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Abstract

An electric power-assisted steering (EPS) system has been gradually used to replace hydraulic
power steering (HPS)in recent years. In an EPS system, an electric motor generates assisting
steering torque to make comfortable steering operation for drivers.

To achieve better driving feeling in the EPS system, there are three problems need to
be addressed: Sufficient assist torque should be transferred to drivers ; road roughness and
road reaction torque shall be taken by the controller; system transient response shall be
accelerated by the controller. Various control algorithms have been derived now, however,
most of them are derived simply based on the motor model [1],[6] and given this design
strategy,they are not able to handle and consider the full system specifications very well.

In this thesis, a new controller structure design is proposed for an EPS system that
addresses disturbance attenuation, offering sufficient gain and achieve system transient re-
sponse at the same time. We introduced a new two control strategy to design the controller
that incorporates a motion controller and a motor torque controller in different loops. The
motion controller is an optimal H; controller which takes care of the disturbance attenuation
and accelerate system transient response issues. The motor controller is a P — I controller
that is used to generate sufficient assistant torque according to the command input from the
motion controller.

The simulation for the whole EPS system is implemented by CarSim and simulink.
CarSim will simulate the road reaction torque and the EPS model is built on the simulink
platform. All the results are not only tested under the off-line simulations, but also trans-
formed to a real-time format and verified through real-time simulations. In both cases, it

fulfills the control objectives and achieves good performance.

iii
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Chapter 1

Introduction

1.1 EPS and HPS Systems

Growing needs for safety and environmental friendliness have led to intensive new steering
column-related technologies be developed , in particular, for the EPS systems. The EPS
system has some significant advantages over any form of hydraulic power steering (HPS)
system, both for the owner of the car and their manufacturers. Compared with the HPS,
the EPS promises weight reduction, fuel savings and package flexibility, at no cost penalty.

The fact that the EPS system have a much lower engine load, which can be as low as 4W
when the car is being driven straightly, means that the fuel economy of a car equipped with
EPS is very similar to that of a car with no form of power steering. In fact, analysis provided
by manufacturers of EPS systems indicates potential fuel savings of 4 to 8 percent over cars
equipped with conventional HPS, partly because the EPS have a lighter mass. Besides, the
independence of the EPS system from engine operation also means that should the engine
stall, steering assistance does not vary, while in a conventional HPS system, a stalled engine
immediately reduces steering assistance to zero, which can be a huge disadvantage if this
occurs part way around a tightening corner. From a manufacturer’s perspective, the EPS
system has great cost benefits. Using EPS reduces assembly line time, allows easy software
tuning of the steering assistance characteristics to suit a variety of cars (eg, a sports car or a
limousine) and has the potential to improve reliability, which is supported by the statistics

that over 50 percent of all power steering warranty claims are from pump and hose problems.
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2
Switching from HPS to EPS, there is also huge environmental gains from the decreased

production and disposal of hydraulic fluid and the decreased requirement for the non-
recyclable polymers used in hydraulic hoses.

In a conventional HPS system, the response characteristics mainly depend on the dynamic
hydraulic value unit and the characteristics of the flowing amount of fluid. So it is extremely
difficult to set a power steering system to give optimum frequency characteristics, because
of the mechanical features of the HPS system. EPS systems have the different story. It is
easy to set system dynamics and the system is also well analyzed in the frequency domain.

So compared with HPS, it is much easier to analyze and design a controller with EPS.

1.2 Modeling An EPS System And Modeling Survey

Steering Whee! Sensor Signals : \ Povier

ECU Vshicle Speed

Sensor Powar

Y -E*“  Torque
S 1% Sensor

Vshicle Status Signals

Motor
Current
| Measurement

Figure 1.1: EPS Schematic Arrangement

As can be seen from Figure 1.1, an EPS system consists of a torque sensor, an electric
control unit (ECU), a reduction gear, a steering wheel, an intermediate shaft (I-Shaft) and a
Rack & Pinion. The torque sensor detects driver input and communicates with an electrical
control module for processing. The ECU guides motor to accurately deliver the required
steering assistance. The torque sensor estimates the torque, which is the command from the
human to turn the steering wheel, through the torsion bar mechanism inside. The reduction
gear increases the turning force from the motor and transfers it to the steering mechanism.

A rack & pinion component is a part of the EPS system to make the tires turn.
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The control procedure of the EPS system is summarized as follows:

1) The ECU calculates the assistant torque based on the command torque (from torque
sensor), the vehicle speed (from speed sensor or in-vehicle network) and the status of

the electric motor, and then sends the command to the electric motor.

2)  The electric motor generates the assistant torque according to the command from the

ECU and transfers to the column through a worm gear mechanism.

3) The rack and pinion transfers the force through kingpin to tires according to the power

assistance from the electric motor.

There are some research activities on powersteering system. A reduced EPS dynamic model
was introduced by Delphi to analyze various closed loop effects such as torque performance,
disturbance rejection, noise rejection, road feel and stability [2]. This EPS system, named
E-Steer™  consists of a steering column, a gear assist mechanism attached to the column,
a brushless DC (BLDC) motor, a controller and a sensor within the assist housing. The
main purpose of the steering system was to provide assist torque to the driver. Two main
assist algorithms were implemented in the electric control unit. The first was called ”Return
Algorithm” and the second was called " Damping Algorithm”. These two algorithm utilized
the position information and provided additional steering functionality. Both algorithms
guaranteed the wheel to turn back to the exact center position after the turning.

In [15], a design and implementation method of an EPS system was developed. Four
kinds of motors and their respective drivers were proposed, with their advantages and dis-
advantages compared to one another. An easy solution for trade off among these systems
may be achieved when designing the EPS system following the idea in the paper.

A steer-by-wire method was introduced in [6]. It was a big progress for the EPS system,
because there was no need for the steering column by using this method. Due to the removal
of many mechanical components in the system, more space can be spared inside the vehicle.

Moreover, the vehicle cost can be reduced.
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1.3 Controller of EPS System

There are several control algorithms which have been conducted in relation to power-steering
systems. The system performance, stability and faster response are three key points which
need to be considered. Performance is evaluated by how well the system tracks any arbitrary
reference trajectory. In our system we also consider whether the system can offer comfortable
driving feeling as part of the performance. Stability is an indication of whether the system
will reach a stable steady-state value, or in the other way become unstable and crash. The
transient response of the system is also an important criteria to evaluate the controller.
Practically it can be defined as how fast the tire angle will follow the steering wheel angle
change in one cycle.

For system performance, the driver’s feeling during steering process is the key[1],[3].
Therefore an important goal to develop a control mechanism for power steering system is to
improve the reaction torque vibration on the hand wheel.

In [7],control of a hydrautic power steering system is discussed. In a power steering
system, the effectivenss of control has to be evaluated for both system performance and
stability.

In [11], the road information was regarded as a frequency band of tire/steering wheel
transmission characteristics. A robust controller, which was fulfilled using H,, controller, was
developed to improve the steering feel as perceived by the driver and guarantee a sufficient
assistant torque. Several specifications were proposed to guide the design of the controller
so that the control device can change the power steering system transmission characteristics
without varying the assist force.

In [8],the electric power-assisted steering control is designed for a doulbe pinion type
model,where two control strategies are designed for two-input and one output system.Using
co-simulation technology, an integrated simulation of an EPS control system with a full
vehicle model was developed in [14]. There were two computer nodes that implemented
the data communication, concurrently performed to resolve the multi-body dynamics and

complex control algorithm and investigated the influence of EPS on the vehicle riding and
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5
handling response. A P-I controller was designed for the whole EPS system and was used

to handle the response from the steer and road inputs, which were analyzed and compared
as the ground experimental data. A software called ” ADAMS” was used to study vehicle

dynamics and matlab/simulink was used to implement the sophisticated controller model.

1.4 Research Objectives and Thesis Structure

According to the research of the ECU of the EPS system, there are three key principles as

follows:

1. The system requires sufficient assistant torque to the drivers.
2. The system can take care the road roughness and road reaction torque.

3. The faster the transient response system achieves, the better performance system can

get.

Different kinds of EPS dynamic models and control strategies have been developed according
to practical steering systems. In my research, the controller is to be designed to cover all
above three requirements to achieve a good overall system performance. A new optimal H,
controller based EPS system is developed, in which we adopt a two-degree controller design
strategy that has many advantages over traditional controller design methods. Once the
controller design is ﬁnished, it needs to be considered whether the designed controller can be
applied practically in the industries. Normally simple models have advantages over complex
models for cost saving and computational efficiency. Therefore we need to develop and
apply a model reduction method to the designed controller to decrease its model complexity
without losing any significant system performance.

