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Abstract

This thesis presents the improvement of back—drivability based on geared two—inertia system.
Gear reduction is widely used in a lot of mechatronic systems, because of its benefit of increasing
torque even in the limited condition of room, mass, and motor capacity. According to the
increasing demand of force control applications to realize flexible interaction between system
and environment, it is also expected that geared motors to be utilized in force or torque control
applications.

Back—drivability is the ability for interactive transmission of force between input and output,
especially from the external torque of load side to the acceleration of motor. The robots for
those applications need to be achieved safety contact with objects and environments are more
required. However, in geared system, there is a serious problem that the back—drivability
becomes low due to introduction of inertia, friction, backlash, and noise.

Considering the characteristic of a geared motor system, back driving is more difficult than
forward driving. Back-drivability can be improved if it can be transformed to a driving of
forwarding motion. This thesis also focuses on this target based on the point of view of inertia
transformation. Moreover, the back—drivability is a sensitive index of force transmission from
the load terminal to the motor output. If the estimated input torque from the load terminal
goes through the controller, which can design back-driving inertia equivalently, an adjustable
sensitivity of transmission will be realized to achieve better performance of the back—drivability.

Technically, this thesis proposes an improvement method of back—drivability in torque control.
The method is based on Disturbance Observer (DOB) and Load-side Disturbance Observer
(LDOB). A disturbance observer realizes robust motion control and load-side disturbance ob-
server estimates a load—side torque input. The proposed method modifies the characteristics of
back-drivability by implementing a designed controller to achieve scaled back—drivability based
on referenced forward-drivability.

In experiments, both conventional method and proposed control method are actually im-
plemented in different conditions. The effectiveness of proposed method is clarified by com-
paring to conventional experiment results. Back—drive can achieve as same level drivability as
forward—drive, and also can achieve quantified improvement of back—drivability by adjusting

scaling factor.



Overall, the proposed control method not only can easily to apply to human support system,
human-robot interaction and so on to achieve safety based on high—drivability demand, but also
can support the applications of rehabilitating exercises that required a robot with adjustable
back—drivability for different rehabilitation courses based on different physically handicapped

person. So, wide range of back—drivability can help robot to adapt to different applications.
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Chapter 1

Introduction

1.1 Background

Recently, Comparing to the conventional industrial manipulators, the robots for those appli-
cations need to be achieved safety contact with objects and environments are more required.
An actuator which can be back—driven when applies an external force to the output of the actu-
ator, and it causes the actuator drive mechanism to move is one of the evaluation criteria. The
most common example that is not back—drivable is a worm gear setup [1]. The determination
of back—drivability for an actuator system is mostly the angles that force conversion takes as it
moves through the system.

Back-drivability is the ability for interactive transmission of force between input and out-
put [2], especially from the external torque of load side to the acceleration of motor [3]. Unlike
traditional industry robots, the novel mechanical designed robot arm, which is applied with
the series elastic actuator (SEA) [4] retaining high back—drivability, allows people to move the
terminal of the arm to the target point directly. SEAs have been successfully applied in numer-
ous scenarios for more than 20 years even if It is hard to adopt direct—drive motors [5], elastic
actuators [6]. However SEAs as passive flexible actuator with complicated structure and diffi-
cult control demand, normally connects to a rigid motor system which retains uncontrollable
stiffness. Other active actuators usually need to implement force sensor [7] in the terminal to
detect the force or torque which is given by people.

Another problem is that introduction of the elastic element reduces the actuator bandwidth
and makes position control difficult [8]. Moreover, it is prone to vibrate, which deteriorates
system stability and requires extra power for position control [9]. Several approaches have
been proposed to control the position of elastic-joint robots. Kim et al. [10] proposed a robust
PD control scheme for flexible-joint robots based on a DOB which was only applied to the

motor-side dynamics.



Geared two—inertia system has been widely used in various kinds of mechatronic systems,
since the operation range could be adjusted by reduction ratio to overcome the limitation of
output velocity and torque in required conditions, such as room, mass, and motor capacity. Not
only precise position control, but also torque control applications in geared two—inertia system
are required. In force and torque control applications [11, 12, 13], it is expected to realise soft
interaction between system and environment. The combination of geared two-inertia system
and back-drive suppose to have wide prospect applications such as medical robot [14] and

friendly humanoid robot for micro—invasive surgery [15].

1.2 Conventional approaches based on problems

Gears introduce inertia, friction, backlash, and noise. They also make the back—drivability of
motor low. The obvious drawback of them is that the contact friction at gear teeth is large and
the viscous friction. A lot of researches focus on the friction compensation of geared system
to improve the back—drivability such as [16, 17, 18, 19] through the torque sensor to create
the accurate model of friction. There is also some authors try to compensate the friction of
system by the feed—forward or feed—back control [20]. In all of the above methods, it attempts
to compensate frictions for the system by finding an accurate frictional model, which in turn
improves back—drivability. However, they all require accurate system parameter identification
through established frictional models, and not only the identification process is complex, but
for some applications with complex mechanical structure, parameter identification is almost
impossible.

Back—drive inertia is also a reason to make back—drivability low. Inertia is the property of an
object of matter to resist change in acceleration. The more inertia it has, the more force will be
required to change the acceleration of that object. Some researchers have also proposed some
methods which discuss the back—drivability of motor system itself to improve its performance
by controller of combination of P and I [21], joint torque and backlash [22]. The referenced
method [21] offers a control method that is controlled by simple, easily portable controllers,
which will be comprehensive compared with the proposed method presented in this thesis in
later. The referenced method [22] takes advantage of the nature disadvantage of the gear motor
itself such as backlash, and obtains a relatively ingenious way to improve back—drivability. But
this method can only be used for back drive motion, which is to achieve good performance
of back—drivability by sacrificing forward drive motion, so it is not suitable for applying to
other applications. A geared two—inertia system which is mostly utilised in industrial robots is
discussed in Reference [23], which is shown that the vibration can be suppressed by controlling

the ratio between resonant and anti-resonant frequencies via spring torque feedback gain for



two—mass system. In this method, there is no emphasis on compensation for accurate vibration
suppression for flexibly connected two—mass system, but it provides a design thinking based on
the physical characteristics of the gearbox system itself, even if it is not about improvement of
back—drivability.

Robustness is essential to design a high-performance motion control system in practice. Dis-
turbance Observer (DOB) [24] which estimates external disturbances and system uncertainties,
such as external load, friction, inertia variation is widely used to achieve the robustness of
motion control systems for the sake of its simplicity and efficiency [25, 26]. The bandwidth
of DOB is directly related to the robustness of the motion control system. The higher the
bandwidth of DOB is, the more robustness can be expected. It should be noted that the actual
bandwidth of DOB is limited by practical constraints such as noise, sampling time [27].

The external disturbance of load side can be estimated to apply for torque semi—closed
loop control because of Load-side Disturbance Observer (LDOB) [28]. In conventional torque
control in geared two-inertia system, the combination of different controller and disturbance
observer [29], load—side observer and motor—load disturbance observer are proposed. No matter
what kind of the combinations of each other, it is normally composed of two parts such as the
observers for information collection and the controllers for control performance. In deeply the
role of each disturbance observer plays in back—driving control system need to clarified. A
combination of observers for drive motor and load are also used in this research. In this thesis,
the combination that can simplify the calculation as far as possible is used to avoid the need

for precise parameters, which can improve the adaptability of this design system.

1.3 Target of Research

The back—drivability of geared two-inertia system is an important characteristic which needs
to be clarified. Considering the characteristic of a geared motor system, back-driving is more
difficult than forward—driving. Back—drivability can be improved if it can be transformed to a
driving of forwarding motion [30]. This thesis also focuses on this target based on the position of
inertia transformation. Moreover, the back—drivability is a sensitive index of force transmission
from the load terminal to the motor output. If the estimated input torque from the load terminal
goes through the controller which can design back—driving inertia equivalently, an adjustable
sensitivity of transmission will be realised to achieve better performance of the back—drivability.

