radius (re f f ), the applied clutch pressure (Pc), and the

surface area (A), the engagement pressure (Peng). 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 C0 [4].

Tf = µωslip +NdiscPcre f f AkkD

Pc = max(Pc−Pengd,0)
(3.4)

Tf = µωslip +C0Pc (3.5)
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Table 3.1: System parameters.

Parameter Value
kk 0.3
D 1

Ndisc 2
re f f 130
A 0.001
Ji 0.25
Jo 0.1

The viscous damping in input and output shafts (bi and bo) 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 ωslip

and ω̇slip 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 Jo while the second one is multiplied with Ji. Then, the resulting first equation is

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

JoJi(ω̈o− ω̈i) =−ṪiJo + ṪoJi +(Ji + Jo)µ(ω̇o− ω̇i)+(Ji + Jo)C0Ṗ (3.6)

Then, the equation 3.6 is divided by JiJ0, the term Ji+Jo
JiJo

is replaced with Jeq. Also, at

this point, ωo−ωi = ωslip is determined as a state x1, and the derivative of slip speed

(ω̇slip = ω̇o− ω̇i) is determined as a state x2. Thus, ẋ2 is the second derivative of slip

speed ((ω̈slip = (ω̈o− ω̈i)). After that, the state-space model of the system can be

written in Equation 3.7.[
ẋ1
ẋ2

]
=

[
0 1

Jeqµ 0

][
x1
x2

]
+

[
0

JeqC0

]
Ṗ+

[
0 − 1

Ji
1
Jo

0

][
Ṫi
Ṫo

]
(3.7)

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

it should be considered that the kinetic friction coefficient between clutch discs is a
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function of ωslip. [4, 27]. So, in simulations, the parameter C0 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(t0) to a particular

final state in a finite time with the input of unconstrained control vector, that system

is described as controllable at time t0 [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
([

B AB A2B . . . An−1B
])

= n (3.8)

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

information initial state x(t0), the system is described to be observable at time t0 [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].

rank




C

CA
CA2

...
CAn−1



= n (3.9)

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.

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
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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
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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 ω̇slip 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.

[
ẋ1
ẋ2

]
=

[
0 0 0

JeqC0
−1
Ji

−1
Jo

] Ṗ
Ṫi
Ṫo

 (4.1)

where the matrix B is reshaped as B̃ 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.

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.

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 Kp,Ki

and Kd are the proportional, integral and derivative gains for the controller, respectively

[33].

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

C(s) = Kp +Ki
1
s
+Kds (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 ωslip as output and considering input and output torques as

disturbances in Equation 4.4.

T FṖ2ωslip
=

1.092
(s2−4.44110−16s−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 ωslip is different from

zero. If the ωslip is zero, then the system is engaged, and other parts of the partial model

should be used. Therefore, once the ωslip 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 ωslip and ω̇slip 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].

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 ωslip is solved by PI-PD controller with the expense

of ω̇slip. 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 ω̇slip 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 ωslip behavior.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time [sec]

0

500

1000

1500

w
s
lip

 [
ra

d
/s

e
c
]

(a)

wslip-PID

wslip-PIPD

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time [sec]

-2000

-1000

0

1000

2000

w
s
lip

d
o
t 
[r

a
d
/s

e
c

2
]

(b)

wslipdot-PID

wslipdot-PIPD

Figure 4.5: System responses with PID and PI-PD controllers, a: ωslip, b: ω̇slip.
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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) =
∫

∞

0
(xT Qx+uT Ru)dt (4.5)

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−1BT P (4.6)
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where P is calculated from the Algebraic Ricatti Equation as shown in the equation

4.7.

AT P+PA−PBR−1BT P+Q = 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: ωslip, b: ω̇slip.

in a decrease of controller aggressiveness as expected since it is limiting the control

signal. Moreover, the change in the weighting factor for ωslip changes the transient

response while also affects the behavior of ω̇slip (inverse relation). Once ω̇slip 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 ωslip 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

Ṗ, input and output torque changes Ṫi, Ṫo, the total system output can be written as in

Equation 4.8 where B̃:

B̃[2x3]

U
d1
d2

=Ucontrol + B̃(2,2)∗d1 + B̃(2,3)∗d2 (4.8)

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

disturbances.

U∗ =U− (B̃(2,2)∗d1 + B̃(2,3)∗d2) (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

Figure 4.7: LQR structure modification with known disturbances.

value is set to 100 whereas Ṫo is given with a ramp to 20 quantization of 1 when
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Ṫi 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:
ωslip, b: ω̇slip.

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.

Np is prediction horizon and Nc is the control horizon. To identify the parameters

in more details, prediction horizon Np 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].