The proposed two-controllers consists of two kinds of controllers: the motion control and
the torque control. The distinguished feature of the new controller architecture is that it
separates the traditional controller design structure into two separate parts. It enhances the

system performance while offering more flexibility to future designs. In the two controller
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6
structure, the motor controller is used to generate the assistant force from the torque sensor

output to drive the electric motor. It is required that the controller tract the motion control
input command as quickly as possible. The motion controller is designed to take care the
disturbance from road disturbance in order to provide a comfortable driving feeling. Besides,
it is also used to accelerate the overall system transient response.

The remaining of the thesis is organized as follows: in Chapter 2, the whole EPS system
model is derived. In Chapter 3, the preliminary optimal control theories, the H, theories is
introduced, and later will be applied in our presented controller design method. In Chapter
4, the new two controller design method is presented. The model reduction theory and its
application to our controller design is presented in Chapter 5. In Chapter 6, the setting up of
vehicle dynamics of the tire model , various off-line and real-time simulations are conducted
to demonstrate the effectiveness of the designed controller implementing into the system.

Chapter 8 concludes the thesis and gives some future perspectives.
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Chapter 2

EPS Dynamic Model

2.1 Dynamic Model for EPS System

The EPS system modeling consists of the modeling of the related mechanical components
(i.e. the steering wheel, the torque sensor, the electric motor and the pinion & rack), which
can be done using the Matlab/simulink tool and has an overall structure as shown in Figure

2.1.

Figure 2.1: EPS Dynamic Model

2.1.1 Steering Wheel Dynamics

The dynamic model of the steering wheel is shown in Figure 2.2.

With the model, a differential equation of the steering wheel can be developed as:

Thw - Ts = Jhwe;;w + Bhwef;w + Kh’wghwa (21)
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Figure 2.2: Steering Wheel Model

where T}, and T are the torques given by the driver and the torque sensor, respectively. 6y,
denotes the rotation angle of the steering wheel. Jp,,, By, and Kj,, represent the moment
of inertia, the damping coefficient and the stiffness coefficient, respectively. If the steering
wheel is rigidly connected, the stiffness coefficient Kj,, can be neglected, which leads to a
simplified model .

Using the Laplace transform, the model’s transfer function can be derived in (2.2):

Orw _ 1 )
Ty — T, - JhwS? + BpyS’

(2.2)

2.1.2 Torque Sensor Dynamics

The torque sensor is modeled as a torsion bar and its dynamic model is shown in Figure 7?

Fo steering
Wheel

TS
GZ(S) To controlier
i To gearbox
0,
K p——-
9 e.rthe angle from rack & pinion

Figure 2.3: Torque Sensor Model
The differential equation of the torque sensor can be derived as:

Ty = Ky(Ohy — O) + B, Wre=b)

(2.3)
Oy =0, x K ,
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where K, B, denote the stiflness coefficient and damping rate of the torsion bar, respectively.

0y represents the rotation angle of the tire.f, represents the rotation angle of the rack&

pinion. K, is the ratio of the steering angle and tire angle. 7} is the torque sensor torque.

Using the Laplace transform, a transfer function can be derived in (2.5):

T.
— = B Ks;
By — 0 D0

(2.4)

In order to simplify the model we do the transformation from Figure?? to Figure 7?7 Then

eh GZ(S) TS

W

To gearbax

e,rthe angle from rack & pinion

Figure 2.4: Torque Sensor Model

the final torque sensor model equation will be

15

7 =B, 55
Gva K, — 0 S+ K,

2.1.3 Electric Motor Dynamic with Torque Control

(2.5)

A common actuator in an EPS system is the DC motor. It directly provides rotary motion

and, coupled with wheels or drums and cables, can provide transitional motion. The electric

circuit of the armature and the free body diagram of the rotor are shown in Figure 2.5.

From Figure 2.6, the motor’s equation can be derived based on the Newton'’s law combined

with the Kirchhoff’s law, as shown in (2.6).
( Jbm + B = T — T},
L% + Ryi = v — KO,

Ty — Ty = (JuS? + BnS)im.
| T, = Ki

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.5: Brushed DC Motor

* R +sl, k | st |- s b

Figure 2.6: Brushed DC Motor Model
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Where

Nomenclature

Jn  moment of inertia of the rotor

B,, damping ratio of the mechanical system
K  electromotive force constant

R,, electric resistance

L., electric inductance

T,, Torque generated by motor

T, Torque generated by the load

If the motor model include the controller, the block diagram stucture is shown in Figure2.7.

v 1 i + ? ..... 1 a1
* Rm * SLm Kt . Jms * Bm ! $ ' em
em

G,s)

Figure 2.7: Brushed DC Motor Model

2.1.4 Pinion & Rack Dynamic

The pinion & rack is modeled as a mechanic system that consists of a mass and a spring.

The differential equation of the steering wheel is given in (2.7),
T +Ti+Tg = ']rer + Brér + Krera
TG = nTg, (27)

Ty =T — (JmS? + BinS)fm.
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where J., B, and K, represent the moment of inertia, the damping coefficient and the

stiffness coefficient, respectively. 7, andT, denote the road wheel torque and the torque
sensor torque. T denotes the gear torque on the rack and pinion shaft, 6, represents the

rack and pinion angle. The dynamic model of the pinion & rack is shown in Figure2.8.

TS
) ~4=
.
T

Figure 2.8: Rack & Pinion Model

If the stiffness coefficient K, is assumed to be zero, the model can be simplified .Using the

Laplace transform, a transfer function can be derived in (2.8):

6, 1
T.+Te+T, (n2Jm+J,)S?+ (n2B, + B,)S’

(2.8)

2.2 EPS Model Integration

The EPS system is modeled as a multi-input, multi-output (MIMO) system, as can be seen

from the simulink model created according to a real EPS system (Figure 2.1).

The inputs of the EPS system are:

1) The command from the driver, which is the torque the driver imposes on the steering

wheel, measured in Nm.

2) The road information, which is the torque the road wheels feedback to the rack & pinion

mechanism, measured in Nm.

The outputs of the EPS system are:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1) The steering wheel position, which is the steering angle, measured in degree.

2) The road wheel position, which is the angle of the road wheel, measured in degree.

3) The road feel to the driver, which is indicated by the torque sensor output, measured

in Nm.

The EPS system also has some other mechanical connections, e.g. the deduction gear,
which can be assumed as rigid connections. The deduction gear is modeled as a gain with
the ratio of 20. The torque from the torsion bar and the torque transmitted through the
deduction gear from the assist motor are added up to supply the turning force to the pinion.

An overview of the EPS model in Figure 2.9, based on which the controller will be

designed.
Tg
HW Inp | GrfSYGfs)e—
Torque rap angle
A § SN 8- ()
G,(s)-()—- Gfs) » Cfs) Gs) @-o Gfs Gyfs, >
T;,w (S) + 5~ - : °
Wheel Torque Controlier Motor Gear and REP
Shaft Sensor Torque
Constant  |Road Reaction
G,(sh orque on R&P
(rough surface}
Current Sensor

Figure 2.9: EPS System Overview
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Nomenclature

G1: The dynamic model of the steering wheel.
_ 1
G = JhwS2+BhwS "

G5 : The dynamic model of the torque sensor.
Gy, = B,.S + K,.
C : The P-I controller of the motor.

GG3 : The dynamic model of the electric motor.

G, = JmS+Bmy
37 UnSFBm)(LmS+Rm)"

G4 : The current sensor.

Gy = K..

G5 : The dynamic model of the reduction gear.
Gs = K,.

Gg : The dynamic model of the rack and pinion .

Gy = L
6 = MZImtJr)S2+n2Bm+B-)S "

G7 : one transfer function in calculation the electro motive force of motor .

Gr = (JmS+Bm)I§LmS+R4n)'
u: torque from the driver.
w: torque including the noise from the road.
y: angle of the road wheels.

T, : the load torque used to calculate electro motive force .
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Chapter 3

Hy Optimal Control Design Theory

In this chapter, the theory of the H, optimal control is introduced, which will be applied tp

EPS control design in Chapter 4.