According to above structures of disturbance observer and load—side disturbance observer, the
introduced scaled controller for designed back—drivability control, an adjustable back—drivability

could satisfy requirements for kinds of applications.



1.4 Composing of this Thesis

This thesis is organised as follows. The following chapter 2 expresses the geared two-inertia
system and conception of equivalent back—drive inertia of system. The experimental equipment
and supporting components based on this control model used in the thesis are also described
in detail. The typical conventional control method is discussed to illustrate the characteristics
and advantages of the control components used in this thesis in chapter 3. Strategy of torque
control for improving back—drivability, and where the controller’s parameters are imputed and
frequency characteristics and step response analysis are discussed in chapter 4 and chapter 5.
In chapter 6, the discrete controller H(s) is present to give the design of scaling factor that
applied to experimental environment. The stability analysis and feature of scaling factor «
are discussed chapter 7.The last, the discussed control methods is compared by experiments in
chapter 8. The adjustable back—drivability of proposed method is also realised by «. Finally,

the summary of this paper is described in chapter 9.



Chapter 2

Control model: Geared two—inertia

system

2.1 Introduction

In this chapter, the mechanical structure of a geared two—inertia system is introduced and
shown. The mechanical formulas for motion control is described based on the block diagram of
geared two—inertia system. According to it, the conception of equivalent inertia from angular
acceleration of motor to torque is explained. Then in detail, the equivalent forward—-drive
inertia and back—drive inertia of geared two-inertia system are mathematically discussed to
show the deterioration of back—drive inertia. The concept of back—drivability is also clarified

in mathematics.

2.2 Structure of geared two—inertia system

In this section, the kinematics of system including geared connection between motor and
load is presented. The schematic view of modelling is shown as Fig. 1. The motor connected
with gearbox generates decelerated angular velocity 6, and increased output torque 7;. The
decelerating and increasing ratio is associated with gearbox G,.. As known common mechanical
formulas as follow Eq.( 2-1), J, is reflected load inertia, J; is the total inertia of system. The
mechanical engineering formulas are described as the forward motion from motor input to load

output.



[ 6=24,
Tm — L7'1
a (2-1)
JT - G_1"2Jl
Jo=Jr+ I

\

A

@ 6,.7,

Load J,

Fig. 1: The modelling of geared two—inertia system.
system. The following formulas Eq .(2-2) are the motion description of this system.

e]mem = Tdri — GLTTa
Ty = 7, — Tl (2-2)

Ta = Ks(GLrem - 91)

where:
Jn: exact value inertia of motor
J;: exact value inertia of load
Jmn: nominal value of motor inertia
Jin: nominal value of load inertia
Tari: output torque from drive motor
Tm: torque effected on motor
K. the connector stiffness
0,,: rotate angle of motor
0,: rotate angle of load
T, torsional torque for load
7%: input torque from load side

Especially the inertia of motor and load, the value of only nominal values J,,,, J;, are used

in this thesis, the difference from exact value are ignored.
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Fig. 2: Block diagram of geared two—inertia system.

From the block diagram of geared two—-inertia system, the affect of gearbox through the error
between decelerated motor output angle and load output angle to effect on the connection such
as coupling in thesis, appearing in the torque which is output from drive motor. This motion
description is also based on forward—drive of this system. In next section, the conception of
forward—drive and back—drive would be clarified to lead to the discussion of back—drivability

based on back—drive.

2.2.1 DMotion analysis based on drive direction

In this section, the construction of motion of forward—drive and back—drive are clarified as
Fig. 3. In rotational motor dynamics, torque is required to generate angular acceleration which
is inversely proportional to its inertia. The physical meaning of each inertia is shown as Fig. 4.

In the situation of forward—drive, input torque is given from 7,4 so that driving torque

o W SR

Forward-drive > < Back-drive

Fig. 3: Mechanical motion of forward-drive and back—drive in two-inertia system.

from motor effects on load output is followed the order from gearbox to load. In another word,
driving torque from disturbance effects on load output directly firstly, acts on motor outputting

through the reversed gearbox and error of angle.

-7 -



plant

z_dis
/
Load P>
—_ _ é,
J ()
Gear Ratio
Tdri + l T 9m
——» Motor —:
J(s)

Fig. 4: Equivalent block diagram of Fig. 2

2.2.2 Drivability of forward drive based on inertia

From the left figure of Fig. 3, the motion of forward drive is a performance of driving by the
command torque which is generated from motor, and outputing angle of load through gearbox.

The block diagram of motion description of forward—drive is shown as Fig .5.

Tcmd érﬂf .I

4

\e] 1 —

Fig. 5: Block diagram of loop order of forward—drive.

According to Fig. 4, the inertia of forward drive is described as the proportional of input
torque given from driving motor and acceleration of motor. The symbol of equivalent forward—
drive inertia Jg(s) is brought into this system to discuss the forward motion based on geared

two-inertia system. It is expressed as Eq. (2-3).

i InGR(Tis + K + K, IK,
Jo(s) = i ImGr "+ Ko) £ IKs ’

0,, G2(J;s? + K) "G Js? + K)

(2-3)

In right side of Eq. (2-3), the first item .J,,, is the result of fraction reduction, while the second
item of formula is a second order inertia element which is associated with inversely proportional
of square of G,. It is easily shown that the equivalent inertia of forward—drive includes two
parts of inertia, such as motor inertia and combined inertia of load and gearbox.

The drivability is defined as an index of transmission performance from effected torque to

motor acceleration. Based on this definition, the drivability is expressed as the reciprocal

-8 =



expression of equivalent inertia such as Eq. (2-5).

1 0,,
JF (3) Tiri

2.2.3 Drivability of back drive based on inertia

From the right figure of Fig. 3, the motion of back drive is expressed as a driving by the
disturbed torque which is given from load side such as hand manipulation, then generating the
angle of load. The rotating of motor is generated from the disturbed torque from load side
through gearbox. For understanding this movement, the block diagram of motion description

of back drive is shown as Fig .6. According to Fig. 5, the inertia of back drive is described as

Tcmd 0 ref J

Fig. 6: Block diagram of loop order of back—drive.

the proportional of input torque given from load side and acceleration of motor. The symbol
of equivalent back—drive inertia Jpz(s) is brought into this system to discuss the motion of back

drive based on geared two—inertia system. It is expressed as Eq. (2-5).

dis  JLGA(Js% + K + JK, Im JiG J)
:Tl _ r( 18° + )“r‘ l :—(—ZS2+JmGT+—Z) (2_5>

Ta(s) = 5 K.G, K, G,

In Eq. (2-5), the inertia of back—drive can be separated to an inversely proportional of G,, a
constant and a second order differentiation element which is associated with proportional of G,.
Based on this definition, the drivability of back drive is expressed as the reciprocal expression

of equivalent inertia such as Eq. (2-6).

Gp(s) = = s (2-6)

2.3 Comparison of forward drive and back drive charac-

teristics

In this section, the comparison of forward drive and back drive characteristics are in progress.
Both bode diagrams and simulated step response are shown to describe the intuitive sensation

for forward drive and back drive.



Following is the the statement of the experimental parameters shown as Tab. 1, which is used

in later of this thesis.

Tab. 1: Parameters for bode diagram.

Nominal motor inertia Jon | 5.8 x 1078 | kgm?
Nominal load inertia i | 1.39 x 1075 | kgm?
Nominal torque constant K, 0.0139 N/A
Nominal connection constant | K, 1250
Reducer ratio G, 84
Control period T, 0.1 ms

2.3.1 Bode diagram comparison of inertia and drivability

Based on the equations and parameters of the equivalent inertia and drivability from the
previous section, the following bode diagram simulation is a shown as a comparison cases of

Tab. 2.