Figure 4.10: MPC Methodology [6].
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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 dk is the measurement disturbance [44,45].

xk+1 = Axk +Buk

yk =Cxk +Duk +dk

(4.10)

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

written below.

xk+2 = Axk+1 +Buk+1 = A(Axk +Buk)+Buk+1 = A2xk +ABuk +Buk+1 (4.11)

yk+2 =Cxk+1 +Duk +dk+1 =C(Axk +Buk) (4.12)

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

written as below:

xk+n = Anxk +An−1Buk +An−2Buk+1 + · · ·+ABuk+n−2 +Buk+n−1

yk+n =Cxk+n +Duk+n +dk+1 =CAnxk +CAn−1Buk +CAn−2Buk+1+

· · ·+CABuk+n−2 +CBuk+n−1

(4.13)

Future states of the system is represented as below for whole prediction horizon (Np)

where x(ki +m|ki) is the predicted state at k+ 1 time with the information of system

x(k) at ki where ∆u(k) = u(k)−u(k−1) [40].

x(ki +1|ki) = Ax(ki)+B∆u(ki)

x(ki +2|ki) = Ax(ki +1|ki)+B∆u(ki +1)

= A2x(ki)+AB∆u(ki)+B∆u(ki +1)
...

x(ki +2|ki) = ANpx(ki +1|ki)+ANp−1B∆u(ki)+

ANp−2B∆u(ki +1) · · ·+ANp−NcB∆u(ki +Nc−1)

(4.14)
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From calculated states for prediction, the output state predictions can be written as

below:

y(ki +1|ki) =CAx(ki)+CB∆u(ki)

y(ki +2|ki) =CA2x(ki)+CAB∆u(ki)+CB∆u(ki +1)
...

y(ki +2|ki) =CANpx(ki +1|ki)+CANp−1B∆u(ki)+CANp−2B∆u(ki +1)+

· · ·+CANp−NcB∆u(ki +Nc−1)

(4.15)

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+

N p|ki)]T and ∆U = [∆u(ki) ∆u(ki +1) ∆u(ki +2) . . .∆u(ki +Nc−1)]T .

Y = Fx(ki)+φ∆U (4.16)

where

F =


CA
CA2

CA3

...
CANp

 ;Φ =


CB 0 0 . . . 0

CAB CB 0 . . . 0
CA2B CAB CB . . . 0

...
CANp−1B CANp−2B CANp−3B . . . CANp−NcB

 (4.17)

After that, the cost function of MPC can be defined in 4.18 similarly with LQR

considering Rs as desired outputs of the system where Q and R is the controller tuning

parameter similar to LQR.

J = (Rs−Y )T Q(Rs−Y )+∆UT R∆U (4.18)

Then, the equation 4.18 can be rewritten again using the substations from equation 4.17

for Y and ∆U . 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 ωslip and ω̇slip. 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
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Figure 4.11: : System responses with MPC with different weighting, a: ωslip, b: ω̇slip.

first result is 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 ω̇slip weighting for ωslip 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 ω̇slip

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,

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 W1 and W2 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.

PInd =
∫ tωslip=0

0
W1

∣∣ωslip
∣∣ t dt +

∫ tωslip=0

0
W2

∣∣ω̇slip
∣∣ dt (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
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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(t) =C(t)x(t)+D(t)u(t)+H(t)w(t)+ v(t) (measurement equation)
(4.20)

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(vv′) = 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.

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 x̂.

P(t) = E [(x− x̂)]T (4.21)

The Kalman filter problem uses the equations below for finding the optimal solution.

L(t) =
(
P(t)CT (t)+ N̄

)
(4.22)

ˆ̇x(t) = A(t)x̂(t)+B(t)u(t)+L(t)(y(t)−C(t)x̂(t)−D(t)) (4.23)

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

R̄(t) = R(t)+H(t)N(t)+NT (t)HT (t)+H(t)Q(t)HT (t) (4.24)

N̄(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 ŷx̂ by the Kalman

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

Figure 4.16: Kalman filter structure representation [7].

observer for providing more accurate estimations and Kalman observer is used for

state estimation of ωslip and ω̇slip. 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 ω̇slip.

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 ωslip and ω̇slip together.
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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,

0 1 2 3 4 5 6 7 8 9 10

Time [sec]

0

100

200

w
s
lip

 [
ra

d
/s

e
c
]

(a)

wslip PIPD

wslip LQR*

wslip MultiMPC

0 1 2 3 4 5 6 7 8 9 10

Time [sec]

-200

0

200

400

600

w
s
lip

d
o
t 
[r

a
d
/s

e
c

2
]

(b)

wslipdot PIPD

wslipdot LQR*

wslipdot MultiMPC

Figure 5.1: Dynamic system response for all controllers, a: ωslip, b: ω̇slip

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 ωslip 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 ω̇slip, 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 ωslip 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 ωslip

and ω̇slip 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 ω̇slip into account.
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