3.1 H; Norm

A norm is a real-valued function || . || defined on some vector space X (of signals or systems)if

it satisfies the following properties:

Lo flz =0,

2. || z ||=0 if and only if x=0,

3. |lez|=|al| z ||.for any scalara
4 Jlz+yl<lizl+1lyl

for any z € X and y € X. A real valued function || . || is called a semi-norm on X if it
satisfies properties 1,3 and 4 but not necessarily 2.

Given a G(s) € RHy, with a state space realization (A, B, C, D), we denote

G(s) = D + C(sI — A)'B = [%l—g_] ,

15
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H; Control Problem: find a control law u = K(s)y that stabilizes the closed-loop

system and minimizes || Ty, ||,, where

| Tow lly = /%[5, tracel Tz, (jw) Tr(jw)ldw.
3.2 H,; Optimal Control

A basic configuration of the feedback systems considered is shown in Figure 3.1

v u

C

Figure 3.1: LFT Expression of Control System

Nomenclature

The external disturbance or any input signals.

The measurement available to the controller.

The output from the controller.

The error signal that is desired to be kept small.

The controller to be designed.

The conventional plant to be controlled and any weighting functions included
to specify the desired performance.

The realization of the transfer matrix G has to take the form

QaQvN s« g

A|B B,
G(S) = Cl 0 D12 . (3].)
Co|Dx O

The H; problem is to find a proper real-rational controller K that stabilizes G internally

and minimizes the H, norm of the transfer matrix 7T3,, from w to z, as shown in (3.2).
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1 T
min|Tll, = Jim zB{ [ <7ade)

T
= lim {/ (:cTCchlx -+ uTD1T2D12 -+ 2£ET01TD12U)dt}, (32)
0

T—o0

Theorem 3.2.1 [17] : Given the transfer matriz in (8.1), assume:

Al): (A, By) is controllable, (Ca, A)is detectable;

A2): Dyy has full column rank with [D12 D, | unitary, and Doy has full row rank with [ 11))21 }
L

unitary, for some D ;

A3): A-jw B has full column rank for all w;
Ci Dy

A4): A-jw B has full row rank for all w.
C: Dn

Then the Hy control can be achieved by solving two Ricatti equations:
(A-=ByR*DLC) TP+ P(A—B,DL,C)~ PB,R'BI P+Cf(I1-D;,R'DL,)C, = 0, (3.3)
(A= B, DL R;*C)TY +Y(A— BiDL R;1C,) = YC; 'R CoY + By (I — DL R; ' Dy ) BY =0,
(3.4)
where R = DDy > 0 and Ry = Doy DI, > 0. From (8.3) and (8.4), Y and P can
be obtained and further used to calculate Ky and K. that involve in the Kalman filter and
full-state feedback design, as shown in (8.5) and (3.6).

1)  Kalman Filter

T =A%L+ Bgu + Kf(y - Cgii‘),
(3.5)
K; = —(B;DL +YCT)R;".
2)  Full-State Feedback
u= K.,
(3.6)
{ K.=—-RY(DLC, + BIP).

Note that Al) - A4) are standardized assumptions [17] and the H, optimal controller
C(s) is realizable in the usual LQG manner as a full-state feedback K. and a Kalman filter

with residual gain matrix Kjy.
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Chapter 4
Control Design for EPS System

According to the literature survey [1},[6], the most popular EPS controllers are developed

based on one single motor control with some compensators as shown in Figure 4.1

Vehicle Speed
Hand VWheel

Tyre

Rack

Figure 4.1: Schematic Digram of EPS System

However, these kinds of controllers not only have their own limitations for considering
the overall specifications, but also they had no freedom to extend.

In this chapter, a new controller architecture is proposed in which the EPS control design
is inducted in two separate procedures: the motor torque control design and EPS motion

control design .The whole EPS system with motion controller bolck is shown in Figure 4.2.

18
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TG
HW Inp | GofsyGafs)e—
Torque r&p angle
.+ - + + +4¢ 'R (a)
o G,(s)—:(?—t GASIFNCyfs) b Cfs) Gy(s) >—-I Gyfs, -+
vty - - a8
Wheel Controller  Motor Gear and
Shaft ;z:‘z:i Controller Torque  |" REP
Constant  |Road Reaction
Gs)e¢ orque on R&P
(rough surface}
Current Sensor

Figure 4.2: EPS System Overview with New Motion Controller

In principle,the torque control is designed to achieve fast motor reaction response to the
EPS motion controller input command, and , at the same time to take care of the motor
counter balance emf. The EPS motion control is designed in H, optimization approach to
take care of the EPS transient performance based on the EPS model presented in Chapter
2.The new two controller structure breaks through the limitation of the conventional control
structure and leaves space for future more complicated control design such as fault tolerant
control.It is noted that both of these controllers can be implemented in the same control

unit,so no extra hardware is costed.

4.1 Torque Control Design

In order to design a motor controller, we extract the motor control feedback loop as in Figure
4.3.

The control purpose is to get the fast response of assistant torque, and also take care of
the disturbance from the rack and pinion. So in this part , a simple P-I controller is wise

choice to implement this function and also to take care of the counter balance EMF. The
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M-Motor close toop

~ C, ’_’®_’ G, Gy

G,(s)

Figure 4.3: Motor Control System Block

motor model transfer function of ¥is indicated by G3 [10].Because

JmS + Bp,
Ga = 4.1
* " (JmS + Bm)(LS + Rum) (4.1
A P-I controller is derived by error and trial for the motor model as:

K
C, =K, + =+ (4.2)

S

1

K, = 20400, K; = 700,G5 = — (4.3)

40
G5 is current sensor

The system response of the motor with the P-I controller is shown in Figure 4.4

EPS gear output through Pl motor controlier

400
380 |- meecmemedemene e o]
300 ------------------------------ [P N dremreedeemenertbhenree e bheene. pu—
250 Lanammn [ P S [ . docrmeavedocawme P O U R M Ty p—
E
=
s ISR SO U S AR RN R NI SRR S .
=
S
2
ST =7u } AU FUPU NN SRR SRR SPRNIPUS SIORIPUUE SRS SO TSP SR -
S RN N N SN S N SN S
0 SRS S RO SUPUSE SN SO SR SO SN SO
0 ] i I8 i i ] i i ]
0 1 2 3 4 5 6 7 8 =] 10

Figure 4.4: Motor Response with P-I Controller
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From the Figure 4.4, the P-I control not only takes care of the counter balance EMF,

but also makes the motor arrive the stable status in 0.1 seconds.

4.2 H; Motion Control Design

In optimal Hy controller design process, we transform the system block in Figure 4.2 to

another form is shown in Figure 4.5 as shown follows:

— ¢
[7 G3
+ Torque S¢nsor
b

outpy

M-Motor close ioop

G,(s)

Figure 4.5: System with New Controller Structure

From the system block shown in Fig4.2, there are several problems existed in the system
which prevent us designing a controller C; to consider both motor control part and motion
control for the whole system.

The road disturbance signal, w, is added in the outer feedback loop, but the controller Ciis
in the small motor feedback loop. When the noise come into the system, it is incorporated
by other signals. As a result, the controller can not be sensitive to this disturbance signal
efficiently.

If there are some model uncertainty exists in the system, the controller as a motor
compensator has no freedom to extend to fix this problem.

Based on these problems, we here propose a new way to design the controller for the EPS
system. We separate the control unit into two cascade , which can deal with the different
plants more efficiently than the conventional controller. From Fig4.5,the master controller

Cs handles the mechanical components of the EPS system so that the system can achieve

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22
better transient response .The slave controller C; is specific for the motor response and

counter balance EMF control.

Because of the P-I control existing, so counter balance EMF can be omitted when the
motion control is designed. From motion controller command input to deduction gear output
is the motor with controller close loop transfer function we need. In order to simplify the
original system block as shown in Fig4.5 to a classical control system block as shown in

Figure 4.6.This transformation will make our design clearer and easier.

& W T

Figure 4.6: New Simplified Controller Structure

C» motion controller

M electrical motor+ P-I controller close loop function
Z Torque sensor output

W1 Road reaction torque , road disturbance

G motion plant

From Figure 4.6, we can see we do the system conversion again. We suppose the whole

plant G as the mechanical components of our whole system plant need to be controlled. We

derive G as :
G — G2Gs
14+G1G2+G2Gs

In order to design a controller, we first must check if the plant G in Figure 77 satisfy the

assumptions . The state space model for G is as follows:

-9.7335 —207.51 —1394 1

A= 1 0 0 ,B=101, (4.4)
0 1 0 0

C =[0.03104 49.684 30.1 ] (4.5)
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D =[0] (4.6)

An optimal H, controller is designed by using Matlab/ robust control/toolbox[5]. The

optimal Hj controller try to minimize the cost function as follows.