100

0 T T
— J(5) L N
ol JF(X) _ 50 D)
] 5 S-100} — J,(9) |
2 2
€ -100 | Z 450l
g g 200
= 200t 1 =
-250
-300 . L : -300 L .
10? 10° 10* 10° 108 10? 10° 10* 10°
Frequency [Hz] Frequency [Hz]
400 T T T 400
300 1 300 +
2 200 -1 1 9 200
_Dct\j 100 - § 100 -
0 0
-100 - 1 -100 |
-200 . . . -200 . .
10? 10° 10* 10° 108 10? 10° 10* 10°
Frequency [Hz] Frequency [Hz]
(a) Bode diagram of Sim. 1. (b) Bode diagram of Sim. 2.

Fig. 7: Sim. 1,2: bode diagram of equivalent inertia of both directions in geared two-inertia

system.

In an ordinary two-inertia system without gear ratio such as G, = 1 which is shown as
Fig. 7(a). According to the statement of this thesis, in the condition of without considering the
damping parameter, the forward drive of proposed two—inertia system shows feature of low—pass
filter with two oscillation frequencies at about 10% Hz and 2 x 10* Hz. The step edge of phase

which is appeared so sharply explains the damping effect on frequency characteristic. There
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Tab. 2: Simulation comparison of bode diagram.
Sim. 1| Jp(s), Jg(s) | G, =1
Sim. 2 | Jg(s), Jg(s) | G, =84
Sim. 3 | Gp(s), Gg(s) | G, =84

is no magnitude difference between forward—drive inertia and back-drive inertia since no gear
ratio. The bode diagram shows that forward—drive can realize the suppression in high frequency
components, however, the back—drive can not be suppressed in high frequency components from
the rising curve.

Fig. 7(b) is the bode diagram of forward—drive inertia and back—drive inertia according to
the above two equivalent inertia formulas. It is shown that the frequency characteristic of
forward—drive inertia appeared as two quite close oscillation frequencies since the gear ratio
G, = 84 takes apart in the calculation, which likes a full suppression controller. It is clearly
seen that the magnitude difference between forward—drive inertia and back—drive inertia before
the oscillation frequencies, the back—drive inertia shows more gain suppression than forward—
drive inertia because of the reduce of GG,.. At the same time, the back—drive still can not achieve
high frequency convergence.

300

250 |- [—— G, (s)
g200f | =GO
150
&
= 100 |
50 -
o 1 1
102 108 10* 10°
Frequency [Hz]
200
150 -
[0
© 100
£
o
50 -

10*
Frequency [Hz]

10°
Fig. 8 Sim. 3: bode diagram of equivalent drivability of both directions in geared two-inertia

system.

In Fig. 8, Gr(s) is the forward—drivability based on mechanical construction without con-
troller, while G(s) is the back-drivability based on mechanical construction without controller.
It shows the frequency characteristics opposite to those of Fig. 7(b), since the mathematical
expression of drivability is the reciprocal of inertia. Under the open—loop control without regard

to stability, the bode diagram of back—drivability shows a lower amplitude gain than forward—
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Tab. 3: Simulation comparison of step response.

Sim. 4 | Forward drive | 7, = 1Nm

Sim. 5| Back drive | 71 = 1Nm

Tab. 4: Summary of transient characteristics for mechanical control.
Mechanical control | peak time ¢, | maximum overshoot M, | convergence time ¢, (< 2%)

forward drive 0.0001s 3.4% 0.0042s
back drive 0.0003s 91.4% 0.0166s

drivability. So in the presence of a reducer in two—inertia system, the forward drive shows

better performance in terms of both amplitude and characteristics than back drive.

2.3.2 Step responses comparison of drivability

In this thesis, the drivability can be seen as a sensitive index of torque conversion from the
torque input to the motor angular acceleration output. Motion characteristics are discussed
according to the expression of forward—drivability and back—drivability. The forward-drivability
and back—drivability are calculated via the definition of drivability and parameters, which shown
as Eq. (2-7) and Eq. (2-8).

O, JG2s? + K,G?

G =2 = 2-7
) = = TGS 4 TR, 1 JiK, (27)
ém KSGT

G = = _ 2-8
5(5) T/lis I 1G2% + 1, G2 K + J K (2-8)
According to the calculation of ampli cation, only con- stant items are need to consider as

following:

K,G?
A, = 201 - = 20l0g10(1.6675 x 107 2-9
Gr Oglo(JmG%KerJsz) 0gio( x 10°) (2-9)
K.G,

Ag, = 20logio(| — |) = 20l0g10(1.985 x 10°) (2-10)

InG?2 K + J K
The following simulation case of step response based on the Tab. 3 is given to discuss the
steady—state response and transient response of both forward drive and back drive.

The acceleration of motor in Fig. 9(a) and Fig. 10(a) are the forward drive and back drive of

geared two—inertia system in the condition of input torque as 1 Nm, which are consistent with
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(b) transient response of acceleration.

Fig. 9: Sim. 4: step response of forward—drive in mechanical control.
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Fig. 10: Sim. 5: step response of back—drive in mechanical control.
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equation expressions. It is clearly seen that the forward—drive realizes better drivability than
back—drive such as 1.6675 x 107 rad/s? to 1.985 x 10° rad/s? for the same input torque due to
gear ratio.

The transient response of acceleration for both drivability are shown as Fig. 9(b) and Fig. 10(b).
In the absence of consideration of damping parameters of proposed geared two—inertia system,
the transient step response does not show the transient characteristics based on the mechan-
ical structure. The time of convergence is almost the same for both forward-drivability and
back—drivability.

Tab. 4 is the summary of transient response of acceleration for both drivability. Three
parameters in the overshoot case were selected to present the transient characteristics under
this simulation. It can be found that forward drive has better transient characteristics than
back drive.

2.4 Experimental setup

According to the mechanical model used in this thesis given above, the experimental setup
of geared two-inertia system is describes in detail the experimental devices, as well as the

hardware equipments.

2.4.1 Overview of experimental equipment

In experiments, the equipment of geared two-inertia system is given as Fig. 11, while the
mechanical parameters refer to Tab. 1. In this experiment, a Maxon DC motor (2.0 W type)
with 1 : 84 gear ratio is selected as the drive motor. The inertial load which consists of another

Maxon DC motor (150 W type), is connected to the drive motor by a coupling.

Motor+Gear

Fig. 11: The equipment of geared two-inertia system used in experiments.
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2.4.2 Supporting equipments

Fig. 12 is the driver module for drive motor. It is also the Maxon company’s product.

Model /Items ESCON 36/2

Output current (nominal)

Output current (maximum)

Fig. 12: The driver for drive motor.

In order to give a stable external torque for achieving back drive, a load motor with an output
torque, which is driving by Fig. 13 shown driver module, is used to mount the load part of the

drive motor. It is a general servo motor driver product of Co. ServoTechno.

Model /Items

Output current (nominal)

Output current (maximum)

Fig. 13: The driver for load motor.

Two angle encoders are implemented to both motor and load side with the resolution propor-
tion following the gear reduction. The angle encoder of drive motor that assembled directly on
the motor is 512 plus/r. Due to the presence of the reducer as G, = 84, the resolution of angle
encoder for load motor is needed to be at least 84 times the one of drive motor. Fig. 14 is the
encoder for load motor, which is the product of Co. MicroTech Laboratory, with the resolution
of 8192 x 8 = 65536 plus/r. Via this design, the external torque input could be emulated with
torque output of load motor as well as drive motor.

As a result, later in this thesis the simulations and experiments are all based on the model

parameters above.
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MES-30-819
2PSTSE

Model /Items

Multiplication circuit 8

Output plus 8192 p/r

Allowable maximum speed  [FIN .
(mechanical)

Fig. 14: The encoder for load motor.

2.5 Summary of this chapter

From the discussion in this chapter, it is clearly that according to increasing of gear ratio,
Jr(s) gets much smaller than Jg(s), so that the back—drive become much difficult to realise
than forward—drive due to gear ratio and friction.

Based on this perception of drivability, a designed controller is considered in view of torque
control conversion from back—drive to forward drive. The description of back—drivability is de-

signed based on a referenced forward-drivability to evaluate the performance of control strategy.
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Chapter 3

Conventional Method and Control

Components

3.1 Introduction

Before presenting the proposed control strategy, the controller elements used in this thesis and
a conventional torque control [21] for back—drive is introduced as a contrast in this chapter.
This control method uses the most concise control components for torque control. In this
chapter, the characteristics of these components, which are based on the conventional method

but are also used in later proposed method, are also described in detail.

3.2 Conventional control method

The conventional torque control with torque gain C} is shown as Fig. 15. It shows a load—side
torque control system based on motor—side acceleration control including the dynamics of DOB.
In that paper, the bidirectional drivability matrix of the load—side torque control is derived as
follow, even if both forward—drive and back—drive drivability are described from input torque

to output velocity, which is different from the definition of this thesis.

] -

The conventional control method are based on the disturbance observer and load-side distur-

Gp(s)  G(s)
Gp(s) Guy(s)

[ T;”d ] (3-1)

Ui

bance observer, which are also the control elements utilized in this thesis.
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torque controller

LDOB
831 L T[d
(s+g,)

7" 1

J)

Fig. 15: Conventional load-side torque control based on DOB and LDOB.

3.3 Disturbance observer

In general, disturbance observer introduces an acceleration controller to estimate and cancel
the disturbance torque as quickly as possible. The estimated disturbance torque is obtained
from the motor velocity 6,, and current reference 1"/ shown in the red frame of Fig. 19. The

disturbance torque 74 is denoted as Eq. 3-2 and Eq. 3-3.

dis
T
m
f -
Ire + Ia Tdrl Tm 1 Qm
—
+ K, + J s°
m
I + - ) |
| K, —>T<—Jmns <—I
I I
1 I gmdis I
K
R :_ 8mais TS| pop |
~dis
Tm

Fig. 16: Block diagram of disturbance observer.

Tdis = (Jm - Jmn)em + (Ktn - Kt)lref + Tf?“ic + Treac (3_2)

m
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7A_7crl;is — gmdis 7_;[:’3 (3_3)
s+ 9mdis

Where,
Tfric: coulomb friction

Treac: torsional reaction torque to motor

Kt = Ktna Jm - Jmn> Jl = Jln (3_4)

From above construction of DOB, the difference between nominal value and exact value in

first and second term are compensated by 74

which is given through a low-pass filter with
cut—off frequency gnaqis in Eq. (3-3). Reaction force observer (RFOB) [32] is also a useful tool to
estimate reaction force by eliminating friction force 7, without force sensor. In this research,
a RFOB just simply estimates all disturbance torques without consideration of friction model.
In other words, not only friction but also reaction disturbance are as feedback from RFOB to
input. Therefore, as Eq. (3-4), the nominal value of inertia of motor, load and torque constant
(Jonns Jin, Kin) are used in this paper to replace identification of the exact value of them. In
the calculation of the rest of this paper, the difference between exact value and nominal value

would be ignored to simplify the representation.

3.4 Friction compensation based on DOB

One of the important reasons to make the back—drivability of geared two-inertia system
deteriorate is the influence of friction as Eq. 3-2. Especially, the fiction components include twi

items as Eq. (3-5)
Tric = Te T Deé (3_5)

where:

7.: Coulomb friction

D.: Viscous friction constant

0: Velocity of motion

A lot of researchers prefer to identify the exact friction modelling parameter D, and coulomb
friction curve via torque sensor. In this thesis, the friction of system is compensated in the
condition without exactly correct friction model [31] for the sake of disturbance observer. Since
the DOB is able to reject disturbances, it increases the motor impedance significantly [20].
It brings to good effect to forward-drive because the compensated torque is contributed to
drive side of motor to generate more torque. However, in back—drive, the fed back torsional

reaction torque T,.qc is performed as the motor impedance to reduce the velocity of motor output
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instead. In other words, it is a tradeoff between dynamic properties and friction compensation
while keeping off the complicated calculation. At the same time, a way of remedy is employed
by selecting a lower cut-off frequency of DOB in this paper to reduce the high frequency

components of estimated torsional reaction torque. Fig. 17 shown the compensation principle.

6 (rad/s) 0, w—

Fig. 17: Velocity response w/o disturbance observer by velocity control in forward—driving.

In a pure velocity control with a given constant acceleration, the command velocity is shown
as the red sold line. The influence of coulomb friction is appeared in the period of zero velocity.
After 6t, the drive torque is increased to overcome the the friction to realising velocity tracking.
Blue dotted line shows this phenomenon.

Experimental result to verily the effectiveness is shown as Fig. 18. From this figure, purple

30 F T T T T T =T T
N cmd
25 Gm(wu DOB)

6..(w DOB) A

20 F '\;’\Jg

15 'J( =

i ,\,:/f i

5| 1 I,/lr 4

oFf et .
A~ | AT ,

-5 F m

/-&fru

a8 W - —

10 *l 1 1 1 1 1 1

11.5 12 125 13 13.5 14 145

Time [s]

Velocity (rad/s)
o
X

Fig. 18: Velocity response of motor w and w/o disturbance observer in forward—driving.

sold line is the command velocity. Light blue sold line shows the velocity response with the
compensation of disturbance observer, while the green sold line shows the velocity response
without disturbance observer. The effectiveness of compensation of friction could be clearly
seen. In physically, the disturbance observer compensates in advance the stored torque to drive
side. Since the back—driving is conversed to forward—driving via the strategy 1, in the condition

of the back-driving motion. the friction compensation also achieved.
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3.5 Load-side disturbance observer

In order to design a proposed back—drivability, a load-side disturbance observe is needed to
implement for estimating the external torque to achieve torque control. In this subsection, a

similar structure of DOB is used for load-side disturbance observer shown as Eq. (3-6).

~dis Jidis 1 ) dis
= Idis (K0 — —00) + (Jy — Jun)sh 3-6
7 5+gldis(( ) (01 a )+ (J1 = Ji) s + 1) (3-6)

Fig. 15 is the block diagram of motion control based on load-side disturbance observer. From
this figure, load-side disturbance observer calculates the disturbance torque of load 7% from
difference between the nominal torsional torque and nominal load—inertia torque. In this the-
sis, estimated velocity response pseudo—differentially comes from the rotate angle encoder,
which also achieve the acceleration control of disturbance observer by second order pseudo—
differentiation. It is estimated though a low—pass filter with cut—off frequency of g4, so that

feedback to motor side.

dis Gr dis

Ia Tdri_‘ Tm 1 Qm 1 9’; Ta - 1 91
— K, —+>o—> JmS2 Gr:?—0—>KS—.—>J+ 5—»3 —T—> ; —T—>

<

Fig. 19: Bode diagram of load-side disturbance observer.

3.6 Summary

Considering the robustness of system, DOB is one of the widely recognized robust motion
control compared with complicated sliding control and fuzzy control. However, DOB brings an
estimation delay to system but a high—performance DOB is not intended for geared two—inertia

system [31]. Even though the motion control with DOB could not achieve high robustness
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against a step torque input from load—side, it still worth to use DOB to reduce the calculation
of constructing the characteristic of back—drivability in proposed method.
In following, the progressing of consideration to design the proposed back-drivability is dis-

cussed.
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Chapter 4

Strategy of Torque Control for
Improving Back—drivability

4.1 Introduction

In this chapter, the mathematic expression of performance of back—drivability is shown to
evaluate progressive control results with step—by—step controllers. A proposed semi—closed loop
of torque control based on Disturbance Observe (DOB) and Load-side Disturbance Observer
(LDOB) are implemented to geared two—inertia system to improve the back—drivability by three
steps. A feedback controller is designed based on the target of estimation of forward—drive, in
addition, the scaling « is also introduced to designed controller to make the performance of

back—drivability adjustable.