1 T T
min | Ty, = qll_l}go—fE{/O 2T zdt) = 711_{1;10{/0 (7 CT Cyz + uT DT, D1 + 227 CT D1gu)dt}

(4.7)
21

,Here Z = | 2o | When we design a Hj controller, we suppose that there exist a torque
Z3

sensor noise in the system, and also assume that the motion control can take care of this
disturbance. When we get the final Hy controller — C,, we still need to check whether
the designed H, controller can actually work fine with the disturbance signal w or not.
According to this design idea, we configure the system as in Figure 4.7. Three weights are

also augmented in the system plant to synthesize the final H, optimal controller .

':: W ]’ z1

» W2 i 5

oS M e G | W; ]__Zi

Figure 4.7: Matlab Augmented System

w the disturbance signal from road wheel torque
C, the Hs controller to be designed
M the motor module with a P-I controller
G plant
W, weight function penalize the system performance
W, a small number to ensure a full rank D12 as required by MatLab [5]
W3 weight function penalize the system robustness.
Considering the weight specification, W) as low pass filter can be used to penalize the
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system performance.

(109)
= swq = 0.01; 4.8
wy 35x(S3+20052+2x104S+106’w2 0.01; (4.8)
W5 is set to make Dy, full rank, in order to satisfy the Matlab realization.
wy = 200 (4.9)

S ¥
W3 is used to pass the high frequency noise and error signal so that penalize the system
robustness.

The bode plot of the three weights are as follows:

VWM specification
Bode Diagram
40 — T T

™

20 fraeciadaan

20 f-onedonded- R SRR S ¢ 5. \._.... RS
:
i L

Magnlude (0B)

B s R R L R e e Rt b T Rtk ekele-
OSSN ML BN AR 441 OO R
-80 1
10° 10’ 107
Frequency (radisec)
Figure 4.8: Weightl Specification
Hady Diaycter
se EpocBGRlinn.- v ¥ Awere I .
=% o
e T
n‘f“
JeeS A . [ .,‘,,.e'v’v./ ......
g e :
H e :
2 Ll e /_J,A.f."’
e
“&dp o
10 1

Faetusiy radaacy

Figure 4.9: Weight2 And Weight3 Specification
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After adding these three weights to augment the model, we design a H; optimal controller

which minimizes the transfer function from w to Z. The H, controller is synthesized using
the optimization routine in "Robust Control Toolbox”, Matlab [5].

Note that the Hs control is designed to include the controlled motor block M, therefore,
the master motion control Cy can be obtained by excluding M out: Cy = Cgo/M, where
Cho is the designed H; control for the plant G.

The final state space model after excluding motor with P-I model M of the motion

controller is:

—587.05 —1.6704 x 105 ~2.3298 x 107  —1.9061 x 10°

1 0 o [
0 1 (V] 0
— 0 0 1 0
A = 0 0 0 1
0 0 0 0
0 o 0 o
0 o 0 0
-8.2303 x 1010 —6.3717 x 1011 _3.7851 x 10'}  -1.2172 x 1010
0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 ) (4-1O>
1 0 0 0
0 1 0 0
0 0 1 o
T
B=[10000000], (4.11)
C = [ 3346 78037 6850100 1.2222 x 108
. 1762 x 10°  1.8104 x 10!  6.8212 x 1010  2.2858 x 10° ] , (4.12)
D = 0.0009844. (4.13)

The simulation results for the optimal motion controller will be discussed in the simulation

chapter.
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Chapter 5

Model Reduction

In this thesis, a new optimal EPS system controller is developed in Chapter 4. The EPS
motion controller is an eighth-order controller. However, in terms of the computational
efficiency and cost, simple lower-order models are normally preferred . Therefore the appli-
cation of the techniques that reduce model complexity without losing any significant system
performance becomes highly required in some real implementations of the EPS controller
systems. In this chapter balanced truncation method is applied to EPS motion controller
model reduction. It is shown the objective of reducing computing workload can be effectively

achieved.

5.1 Model Reduction based on Balance Truncation

The model order reductAion problem can, in general, be stated as: given a full order model
G(s), find a lower-order model (say, a r-th order model G,), such that G and G, are close
in some sense. For example, one may desire that the reduced model be such that G =
G, + A, with A, very small in H,, norm [18]. The model reduction problem can therefore

be formulated as:

deg%grf)gllG ~ Grlloo (5.1)

Al B
Theorem 5.1.1 [18] : Let {‘CTI’_DT] be a state-space realization of a ( not necessarily

26
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stable) transfer matriz G(s).Suppose that there exists a symmetric matriz

. _[P]o
p_p_{o O},

with P, nonsingular such that

AP + PA*+ BB* = 0.
Now partition the realization(A,B,C,D) compatibly with P as

An Ap| B
Ay An| B, |,
C: G | D
Then [ /én % ] 1s also a realization of G .Moreover,(A11, By)is controllable if Ayy s
1
stable.

A

B
Theorem 5.1.2 [18] : Let 7'77} be a state-space realization of a ( mot necessarily

stable) transfer matriz G(s).Suppose that there ezists a symmetric matriz

T
°-o- |55

with P, nonsingular such that

QA+ A*Q+C*C =0.
Now partition the realization(A,B,C,D) compatibly with @ as

All A12 Bl
A21 A22 BZ
Cl Cg D

Then [ @1 % } is also a realization of G .Moreover,(Cy, A11)is controllable if Ay is
1

3
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stable.

The procedure two theorems suggest that to obtain a minimal realization from a stable
nominal realization, one only need to eliminate all states corresponding to the zero block
diagonal term of the controllability Gramian P and the observability Gramian Q.

In the special case where Let is a minimal realization, a balanced realization

Al|B
C\D
can be obtained through the following simplified procedure:

1. Compute the controllability and observability Gramians P > 0, > 0.
2) Find a matrix R such that P=R*R.

3) Diagonalize RQR* to get RQR* = UX2U2.

TAT-'|TB ] .
1S

-1 — p* -1/2 * ) -1 -1 .
4) Let T R*UE-Y2. Then TQT (T*)'QT Eand[ Cr T D

balanced.

Theorem 5.1.3 [18/ : Consider a stable transfer function G that belongs to RH,, then
is balanced realization with Gramian ¥ = diag(X,, Xs) (its controllability and observability

Gramians are equal and diagonal)

Ay Ap | B
G(s)= | Any An|B: |, (5.2)
Cy Gy | D
and,
El = diag(o-lIsl ) 02-[327 Tt 70'7'-[87‘))
(5.3)
Z2 = diag(07'+llsr+l’0-7'+2IS1~+2, o 1UNIsN)-
and Y1>Ye> - >8.>8 >8> > Yy
on <K 0y and o; has multiplicity s;,1=1,2,--+ N and 81 + 8o+ -+ sy =n.
Then the truncated system
_ | Au B
6= | o | (5.4
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is balanced and asymptotically stable. Furthermore,

G — Gl £2(0r41+0r42+- - +0nN) (5.5)

Hence, we can use the balanced truncation method stated in Theorem 5.1.3 for model re-

duction.

5.2 EPS Motion Controller Model Reduction

The Matlab robust control toolbox is utilized to get an optimal H, controller with a lower
order.

The state space model of the original H, motion controller is as follows:

-587.05 —1.6704 x 10° —2.3298 x 107  —-1.9061 x 10°

0 0 0
0 1 0 0
A = 0 0 1 0
- 0 0 0 1
0 0 0 0
0 0 0 0
6 0 0 0
—~8.2303 x 1010 _—6.3717 x 1011 -3.7651 x 101! -1.2172 x 1010
0 0 0 0
0 0 0 0
0 0 0 0
; : ’ 5 ; (5.6)
1 0 0 0
0 1 0 0
0 0 1 0
T
B=[10000000], (5.7)
C = [ 334.6 78037 6850100 1.2222 x 108
+ 1762 x 109 1.8104 x 10'®  6.8212 x 10'®  2.2858 x 10° } s (5.8)
D = 0.0009844. (5.9)

The 6th order and the 2nd order simplified models are derived from the original model
respectively.

The state space model for the 6th order after model reduction is shown below:
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—-173.86 —266.38 -450.49 -—46.457 33.76
—15.673 —56.227 -162.38 —79.495 —6.4406
—-33.24 10235 126.27 -33.842 -19.281
—10.184 33.245 40.786 —16.264 —9.4953
| —16.718 62.428 67.804 —44.596 —28.631

[ —6.0534 ]
17.642
10.453

~3.0315
~1.2611

| -2.3315 |

C=[4.7023 15.496 7.457 —0.93664 —1.3615

D = [0.00098443].

The state space model for the 2nd order after model reduction is shown below:

[ —25.392 397.54 221.69 41491 —3.4156 —60.855 ]

138.37
46.273
—30.056
~16.1
~80.662 |

~3.1268 ],

Ao [ —25.392 397.54 } B [ —6.0534}’

~173.86 —266.38
C = [4.702315.496], D = [0.00098443].

17.642

30

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

Comparison between the reduced model and the original model is made in order to check

the impact the model reduction brings to the system performance, as can been seen in Figure

5.1 and Figure 5.2.

From the bode plots shown in both figures, we can find the 6tk order model is very close

to the original model in terms of both magnitude and phase changes. The 2nd order model

also tracks the original model quite well. Therefore, through the balance truncation, both

reduced order models satisfy the performance requirement. Further details of the reduced

models will be discussed in the simulations chapter.
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—— original Bth order model
+ 2nd order reduced modet

Magnitude (dB)

——— original Sih order mode!
4 2nd order reduced model

Phase (deg)

Frequency (radisec)

Figure 5.1: Comparison between 2nd Order Model And Original 8th Order Model

Bode Diagram
i i1 4 Gth order reduced model |

+§ —— original 8th order model H
g i
< ?
é‘
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i § % 6th order reduced modsl H

"] —— originel 8th order model
Y Je SRS -
8
£
o

Frequency (rad/sec)

Figure 5.2: Comparison between 6th Order Model and Original 8th Order Model
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Chapter 6

Simulation

6.1 Vehicle Dynamics Setup Using CarSim

The function of the steering system is to steer the front wheels in response to the driver
command inputs in order to provide an overall directional control of the vehicle. The vehicle
dynamic model created considers the front wheel drive mode. The forces and moments that
emanate from those generated at the tire-road interface and impose on the steering system
are the feedback signals such as the road reaction torque that needs to be simulated and

integrated into the EPS model.

6.1.1 Steering System Forces and Moments

The ground reactions on the tire are described by three forces and moments [9], as shown

below:

Vertical Force Aligning toque

Tractive Force Rolling resistance moment
Lateral Force Overturning moment

Figure 6.1 shows the three forces and moments acting on a left-hand road wheel. They will
be introduced separately to demonstrate their effects on the steering system.

The reaction in the steering system is described by the moment produced on the steer
axis, which must be resisted to control the wheel steer angle. Ultimately, the sum of moments

from the left and right wheels acting through the steering linkages with their associated ratios

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Figure 6.1: Steering Forces and Moments

and efliciencies account for the steering-wheel torque feedback to the driver.

Vertical Force

The vertical load, F;, acts vertically upward on the wheel and by SAE convention is con-
sidered a positive force. Because the steering axis is inclined, F, has a component acting to
produce a moment attempting to steer the wheel. The moments arise from both the caster
and lateral inclination angles. Assuming small angles and neglecting camber of the wheel as

it steers, the total moment from the two can be approximated by

My = —(F, + F,,)dsin Asin§ + (F,, — F,,)dsinv cos§, - (6.1)

where:

F,, F,,: Vertical load on left and right wheels
My : Total moment from left and right wheels
Lateral offset at the ground

Lateral inclination angle

Steer angle

Caster angle

X O >

The first expression on the right side of the above equation arises from the lateral in-
clination angle, and the last from the caster angle. The sources of each of these moments

is most easily visualized by considering the effects of the lateral inclination angle and the
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caster angle separately.

The vertical force acting on lateral inclination angle, results in a sine angle force com-
ponent, F,.sin()), which nominally acts laterally on the moment arm “dsin(6)” when the
wheel is steered. The moment is zero at zero steer angle. With a steer angle, the moments on
both the left and right wheels act together producing a centering moment. The net moment
is proportional to the load but independent of left and right imbalance. When steering, both
sides of the vehicle lift, and affect which is often described as the source of the centering
moment.

The caster angle results in a sine angle force component, F,, sin(v), which nominally acts
forward on the moment arm dcos(d). The moments on the left and right wheel are opposite
in direction, and tend to balance through the relay linkages. With steer angle, one side of
the axle lifts and the other drops, so that the net moment produced depends also on the roll

stiffness of the front suspension as it influences the left and right wheel loads.

Lateral Force
The lateral force, Fy, acting at the tire center produces a moment through the longitudinal

offset resulting from caster angle. The net moment produced is
M = —(Fyl -+ Fyr)T' tanv, (62)

where:

Fy, F,r :  Lateral forces at left and right wheels (positive to the right)
T Tire radius

The lateral force is generally dependent on the steer angle and conering condition, and
with positive caster produces a moment attempting to steer the vehicle out of the turn.

Hence, it is a major contributor to understeer.

Tractive Force

The tractive force, Fy, acts on the kingpin offset to produce a moment, which is
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My = —(Fa + Fur)d, (6.3)

where:

F,, F,,: Tractive forces at left and right wheels(positve forward)
T Tire radius

The left and right moments are opposite in direction and tend to balance through the
relay linkage. Imbalances, such as may occur with a tire blowout, brake malfunction, or
split coefficient surfaces, will tend to produce a steering moment which is dependent on the

lateral offset dimension.

Aligning Torque
The aligning toque, M,, acts vertically and may be resolved into a component acting paraliel
to the steering axis. Since moments may be translated without a change in magnitude, the

equation for the net moment is:

MAT = -(le + Mzr)COSV A2+ 2, (6.4)

where:

M,,M,,.: Aligning torques on the left and right wheels.

Under normal driving conditions, the aligning torques always act to resist any turning
motion, thus their effect is understeer. Only under high braking conditions do they act in a

contrary fashion.

Rolling Resistance and Overturning Moments
These moments at most only have a sine angle component acting about the steer axis. They
are second-order effects and are usually neglected in analysis of steering system torques.

Equations (6.1) through (6.4) describe the moments input to the steer axis of each road

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36
wheel that comes from the forces and moments acting on the tires. The reactions can be

summed up directly to determine the torque feedback to the steering wheel if needed.

6.1.2 Simulation using CarSim

CarSim includes math models that can be loaded and run by Simulink - a software package
for modeling, simulating and analyzing dynamical systems. In general, simulink runs under
MATLAB, a mathematical workshop.

The input and output signals of the EPS simulink model are as follows: As for the CarSim
system, the steering wheel position will be the input signal. As for the output, the steering
wheel torque after times the gear defined in the Carsim model, which is calculated using the
total moment of the left and the right kingpins of the front wheels, will be an output of the
CarSim system and be an input signal as road disturbance to the EPS model at the same

time. All the inputs and outputs of the CarSim system is defined as follows:

INPUTS:

1) IMP-STEER-SW, which is the steering angle generated by the driver.

OUTPUTS:

1)  Steer-L1, which is the front left tire angle.

2)  Steer-R1, which is the front right tire angle.

3) Vi, which is the vehicle speed.

6) M-SW, which is the steering wheel torque to the EPS system.

In this chapter, offline and real time simulations are designed and conducted to demon-
strate the effectiveness of the proposed controller design method, which includes two-degree

design strategy, model design and model reduction. First, experiments are conducted on the
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designed EPS system under different noise situations. Then noise will be imposed on the

EPS system with model reduction. At last, the real-time simulations on the EPS system

will be performed.

6.2 Test Benchmark Set Up

A schematic system block diagram of the test bench is presented in Figure 6.2.

Gyfs)+
- r&p angle
+ + + ] r (8)
T —(50 GAs) ,;Q—’ Gfs) > Cs) G4fs, >—+ GofS) >
bw - - +
Controlier Motor Gear and
:‘I::f ;;nrz: Controlier Torque W ReP

Constant  |Road Reaction

Gfs, Torque on R&P

{rough suiface)

Current Sensor
Benchmaric of Tire Angle
Hand Wheel
Angle {straight flat surface) .
» CarSim S +~~ + Randomnoise W,
| W NS

Gear poad Reaction Torque on
R & P {straight flat surface}

Figure 6.2: EPS System Simulation Block Integrated with CarSim

Nomenclature

G : The dynamic model of the steering wheel.