4.2 Step 1: Constructing a reference equivalent inertia

According to the discussion of previous chapter, the forward—drive inertia of geared two—
inertia system achieve higher transparency from torque input to rotating acceleration than
through the back—drive inertia both in mathematic expression and bode diagram verification,
especially in the condition of increasing of gear ratio G,. As Fig. 20 shows, In first step,
back-driving as a motion control which is equivalently defined with back-drive inertia in this
thesis, is considered to converse to forward—drive to achieve higher performance of itself. The
back—drivability, the performance of back—driving, also can be evaluated by the performance of

conversed forward—drive control results.
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Fig. 20: Schematic diagram of conversion of control inertial based on geared two-inertia system.

4.2.1 Drivability of referenced forward drive control

In the previous introduction, the drivability of forward drive is considered in pure mechanical

motion of open—loop, so that the definition of drivability is referred as following Eq. (4-1):

Grp(s) = G_m — Gr(Nis® + K)
FO T e InG2(Is* £ Ky) + J K,
= Gr(s) (4-1)

From the control system of Fig. 21, which neglects the effect of friction, it is shown that, if we
consider as the effected torque and only describe the expression of plant of motor, the expression
of back—drivability is same with open loop of mechanical forward—drive. However, the effect
of parameters such as force gain and cut—off frequency could not clarified in this equation.

Therefore, taking 7,4 into the expression shown as Eq. (4-2).

Jlegmdis

Tdri = Tcdeme + (1 - Kme) G%(JZSQ + KS)(S + gmdis>9m

(4-2)

As a result, the new forward—drivability is given for showing the transmission performance from

command torque to output motor acceleration. G'zp(s) is shown as Eq. (4-3).

, 0,,
GFD(S) =

Temd
B K G218 + Kg) (S + Gmais)
JmGz<<]l52 + Ks)(s + gmdis) + JIKSS + KmeJlegmdis
_ bppss® + bppas® + brpis + brpo

(4-3)

appss® + app2s® + app1s + arpo
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brps = KmeG?Jl,

brp2 = K G2 Jimais,

brp1 = KmeGgKS,

brpo = KmeGq%ngmdi&

arps = JmGp i,

app2 = JnG:JiGmais,

arp1 = Ky(JnG2 + ),

arpo = JmKsGmais (G2 + Ky Jy)

From now on, this new functional relationship of forward—drivability is used in this thesis for

torque controller

%dis T Tldis = O 1 1 0[ 1 0[
m cmd —_—sO—» — » — =
- + | + 1 Jl S S

, 6,
> GFD(S)=T—

e
N 3
S
XN
y 3
+ 1
_qu—
D
S >
—
i

[ — |
~
Q
-
~
Q

»
»

A

é
. _ G ( S) —m
dis - FD
dri] ¥ rTm 1 1 6, 1 T

| DOB

Fig. 21: Block diagram of forward—-drive feedback control with DOB.

later comparison with conventional method and various evaluation analysis. In Eq. (4-3) of

forward—drivability, we can find that it is a high—order dynamic representation.
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4.2.2 Drivability of designed back drive control based on reference

equivalent inertia

First, constructing the proposed back drive as Fig. 22. Calculating the expression of back—

drivability of Fig. 22 and the minus sign is the direction of input signal. It is shown as Eq. (4-5).

H(8) ] G?(J18* + K,) (8 + Gmais) 24— + G, K s

S+gidis
JmG%(JlSQ + Ks)(s + gmdis) + Jles
bpp3s® + bppes® + bepis + bepo

- 4 3 2 (4-4)
aBp4S® + app3s® + agp2s® + app1S + appo

GBD(S) = —

bpps = H(S)JmGlegldisa

bpz = H(8) S G2 J1gmaisGudis:

bpp1 = GrKsgiais(H(8) JimGr + 1),

bepo = H(8)Jn G2 K sGmdisGuais,

aBD4 = JmGlea

apps = JmnGrJi(Gmais + Guais),

app2 = JnGe(Jigmaisgiais + Ks),

app1 = JmGrKs(Gmais + Guais) + JiKsGuais,

2
aBpo = Jm Gr ngmdisgldis

In next step, the strategy of constructing back—drivability based on referenced forward—

drivability is discussed.

4.3 Step 2: Constructing controller H(s) for back—drivability

In this section, a semi-closed loop torque control of geared two—inertia system based on load—
side disturbance observer is implemented to discuss the improvement of back—drivability. The
constructing the proposed back-drivability to consistent with referenced forward—drivability. A

scaling factor « is introduced to realize adjusted drivability such as Eq. (4-5).

Gap(s) = —a Gpp(s) (a>0) (4-5)

Bringing Eq. (4-3) and Eq. (4-5) into Eq. (4-5) as Eq. (4-6).
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Fig. 22: Block diagram of designed back-drive control based on DOB and LDOB.

bepss® + bppes® + bepis + bepo
appast + appssd + app2s? + app1s + appo
brp3s® + brpas® + brp1s + brpo
= -« (a>0)

appss® + app2s? + app1s + arpo

(4-6)

Before solving this equation to get the expression of H(s), it is easy to find that the order
of numerator in back—drivability is not consistent with the order of forward-drivability. So, a
low—pass filter is implemented to the control of forward—drive that is defined as Grpr(s) to

achieve the same dynamic characteristic as Eq. (4-7).

Grpw(s) = %G“’(S) (4-7)

And then the design strategy is rewritten as Eq. (4-8).

GBD(S) = —OJGFDL(S) (Oé > 0) (4—8)

Expanding Eq. (4-8), Eq. (4-9) is the complete expression of constructing proposed back—
drivability.
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bpp3s® + bppes® + bpp1s + bepo
appas* + appss® + app2s® + app1s + appo
grpr  brpss® + brpas® + brp1s + brpo
S+ grpr aFpp3s® + appes® + app1S + appo
brprss® +brpras® + -+ b
_ _,lrpLs FDL2 FDLO (a>0) (4-9)

appras* + appr3s® + -+ + arpro

brpr3 = grprbrps,

brpr2 = grprbrpa,

brpri = grprbrpi,

brpro = 9rprbrpo,

Grpr4 = GFD3,

arpL3 = Grp2 + JLPFArD3,
appr2 = arp1 + gLPrAFD2,
arpr1 = arpo + gLPFAFDI,
arpro = gLPFAarDo

Therefore, the solution of expression H(s) is shown as Eq. (4-10). By the way, for simplifying

the calculation, we let the cut—off frequency of LDOB (g4is) to be consistent to low—pass
filter grpr in this paper.

= aK; JmG%(Jlsz + K) (5 4 Gmais) + JiKss
JmG%(J182 + KS)<S + gmdl-s) + J K5+ KmeJlegmdis
B K8(s + Guais)
I G Giais(J15% + K ) (S + Gmais) Gidis
_ bues® 4 buss® 4 bras® + byss® + bpas® 4+ bis + buo

CLH686 + (IH5S5 + CLH4S4 + CLH383 + (IH282 + amg1S + apo

H(s)

(4-10)

Of these, each items are expanded as follows:

bue = oKy J, Gl gupr,
brs = 20K ¢ 12, G gmaisgrrr — Jm G K,
by = K 1 I G2 D90 (T G2 I162 gis + 2ImGAK s+ JIK) — TGP I K (Gmais + Gudis)
bz = JnGr I Ksgmaisgrrr(4aK 1 JnG? + aKJy — G,) — G K2 (J + JnG?),
b = K J2Gr Ko (20105 0s90pF + Ksgrpr) — Gr i K2 grais
+ K Ju G IK (G grpr — Gmdis) — JmGoK 2 (Gmais + Giais)»
bt = oK1 I G2 K2 gmaisgrpr (S + 2JmG2) — JnGr K2 GmaisGuais (K¢ Jy + G2),
bro = oK Jn Gy K g i grpr,
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age = J;G;‘ft]fgldisv

ags = 205G T} GmdisGudis,

aps = I G N Guais(Jm G2 D1G2gis + 2Jm G2 K, + JIK),

ans = JnGr I KsGmaisGiais( Ky Iy + 41, Gr + Jy),

apy = J35GIIK Gigisuais(KpJi + 2G2) + TGP Guais (T GE + 1),
a1 = Jm G2 K2 Gmaisiais (K ) + 20,0 G% + ),

ao = J5Ge K G2 gis91ais(Go + Ky Jy)