_ 1
G = ThwS2+Brws "

G : The dynamic model of the torque sensor.

Gy = B,.S + K,.

C; : The P-I controller of the motor.

C>: The optimal motion controller of EPS system.
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G3 : The dynamic model of the electric motor.

_ JnS+B
Gs = T B TR

G4 : The current sensor.
G4 = K ce

G5 : The dynamic model of the reduction gear.
Gs = K,.

Gs : The dynamic model of the rack and pinion .

- 1
Ge = 2T+ Jr)S2+(n2Bm+B)S

G~ : one transfer function in calculation the disturbance to motor .

— K
Gr = (JmS+Bm)(LmS+Rm)"

Gs : one transfer function in calculation the disturbance to motor .
Gs = nJpS? +nB,,S.

©: The torque from the driver.
w: The torque including the white noise from the road.
y: The angle of the road wheels.

The road reaction torque as vehicle dynamics is hard to be modeled. Using the com-
mercial software CarSim to generate this signal is the wise choice. The CarSim S-Function
denotes a CarSim Module, which works as a virtual car. For the interest of steering dynam-
ics, CarSim simulates another vehicle’s manual steering process for a given hand-wheel angle
with respect to various road surface conditions assumed, while the road reaction torque
is available for the user. For the real-time simulation presented in this paper, CarSim is

operated for two purposes:

1. Generate the benchmark of the tire position response to the hand-wheel angle from

the output of G; in Figure 6.2, assuming a straight flat road condition;

2. Generate an estimation of the road reaction torque w; that is applied to provide low

frequency information of w in Figure 6.2(as there is no road roughness assumed).
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The block "HW torque” is the system input, which is a pulse signal as shown in Fig 6.4.

This input simulates the driver exerting a hand wheel torque with 1Nm for five seconds
and then releasing it. To verify the performance of the designed EPS system under road
disturbance condition, “random number” with different variance cases added into the system
to simulate different road conditions.

The input signal is as follows:

The torque from the driver to the steering wheel

i I I

€08

=

2 05

g

2 04
0.3
0.2
0.1

0 5 10 15 B 25 30 B 40 45 50
Time (s)
Figure 6.3: System Input Signal

The noise signals are listed below:

1)  Zero-mean random number noise with variance of 10

2)  Zero-mean random number noise with variance of 50

A schematic simulink diagram of the test bench is presented as follows in Figure 6.4,
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Figure 6.4: EPS System Model with a H, Motion Controller
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6.3 Off-Line Simulations and Results 4

H, motion controller and P-I motor controller

Basically, what we need to check in the simulations is how well the torque sensor output
react to the road reaction torque and the tire wheel angle responds with the human wheel
angle, under each of the simulated noise situations. In this off-line simulation of the EPS
system with H, and P — I controller, noises and other input signals are included and the
results are obtained as shown in Figure 6.5 - 6.8.

As can be seen, in each of the cases, the impact of the road roughness surface to the
torque sensor output is greatly attenuated by the controller. The H> motion well addresses
the driving comfortable problem. And the torque sensor output follows driver’s steering
wheel torque very well, and the whole motion process only takes 7 seconds.

In the figures of the steering wheel angle and rack&pinion angle are for random number
with variance 10. (e.g., Figure 6.6) The upper plot stands for the human wheel angle exerted
by the driver and the lower one plots the rack&pinion angle generated by the EPS system
with the controller. It can be observed that the rack&pinion angle follows the human wheel
angle very promptly and accurately, which means, the designed controller enhances the
driving performance of the vehicle. And also we attached the benchmark CarSim angle in
Figure 6.7. CarSim is assumed to run on the straight flat road surface. It can be judged
from the comparison in Figure 6.7 that the proposed EPS controller yield good performance
in terms of bringing the steering process on rough road surface close to that on straight flat

road surface, while keeping the driver’s steering feeling enjoyable-light and less vibration.
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Road Reaction Torque with H2 motion controlier
T

Torque-N.m

i i
1] 5 10 15 20 25
Torque Sensor omp.ﬁ"&ﬁ'ﬁr—m motion controlier

-

L 1
[ — randem number var=10 |

| SR P

,._...,1

H

H

'

H

H

‘

H

H

v

H

H
1.

Torque-N.m
o
[4,]

1 i ;
0 5 10 15 20 25
time-s

P S

AR S PR

Figure 6.5: Road Reaction Torque and Torque Sensor Output Integrated with Hz Controller
(random number variance = 10)
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Figure 6.6: Human Wheel Position And Rack & Pinion Angle with Hy Controller (random number
variance = 10)
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Carsim Benchmark angle output with H2 motion controller (random number var=10)
5
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Figure 6.7: CarSim Output Angle Compared with EPS Output Angle with Hy Controller (random
number variance = 10)
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In next simulations, the variance of random number is increased from 10 to 50. It is used

to simulate the road surface with more roughness. In Figure 6.8, which is the torque sensor
output and road reaction torque comparisons, the road roughness is still greatly attenuated
by the controller. And the transient response is fast and no overshoot exists.

And also from Figure 6.9, we can find that the rack &pinion angle follows steering wheel

angle exactly and also not be affected by the road roughness changing.

Road Reaction Torque with H2 motion controller

| —— random number var=50 |

Torque-N.m

o] ] 10 15 20 25

time-s .
Torque Sensor Outpu{ With H2 motion controller

Torque-N.m

time-s

Figure 6.8: Road Reaction Torque And Torque Sensor QOutput Integrated with Hs Controller
(random number variance = 50)
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Steering Wheel angle with H2 controller
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Figure 6.9: Human Wheel Position And Rack & Pinion Angle with H, Controller (random number
variance = 50)
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No Motion Controller

It would be worth of analysis if we compare the performance of the traditional EPS system
without the motion controller with that of our proposed EPS systems. Figure 6.10 shows

how the torque sensor output responds to the road reaction torque input in an traditional

EPS system.
Road Reaction Torque without H2 motion controller

20 T T

s | —— random number var=50 |
E i i
Z 10l e e R 4
@ ’
S al gl e | S -
o .
- :

]
8] 5 10 15 20 25

time-s
Torque Sensor output wﬁh H2 motion controller
1)

1 1
| — random number var=50

Torque-N.m

time-s

Figure 6.10: Road Reaction Torque And Torque Sensor Qutput without the Motion Controller
(random number variance = 50)

As can be seen from the graph, although the road disturbance can be attenuated in this
case, the system without the motion controller will need much more time to reach the stable
status. It can be observed that it gradually turn to stable at nearly 25 seconds and at the
same around the 13th second, system has slight overshoot. Compared with the system with
H; motion controller, our motion controller is used to accelerate the system response which
only takes 7 seconds for the system to complete the response to the inputs and also follow
our input torque signal very well. Therefore, the EPS system with the 2-degree controller
(motion controller + motor control) achieves a better performance than those systems with

only one traditional controller .
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P-I motion controller 4+ P-I motor controller

Again, in this simulaiton, we need to check how P-I motion controller works in the EPS
system. We do not change the P-I torque control, just replace H, motion controller with the
P-1 motion controller

Figure 6.11shows that P-I motion controller can address the road roughness but achieve
worse performance compared with our H; motion controller.

In the figures of the steering wheel position and tire position for different P-I motion
controller (e.g., Figure 6.12 and 6.13), it can be observed that the tire angle can not turn

back to zero , so it show that P-I motion controller can not work fine in the system.

Road Reaction Torque with Pl motion controller (random number var=10)

Torque-N.m

o

10 15 20 25
time-s

Figure 6.11: Road Reaction Torque And Torque Sensor Output Integrated with P — I Con-
troller,P=0.05,1=0.3 (random number variance = 10)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



48

Steering Wheel angle with Pi motion centrolier
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Figure 6.12: Human Wheel Position And Rack & Pinion Angle with P—I Controller,P=0.05,1=0.3
(random number variance = 10)
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Figure 6.13: Human Wheel position And Rack & Pinion Angle with P — I Controller,P=10,I=5
(random number variance = 10)
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Simulations for Model Reduction

The simulation results of the 6th order controller are shown in Figure 6.14 and Figure
6.14. Compare with the results obtained from the original 8th order model (Figure 6.8 and
Figure 6.9), they are quite similar. The rack & pinion angle follows human wheel angle
exactly and the noise is attenuated greatly.

As for the 2nd order controller, the results are shown in Figure 6.17 and Figure 6.18. It
can be observed that although the model is reduced substantially, the 2nd order controller
still works very well in the system.

From these figures, it can be seen that the controller after model reduction won’t affect
the overall performance. It proves that the reduced order motion controller will be good a

candidate to implement into the practical system.

Road Reaction Torque with 6 th order reduction H2 motion controller

[.—— random number var=10 ]

Torque-N.m

0 5 10 15 20 25

Torque Sensor output withtgﬁla-osrder reduction H2 controller

I L
[ = random number var=10 |

Torque-N.m

time-s

Figure 6.14: Road Reaction Torque And Torque Sensor Output Integrated with Hy Controller
(6th order controller model, random number var = 10)
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Steering Wheel angle with 6th reduction controller
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Figure 6.15: Human Wheel Position And Rack & Pinion Angle with Hy Controller (6th order
controller model random number var = 10)
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Figure 6.16: CarSim Output Angle Compared with EPS Output Angle with Hy Controller (6th
order controller model random number var=10)
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Road Reaction Torque
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Figure 6.17: Road Reaction Torque And Torque Sensor Output Integrated with Hy Controller
(2th order controller model random number var = 100)
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Figure 6.18: Human Wheel position And Rack & Pinion Angle with Hy Controller (2nd order
controller model random number var=100)
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6.4 Real-Time Simulations »
In a competitive world, using real-time simulation rather than numerical simulation (off-line
simulation) provides a significant advantage. Real-Time simulation can minimize risks, im-
prove reliability, and bring a system into operation more quickly, while numerical simulation
results may not be reliable, sometimes only qualitative. Therefore, Opal-RT and CarSim-RT
platforms are used to provide the real time simulations for the EPS model developed in this
research. RT-LAB software runs on a hardware configuration consisting of Command Sta-
tion, Compilation node, Target nodes, Communication links (real-time and Ethernet), and
the I/O boards. It is configured on Windows platform for the Command Station. Simula-
tions can be run entirely on the Command Station computer, but they are typically run on
one or more target nodes. For real-time simulation, the preferred operating system for the
target nodes is QNX. When there are multiple QNX nodes, one of them is designated as the
compilation node. The Command Station and target node(s) communicate with each other
using communication links, and for hardware-in-the-loop simulations target nodes may also

communicate with other devices through 1/0 boards.

Command Station

The command Station is a PC workstation that operates under Windows operating system,

and serves as the user interface. The Command Station allows users to:

1) Edit and modify models

2)  See model data

3) Run the original model under its simulation software (simulink)
4)  Generate code

5)  Separate code
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6) Control the simulator’s GO/STOP sequences

Target Nodes

The target nodes are real-time processing and communication computers that use commercial
processors interconnected by an Ethernet adapter. These computers can also include a real-
time communication interface like FireWire or cLAN (depending on the selected OS), as well

as 1/O boards for accessing external equipments. The real-time target nodes perform:

1)  Real-time execution of the model’s simulation

2)  Real-time communication between the nodes and I/Os

3) Initialization of the I/O systems

4)  Acquisition of the model’s internal variables and external outputs through I/O modules
5) Implementation of user-performed online parameters modifications

6) Recording data on local hard drive, if desired

7)  Supervision of execution of the model’s simulation, and communication with other

nodes.

Compilation Node

The compilation node is used to:

1) Compile C code
2)  Load the code onto each target node

3)  Run the original model under its simulation software (simulink)
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4)  Debug the user’s source code (S-function, user code block, etc.)

Communication

Firewire real-time link: The real-time communication link works using FireWire (IEEE P-

1394) or cLAN interfaces. Both ensure:

1) Real-time communication between slaves, and between the target nodes and the I/0

2)  Synchronization between the 1/O boards and target nodes.

Ethernet Link: An Ethernet link is used to transfer simulation models and run-time data

between the Command station and the target nodes.

I/0O boards: Both analog and digital 1/O boards are supported by RT-LAB. These allow

connection to external equipment for applications such as Hardware-In-Loop.

Real-Time Simulations for EPS systems

For the real-time EPS system realization, two nodes are needed to implement the simu-
lation. Therefore it is necessary to build a distributed model for RT-LAB. There are three
" parts in the whole model. One is called the master module, beginning with SM. Another
module is called slave module, beginning with SS. The command station used to input signal
and accept the output signal is called the console module, beginning with SC.
The model’s real-time calculation is implemented in the master subsystem, which is used
to link to CARSIM-RT to simulate the tire model.
The slave subsystems are still used to perform calculations in the model, and also do

the real communication with master subsystem. For real-time applications, there can be
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more than one slave. The number of slaves depends on the simulated model complexity and

the number of target nodes availability. In EPS system, EPS mechanical simulink model
is grouped into the slave system which can communicate with the tire model through a
designed real-time link with TCP/IP protocol.

The console subsystem contains all the simulink blocks related to acquiring and viewing
data (scope, manual switch, To workspace-type blocks, etc.). When creating a subsystem,
Opalcomm blocks must be inserted into the console subsystem to acquire data from the
model. Any simulink model that will run in RT-LAB platform should have only one Console
block.

For our simulation, the schematic diagram of computer work is in the Figure 6.19 as follows:

RT-LA Corfputation Nodsé

Figure 6.19: Schematic Diagram of Computer Work

Problems and Solutions for the Real-time Simulation

Step size determines the time interval between subsystem’s consecutive calculation steps.
If, for only one single node, the minimum step size is 15us; for 2 nodes, the minimum step
size is equal to 100us. The EPS real-time model has two nodes, so the minimum step size is
100us V

It is known in the former chapter that the motor with P-I controller system close loop
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transfer function diagram is shown below in Figure 6.20:

M-Motor close loop

4+

% C, ‘—’®"’G3

A A

G,(s)

Figure 6.20: Motor with Controller System block

We find that the motor close loop function with disturbance has higher frequency poles
which exceeds the 0.001 sampling frequency offered by the QNX system. Using an approxi-
mated model is the better way to fix this problem.

From the diagram we find that output Y is added by two inputs(EMF input W and
reference R) So we get the the equation6.5:

Ci1Gs LW Gs

Y = .
Rl + C1G3Gy 14+ C1G3Gy

(6.5)

We can do the approximated transfer functions for reference signal R and EMF signal W

seperately. The transfer function for reference signal is equation6.6

B (322352 + 286705 + 980) x 12
"~ 0.0002375% + 80.6452 + 727.3S + 24.5°

Gu (6.6)

The poles of this transfer function are p; = —3.4025 x 10°%,p; = —8.9852, p, = 0.033814,,
respectively; For p;, the pole is very faster than the fix-step size of 0.001. Therefore it can
be accepted by the real-time system.

In order to run the real time simulations for the model, we need to transform the transfer

function of the whole model, with the steps shown as follows:

- 2 2
1) Factorize G, = (322352 +286705-+980) x 12

= 500023759180 645717 a5 3% After factorization, we can get three trans-

fer functions:

0.0197 —4.967 1.36%107

sysl = S 5 0aeEn SYS2 = 35085 SYS3 = i aomice
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2)  From the transfer function 3, we know the pole of this transfer function is of a very

high frequency therefore it can be sampled by the fix step size as 0.001 s. Because this
pole, compared with the other two poles, is far away from the imaginary axle, for an
approximation of the model this pole can be omitted. Before removing the pole, we
need to extract its DC gain:

. . 107
gain = éﬂﬁ%-g = 39.97.

Therefore the approximated system transfer function becomes:

_ . 1.36%1075241.21x1085+4.135%10%
sysapp = sYs3 + sYs3 + gain = 30 RT3 060+100 S1 5. 004n105

Same way we approximate the transfer function for EMF input signal W input

; — 0.15852%41.45
1)  Factorize G, = 0.0002375°3 4806452+ 727.35124.5 "

— ; — 666.752+59075+2.84x10~14
2) syswapp = gainw + syswl + Sysw2 = gy et S (3eTeS -

The approximated model for real-time simulation is shown in Figure 6.21:

Real-Time Simulation Results

Since most of the simulation results have already been obtained in the off-line simulations,
we just need to list some of the real time simulation results here to verify with the off-line
simulations. In addition, because the model used to run the real- time simulations is already
an approximated model, the real-time robustness test is also performed at the same time.