4.4 Step 3: The back—drivability based on reference forward—

drivability

Finally, the expanded expression of back—drivability Ggpu(s) is shown as Eq. (4-11) by
introducing Eq. (4-10),

G (5) = —a (bepHos® + -+ -+ bppras®) + -+ - + bppmo (4-11)
BDH(S) = — -
(appH108'° + - - + appuss®) + -+ + appmuo

bepro = O-/KmeGszgmdisgLPF = brpro,
appro = JnKsGmaisgrrr(Gr + KpJ)) = arpro
The 10-orders polynomial coefficients of transfer function Ggpgy(s) is the expanded form as

Eq. (4-5). The higher components in brackets are suppose to be zero. According to the constant

items, the amplification of referenced forward—drivability is as follow:

b
AGFDL = 20[0g10( FDLO)

AFDLO
OéKf

1+ 197 9K,
= 2010g10(OéKf)

= 20[0910(

)

= AGBDH (4'12>

According to the small value of K, the item 1.977°K; <1, so that the amplification of refer-

enced forward-drivability is only in proportion to torque gain Ky and scaling factor o.
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Here, let’s review the constant items of continuous expression of controller H(s):

bro = oK J2 Gy K2 g2 i gLrF,

apo = ngG?ﬂKszgrQndisgldis(Gg + Ky i)
bio,
aHo
OéKf
1+ 1.97—9Kf)
= 20log1o(aKy) (4-13)

AGH = 20[0910(

= 20l0g10(

It is shown that Eq. (4-13) is same with the Eq. (4-12), which means the designed back—

drivability contributes from the controller H(s) entirely.

4.5 Summary of this chapter

In this chapter, as Fig. 23 is the proposed block diagram of torque control with DOB, LDOB
and the designed controller, the design strategy of proposed scaled back—drivability torque
control based on disturbance observer and load-side disturbance observe is discussed. The
method is considered in the view of conversion of drive inertia which comes from the thinking
of difference from forward-drive inertia and back—drive inertia. The strategy of constructing

the proposed back-drivability to consistent with referenced forward-drivability by calculating
the controller H (s).

S+ g is
DOB “~ LDOB
designed controller i

Fig. 23: Block diagram of proposed back—drive with designed controller.
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Chapter 5

Parameters Discussion

5.1 Introduction

In previous two chapters, the proposed back—drive control are discussed in detail. In order
to construct H(s), many design parameters other than mechanical ones are introduced, such as
Imdis, Qidis, 9r.pr- The selection of these parameters can affect the stability and performance of

the system. In this chapter,the stability statement and parameters discussion are in progress.

5.2 Parameters design

In this thesis, there are three different cut—off frequencies implemented in controller for DOB,
LDOB and low—pass filter, respectively. However, even if there is no physical meaning to discuss
the stability in this thesis, the three parameters of cut—off frequency matter the stability and
robustness of the proposed system. The design methods of cut—off frequency based on the root

locus of back—drivability are explained one by one in this section.

5.2.1 Cut—off frequency of DOB

First, the compensation of DOB is discussed at first. It is easy to observe the cut—off frequency
of DOB affects the location of poles of Eq. (5-1). By bringing in the expression of H(s)
described before, the transfer function Gpp(s) is a expression with denominator of 11 orders

and a numerator of 10 orders.

H(8) ] G2(J18* + K,) (8 + Gmais) 24— + G, K s

S+gidis
JmG%(JlSQ + Ks)(s + gmdis) + Jles
_ bpp3s® + bppes® + bepis + bepo (5-1)
appast + appss® + appas® + agp1S + appo

GBD(S) = —

~ 31—



Without the cancellation of zero-pole of Gpp(s), the poles and zeros in the condition of K f =

1724 are shown as follow.

Tab. 5: Zero-poles in different g,,q;s-

poles and zeros Jmdis = 100 Imdis = 900 Imais = 1000
p1 = 103x —0.0016 + 9.6427¢ | —0.0082 + 9.64237 | —0.0163 + 9.64111¢
po = 10%x —0.0016 — 9.64277 | —0.0082 — 9.64237 | —0.0163 — 9.6411¢
ps = 103 x —0.0016 + 9.6427: | —0.0082 + 9.64237 | —0.0163 + 9.6411%
ps = 103x —0.0016 — 9.64277 | —0.0082 — 9.64237 | —0.0163 — 9.64114
ps = 10%x 0.0000 + 9.48307 | —0.0000 4 9.4830z | 0.0000 + 9.48301
pe = 103 x 0.0000 — 9.4830: | —0.0000 — 9.4830: | 0.0000 — 9.48301
pr = 103x —1.0000 + 0.0000z | —1.0000 + 0.00007 | —1.0001 + 0.0001%
ps = 10%x —1.0000 + 0.0000¢ | —1.0000 — 0.00007 | —1.0001 — 0.0001%
po = 103 x —0.1000 + 0.0000z | —0.5000 + 0.00007 | —0.9999 + 0.00001%
p1o = 10%x —0.0967 + 0.0000z | —0.4836 + 0.00007 | —0.9675 + 0.0000%
p11 = 103x —0.0967 + 0.0000z | —0.4836 + 0.00007 | —0.9675 + 0.00007%
2 = 103x —0.0016 + 9.6427: | —0.0082 + 9.6423: | —0.0163 + 9.6411%
2y = 103 x —0.0016 — 9.6427: | —0.0082 — 9.64237 | —0.0163 — 9.64111
23 = 103x —0.0000 + 9.4830z | 0.0000 + 9.4830: | —0.0000 + 9.4831%
2y = 103% —0.0000 — 9.4830z | 0.0000 — 9.4830: | —0.0000 — 9.4831%
25 = 103 % 0.0000 + 9.48307 | —0.0000 4 9.4830z | 0.0000 + 9.4831%
26 = 103 x 0.0000 — 9.4830: | —0.0000 — 9.4830: | 0.0000 — 9.4831%
2 = 103x —1.0000 + 0.0000z | —1.0000 + 0.00007 | —1.0001 + 0.0001%
25 = 103x —0.1000 + 0.0000z | —0.5000 + 0.00007 | —1.0001 — 0.0001%
29 = 103 % —0.1000 + 0.0000z | —0.5000 — 0.00007 | —0.9999 + 0.00004
210 = 103x —0.0967 + 0.0000z | —0.4836 + 0.00007 | —0.9675 + 0.0000%

In Fig. 24, the circle and cross symbols show the zeros and poles affected by the increasing
of gmais in the condition of zero-pole cancellation and gain of system € [0, +0o. Obviously, the
complex conjugate poles are getting far away to the negative half plane and close to the real

axis, while the real poles are also getting far away from origin.

5.2.2 Cut—off frequency of LDOB

Secondly, reviewing the equations of last two sections.
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Fig. 24: Root Locus of feed—forward system using proposed controller.  Parameter:
Gmais = 100, 500, 1000rad /s

H(s) =
WK InG%(J18% + K) (5 + Gmais) + Ji1Kss
FTnG2(i5% + K)(5 + Gumdis) + S5 + KT T sGimais
B Ks(s + guais)
I GrQudis(J15% + K) (5 + Gmadis)

(5-2)

The item of (s + gais) is cancelled in the combination of Eq. (5-1) and (5-2). Therefore, the
parameter g;4;s Supposes no matter to stability of the system that is verified as Fig. 25.
Without the cancellation of zero-pole of Gpp(s), the poles and zeros in the condition of
K f = 1724 are shown as follow, only one pole value p; is changed by g4s.
The circle and cross symbols show the zeros and poles affected by the increasing of g;4;5. The

poles have no change of location.