Figure 6.22 - 6.24 show the real-time simulation results of the system. We also give the
CarSim angle output comparison with EPS output angle. We can see that the results are
very close to those off-line results. Furthermore, its real time model passes the robustness
test.

The RT-LAB real-time simulations verify that the new 2-degree controller is effective not

only theoretically but also practically.
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Figure 6.21: EPS System Approximated Simulink Model for Real Time Simulation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

Road Reaction Torque with H2 motion controller( Real time Simulation)
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Figure 6.22: Road Reaction Torque and Torque Sensor Output Integrated with Hy Controller
(Real-Time Simulation, random number variance = 10)

Steering Wheel angle with H2 motion controller(Real Time Simulation)
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Figure 6.23: Human Wheel position and rack and pinion angle with Hy Controller (Real-Time
Simulation, random number variance = 10)
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Benchmark Carsim angie output with H2 motion controller( Real Time Simutation)
1.5

T T T T
H : H i{ = left r&p angle
©  thke--aes Ry = on-mmeeeboscsmcnanniocoo_i| — right r&p angle
s i i i : :
B Tl L . N YT T NS (SN MARU S S -
® f H
=) ; ! i :
& gff-eeele
05 j ; i H :
1] 5 10 15 20 25 30
time-
EPS r&p angle output with H2 molibn eontroller ( Real Time Simulation)
1'5 T T T J— L
: H ! [— random number va=10 |
T AP 20, YO S SRR SRR SRR -
=
=
&
[ 1 - WO /AU SO N (s S SRy S -
©
o 4 1 I} |
u] 5 10 15 20 25 30

Figure 6.24: Carsim Output Angle And EPS Output Rack& Pinion Angle with Hs Controller
(Real-Time Simulation, random number variance = 10)

Figure 6.25 shows the real-time simulation results of the system with reduced model .
From the Figure 6.25, we can find the system equipped with the reduced order controller not
only the offline simulation but also real time simulation is very close to the original 8th order

model . So the reduced order controller will be a good candidate for the real implement to

the real system or in hardware-in-the-loop tests.
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Figure 6.25: CarSim Output Angle And EPS Output Rack& Pinion Angle with Hs Controller
(Real-Time Simulation, random number variance = 10)
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Power steering, once an option, is becoming standard equipment on some vehicles and more
are expected to be implemented. Power steering has evolved over the years from a simple
control valve and external hydraulic ram on the regular steering mechanism to integrated
rack and pinion systems with variable assist under different driving conditions. Now electric
power steering is making inroads into the marketplace and it offers several advantages.

There is a lot of design work and technology in the electric steering systems themselves,
but the use of electric systems simplifies vehicle assembly and frees up space in the engine
compartment which make manufacturers work simpler than before. Hydraulic steering re-
quires a pump mounted on the engine, a belt to drive the pump, hoses to connect the pump
to the steering gear and fluid to transfer the energy from the pump to the steering gear. All
these mechanical components can now be taken the place of cheaper and simpler electric
components. This may not sound like much, but in design terms, it is significant.

For drivers, the big benefit of electric power steering has to be fuel economy. Engineers
think of up to five percent gain in fuel economy because the systems only use power when
the wheels are turned compared to hydraulic systems that pump fluid all the time the engine
is running.

Till now, a lot of EPS model and control algorithms are developed to keep up with

the growing demands for the driver. In this thesis, we give a developed EPS model and
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propose a two controller design strategy for the whole system. Based on the EPS model

and optimal control algorithm, we here present a Hs controller, the optimal control results
and comfortable driver steering feeling can be offered. From the simulation results, system

overall performance is greatly improved through the controller.

7.2 Future work
7.2.1 Hardware-in-the-loop

Because the off-line simulation is validated by the real-time simulation in this thesis, further
tests around controller implementation is necessarily. A DSP board with a real time virtual
vehicle module can be used to implement hardware-in-the-loop. It is good direction for

saving cost to set up the whole real system .

7.2.2 Fault Tolerant Implementation

In order to gain more powerful control purpose, fault tolerant can be incorporated into the
controller. With the fault tolerant performance, even the failure or measurement mistake of
the current sensor, the EPS system still can work properly. So this still can be a research

object for the EPS system.
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Appendix A
Coefficients used EPS system

Steering wheel dynamics:
Inertia moment: Jhw = 0.033
Damping ratio: Bhw = 0.02
Torque Sensor:

Damping ratio: Bs = 0.05
Stiffness coefficient: Ks = 80
Motor:

Inertia moment: J,, = 0.00395
Damping ratio: B = 0.035
Resistance: R = 0.37
Inductance: L = 0.0015
Electromotive force constant: Kt = 0.5
KE: 53V/1000rpm

Rack and Pinion:
Inertia moment: Jr = 0.0308

Damping ratio: Br = 0.5
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Appendix B

CARSIM-RT and OPAL-RT Set up

CarSim RT for RT-LAB test bench setup procedure:

Open CarSim software:

First, open the CarSim software and click on ‘ Model Type . Select ¢ Transfer to RT-
LAB Target ' from the list of options. A check mark will appear beside the selection and the
button name will now change to ‘Model Type: RT-LAB Target’. (If you are running from

an offline simulink model, select ’ Type: Simulink ’ instead).
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Next, double-click on * EPS-Online ’ which is directly below the ¢ Model Type-RT LAB’

button. A pop-up window will then appear as shown in Figure B.2. The ‘Local IP Address:’
value is set to 192.1.1.5 which is the IP address of the command station that needs to be
filled out.

In the bottom left corner of the window, we can find two options named ‘Import Channel’
and ‘Output Channel’. These options need to be defined and here we set the import and
output channels as * EPS input ’ and ‘* EPS output ’ respectively from the list of selections.

For the * Subsystems ’ and ‘ Assigned Physical Nodes ' fields, the corresponding names
and designated nodes entered must match the SM and SS modules in the RT simulink model.
Their node designations ‘ nodel ’ and ‘ node2 ’ must also be configured in OPAL-RT which

will be explained later.
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After setting up the CARSIM configurations, open the OPAL-RT program as shown

below in Figure .3. In the ¢ Model Selection ’ area, click on ¢ Open Model ’ to select the
model required for the simulation.

b

Here we shall pay more attention to choose the ‘ Target platform ’ as ‘ Neutrino ’ as

shown in Figure .3.

Figure .3: OPAL-RT main configuration Window

In the ‘Utilities’ area, double-click on ¢ Configuration ' for more advanced settings of
OPAL-RT. Then a window pop out as show in Figure .4

In ¢ Before Opening Model ’, we can add data files to OPAL-RT and here we set it to °
H2datanew’(eg.). ¢ Runall.par and simfile * are necessarily for running CarSim-RT and are

automatically added.
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Next, we need to configure the two nodes mentioned earlier in Figure .2. To do so,

select the * Hardware configuration ’ tab and the nodes can be configured with different IP
addresses here. Their names must match those mentioned in Figure .2 and here they are

defined as ‘ nodel ’ and ¢ node2 .

Figure .5: Advanced Settings2

We can click the * Hardware configuration ’ page, we can find two nodes with different
ip address are configured there as shown in Figure .5. Their names shall be the same as the
name in Figure .2.Here the node names are named as nodel and node2. The real time model
for EPS simulation is shown in Figure .6

Before we can start the real-time simulation, we need to modify the parameters so that
the CarSim licence file can be automatically loaded into OPAL-RT. To do so, open the RT
simulink file first and then click on 'SS’ to find the state space model. Change all the A, B,
C, D matrix values to equal one first.

After we've finished the configurations of all former procedures, we must first run the
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Figure .6: EPS System Real-Time Model

model through CarSim main window as shown in Figure .1. Without this step, OPAL-RT
can not communicate with CarSim. After completing this required step, we can then run
the actual model in OPAL-RT.

Now return to the window show as in Figure .3,there are three buttons in the 'Model
Preparation’ area as shown in Figure .3. Click on ‘ Compile ’, * Assign Nodes ’ and ‘ Load’
respectively in order to set-up the model’s real-time simulation. If there is any compile error,
click on * Edit Model ’ to check and correct the error. Only after all the errors have been
eliminated, we can then continue. Finally, when these three steps are successfully completed,

click on ¢ Execute ’ to run the CARSIM-RT real-time simulations.
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