5.2.3 Cut—off frequency of LPF

The last one, in Fig. 26, the circle and cross symbols show the zeros and poles affected by
the increasing of grpr. The real poles have no change of location, while the complex conjugate
poles are getting close to the imaginary axis.

Without the cancellation of zero-pole of Gpp(s), the poles and zeros in the condition of
K f = 1724 are shown as follow. As same as the cut—off frequency of LDOB, only one pole

value p; is changed by g pp.
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Fig. 25: Root Locus of feed—forward system using proposed controller.  Parameter:
giais = 1000, 2000, 3000 rad/s
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Fig. 26: Root Locus of feed—forward system using proposed controller.  Parameter:
grpr = 1000, 2000, 3000 rad/s

Therefore, the Fig. 25 and Fig. 26 show that if g;4;s and grpr are assumed as same value
as 1000 rad/s, the system realizes better effect of vibration suppression. In addition, the
parameter of g4 is playing a pair of contradictory roles that difficult to decide. The farther
the complex conjugate poles are away from imaginary axis, the better for vibration suppression.
At the same time, the real pole closer to origin is required for slowly decaying of components.

Finally, by trial and error, the smaller value 100 rad/s is decided for g,,q;s-

— 34 —



Tab. 6: Zero-poles in different g;q;s.

Guais = 1000 Guais = 2000 Guais = 3000

p1 = 103x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.6427¢
po = 103%x | —0.0016 — 9.6427i | —0.0016 — 9.6427: | —0.0016 — 9.6427i
ps = 103x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.64274
py = 103x | —0.0016 — 9.6427: | —0.0016 — 9.6427: | —0.0016 — 9.6427i
ps = 103x 0.0000 4 9.4830z | —0.0000 + 9.4830z | —0.0000 + 9.48301
pe = 103x 0.0000 — 9.4830z | —0.0000 — 9.48307 | —0.0000 — 9.4830:
pr = 103x | —1.0000 + 0.00007 | —2.0000 + 0.00007 | —3.0000 + 0.0007
pg = 103x | —1.0000 + 0.0000¢ | —1.0000 — 0.00007 | —1.0000 + 0.0000¢
pg = 103x | —0.1000 + 0.0000¢ | —1.0000 + 0.00007 | —0.1000 + 0.0000¢
pro = 103x | —0.0967 + 0.00007 | —0.0967 + 0.0000¢ | —0.0967 + 0.00007
p11 = 103x | —0.0967 + 0.0000i | —0.0967 + 0.0000: | —0.0967 + 0.00007
21 =103%x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.64274
29 = 103%x | —0.0016 — 9.6427: | —0.0016 — 9.6427: | —0.0016 — 9.6427i
253 = 103%x | —0.0000 + 9.48307 | 0.0000 + 9.48313% 0.0000 + 9.48311

24 = 103x | —0.0000 — 9.4830¢ | 0.0000 — 9.4831% 0.0000 — 9.4831+¢

25 = 103 0.0000 4 9.48302 | —0.0000 + 9.4830z | —0.0000 + 9.48301
26 = 103x 0.0000 — 9.4830¢ | —0.0000 — 9.48302 | —0.0000 — 9.48301
27 = 103x | —1.0000 + 0.0000¢ | —1.0000 + 0.00007 | —1.0000 + 0.0000¢
2 = 103%x | —0.1000 + 0.0000¢ | —0.1000 + 0.00007 | —0.1000 + 0.00004
29 = 103x | —0.1000 + 0.0000¢ | —0.1000 — 0.00007 | —0.1000 — 0.0000¢
210 = 103%x | —0.0967 4 0.00007 | —0.0967 + 0.00007 | —0.0967 + 0.00007

5.3 Frequency characteristics of proposed back—drivability

In chapter 2.3.1, the equivalent inertia of both directions in geared two-inertia system are
discussed in the condition of pure mechanical construction. In this section, the drivability
of no control, the referenced forward drive control and the proposed back drive control are
summarized based on the cases in Tab. 9 and parameters decided by previous section Tab. 8.

In Fig. 27, it shows the comparison of referenced forward—drivability Grpy (s), back—drivability
with no control G(s) and proposed back—drivability Ggpg(s). It is clearly shown that, the
frequency characteristics curve of proposed back—drivability Gppp(s) and referenced forward—
drivability Grpr(s) overlap, at the same time, both appear to be convergence in high frequency
and less frequency oscillation than purely mechanical control of back drive. It should be noted

that, the better amplitude gain in G g(s) can not be considered as its real advantage due to the
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Tab. 7: Zero-poles in different g, pp.

grpr = 1000 grpr = 2000 grpr = 3000
p1 = 103x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.6427¢
po = 103%x | —0.0016 — 9.6427i | —0.0016 — 9.6427: | —0.0016 — 9.6427i
ps = 103x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.64274
py = 103x | —0.0016 — 9.6427: | —0.0016 — 9.6427: | —0.0016 — 9.6427i
ps = 103x 0.0000 4 9.4830z | —0.0000 + 9.4830z | —0.0000 + 9.48301
pe = 103x 0.0000 — 9.4830z | —0.0000 — 9.48307 | —0.0000 — 9.4830:
pr = 103x | —1.0000 + 0.00007 | —2.0000 + 0.00007 | —3.0000 + 0.0007
pg = 103x | —1.0000 + 0.0000¢ | —1.0000 — 0.00007 | —1.0000 + 0.0000¢
pg = 103x | —0.1000 + 0.0000¢ | —1.0000 + 0.00007 | —0.1000 + 0.0000¢
pro = 103x | —0.0967 + 0.00007 | —0.0967 + 0.0000¢ | —0.0967 + 0.00007
p11 = 103x | —0.0967 + 0.0000i | —0.0967 + 0.0000: | —0.0967 + 0.00007
21 =103%x | —0.0016 + 9.6427i | —0.0016 + 9.6427: | —0.0016 + 9.64274
29 = 103%x | —0.0016 — 9.6427: | —0.0016 — 9.6427: | —0.0016 — 9.6427i
253 = 103%x | —0.0000 + 9.48307 | 0.0000 + 9.48313% 0.0000 4 9.48312
24 = 103x | —0.0000 — 9.4830¢ | 0.0000 — 9.4831% 0.0000 — 9.4831+¢
25 = 103 0.0000 4 9.48302 | —0.0000 + 9.4830z | —0.0000 + 9.48301
26 = 103x 0.0000 — 9.4830¢ | —0.0000 — 9.48302 | —0.0000 — 9.48301
27 = 103x | —1.0000 + 0.0000¢ | —1.0000 + 0.00007 | —1.0000 + 0.0000¢
2 = 103%x | —0.1000 + 0.0000¢ | —0.1000 + 0.00007 | —0.1000 + 0.00004
29 = 103x | —0.1000 + 0.0000¢ | —0.1000 — 0.00007 | —0.1000 — 0.0000¢
210 = 103%x | —0.0967 4 0.00007 | —0.0967 + 0.00007 | —0.0967 + 0.00007

feature of open—loop control without gain parameter.

5.4 Step responses comparison of referenced forward drive

and proposed back drive

In this section, the step responses comparison of referenced forward drive and proposed back
drive are given based on the cases of Tab. 10 to discuss the steady—state response and transient
response for both control.

Eq. (5-3) is the calculated amplitude of referenced forward—drivability and proposed back—
drivability.
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Tab. 8: Control parameters.

Nominal motor inertia T | 5.8 x 1078 | kgm?
Nominal load inertia Jpm | 1.39 x 107° | kgm?
Nominal torque constant of drive motor | Ky, 0.0139 N/A
Nominal torque constant of load motor | Ky 0.0302 N/A
Nominal connection constant K, 1250
Reducer ratio G, 84
Torque gain Ky 17241
Cut-off frequency of DOB Gmdis 100 rad/s
Cut-off frequency of LDOB Gidis 1000 rad/s
Cut-off frequency of LPF JLpr 1000 rad/s
Control period T 0.1 ms
Scaling factor ! 1

Tab. 9: Simulation comparison of bode diagram.
Sim. 1 | Gppr(s) | referenced forward—drivability
Sim. 2 | Gp(s) | back—drivability w/o controller
Sim. 3 | Gepu(s) proposed back—drivability

300 T T T T
— G ()
5 200 F | —— Gy(s)
£ 100 Con ()
= ol U
-100 . . . .
10° 10° 102 108 10* 10°
Frequency [Hz]
400
300 [
© 200}
(]
o 100}
ok -
100 L L L T |
0 ! 102 10% 10* 10°

10
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Frequency [Hz]

Fig. 27: Sim. 1, 2, 3: the comparison of bode diagram for each drivability in geared two-inertia

system.

AGFDL = AGBDH = 2010g10(OéKf) =64.7
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Tab. 10: Comparison of step responses for velocity and acceleration.

Sim. 4 | referenced forward drive | Tenqg = 0.05Nm (t < 1s)

Sim. 5 proposed back drive s = 0.06Nm (t < 1s)

Cases of Tab. 10 are shown the simulation results as Fig. 28 and Fig. 29, the same acceleration
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Fig. 28: Sim. 4: step response of velocity and acceleration for referenced forward drive.

of motor are realized in referenced forward-drive and proposed control. Both of forward and
back drive are achieved 86.2 rad/s? of acceleration, which means as the same drivability as the

bode diagram shown results.

5.5 Step responses comparison of referenced forward drive

and proposed back drive

Since there is only ¢,,4is has a obvious effect on the stability and performance of the system
in the above parametric analysis. In this section, the case of different g,,4;s values are discussed
based on following simulation cases of step response. The cases of Tab. 11 are given to discuss
the steady—state response and transient response of acceleration in both forward drive and back

drive.
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Fig. 29: Sim. 5: step response of velocity and acceleration for proposed back drive.

Tab. 11: Step responses of acceleration for different g,,q4;s = 100,500, 1000 rad/s.

Sim. 6 | 6, of referenced forward drive | 7.,q = 0.05Nm (t < 1s)
Sim. 7| 6, of proposed back drive s = 0.06Nm (t < 1s)

86.4 r / g;m =1'000ra'd/s '
= 861 IN
%’ 8omais =
£
E 856
=
o)
78’ > =100rad / s
2 852t
84.8

0 0.01 002 0.03 0.04 0.05 006 0.07 0.08 0.09
Time[s]

Fig. 30: Sim. 6: step response of acceleration for referenced forward drive.

Fig. 30 and Fig. 31(b) are shown the transient response of acceleration of motor in referenced
forward drive and proposed back drive based on geared two—inertia system in the condition

of input torque as 0.05 Nm, which are consistent with equation expressions of Grpr(s) and
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Fig. 31: Sim. 7: step response of acceleration for proposed back drive.

Tab. 12: Summary of transient characteristics for referenced forward drive.
referenced forward drive

delay time t,4

rise time ¢,

convergence time t, (< 2%)

Gmais = 100rad/s 0.0007s 0.1462 0.0132s
Gmais = D00rad/s 0.0007s 0.0543 0.0051s
Gmais = 1000rad/s 0.0007s 0.0409 0.0047s

Gppr(s). Tt is clearly seen that in referenced forward drive, the higher the ¢,,4is, the shorter the
rise time of the system and the faster the response. However, in the condition of ¢,,4;s = 1000
rad/s, the overshoot and oscillation occur.

Tab. 12 is the summary of transient response of acceleration for referenced forward drive in
different g,,4;s. Three parameters in the overdamping case were selected to present the transient
characteristics under this simulation. It can be found that transient characteristics are getting
better as ¢.,,4:s getting bigger.

At the same time, in proposed back drive, as the g,,4;s increases, the transient characteristics
of the system are the same as the forward drive, but much deteriorated than forward drive.
Tab. 13 is the summary of transient response of acceleration for proposed back drive in different

gmdis- Three parameters in the overshoot case were selected to present the transient charac-

— 40 —



Tab. 13: Summary of transient characteristics for proposed back drive.

proposed back drive | peak time ¢, | maximum overshoot M, | convergence time ¢, (< 2%)
Gmais = 100rad/s 0.0002s 21370% 0.0973s
Gmais = H00rad /s 0.0002s 20161% 0.0352s

Gmais = 1000rad /s 0.0002s 18762% 0.0337s

Tab. 14: Step responses of velocity for different g,,4;s = 100,500, 1000 rad/s.

Sim. 8 | w,, of referenced forward drive | 7.nq = 0.05Nm (t < 1s)

Sim. 9 | w,, of proposed back drive s = 0.06Nm (t < 1s)

teristics under this simulation. It can be found that the convergence time is getting shorter
according to increasing of ¢,,4is, while maximum overshooting is getting smaller. Even if the sys-
tem converges around the time value of 0.1s, the severe overshooting occur in all g,,4;s, however,
oscillation are even more unexpected for back drive in the condition of ¢,,4;s = 500, 1000 rad/s.
As a result, the forward drive is allowed higher g,,4;s to realize better transient characteristics
than proposed back drive.

In order to validate the above results, the cases of Tab. 14 are given to discuss the steady—state

response and transient response of velocity in both forward drive and back drive.
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Fig. 32: Sim. 8: step response of velocity for referenced forward drive.

Fig. 32 and Fig. 33 are shown the transient response of velocity of motor in forward drive
and back drive based on geared two-inertia system. It is clearly seen that in forward drive, the

higher the g4, the shorter the rise time of the system and the faster the response, even if in

the condition of g,,4s = 1000 rad/s.
At the same time, in back drive, in the condition of gn4s = 500,1000 rad/s, due to the
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Fig. 33: Sim. 9: step response of velocity for proposed back drive.

overshoot and oscillation of the acceleration, the increasing of the velocity of the system is

slower than in the case of gnas = 100 rad/s instead.

In summary, the selection of g,,4s = 100 rad/s is expected for proposed back drive.

5.6 Summary of this chapter

In this chapter, The stability of proposed control method with DOB, LDOB and designed
controller based on parameters identification are discussed. Based on the steady—state response
and transient response in simulations, the parameters of gnas = 100rad/s, guais = grpr =

1000 rad/s are selected for later discussions.
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Chapter 6

Discretization of Controller H(s)

6.1 Introduction

According to above discussion theoretically in last chapter, back—drivability as Eq. (4-11) is
suppose to realize not only same amplitude but also dynamic characteristic with the forward—
drivability with low—pass filter as Eq. (4-7) in the condition of a = 1.

Nevertheless, in experiments, the controller H(s) is described in C programming. Since the
designed controller is too complicated to realize factorisation, the signal discretization is applied

to motion control, which is given in this chapter.

6.2 Discretizetion method

Commonly there are three types of discretisation methods widely applied. Forward difference
method, backward difference method and bilinear transform (Tustin transform). Forward dif-
ference method could not guarantee the system stability by discretisation. Backward difference
method is easy to calculated and could realise the stability of system if the original continues
system is stable, but distortion of frequency response and process characteristics are occurred
due to the low—pass filter in original continues system. In this thesis, Tustin transform is

utilised. The transform principle is shown as Eq. (6-1),

21—zt

°T To1+ 21 (6-1)

where:
s: operator of continuous signal
z: operator of discrete signal

T,: sampling period of discretization
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The discretized controller is suppose to be expressed as Eq. (6-2) with discrete operator,

H(z) = barro + barr1 2™t + baraz 2 + - barez O (6-2)
aaro + Gam 2t + agrez™2 + - - agpez O

where:

aqmo, G4, ---- parameters of each order of discrete integral operator, the numerical subscript
denotes the order

baro, bamt, --.- parameters of each order of discrete differential operator, the numerical sub-
script denotes the order

271,272, ... periods of signal delay, the numerical supscript denotes how many periods de-

layed
Then the discretised input signal H(z) is expressed as Eq. (6-4).

H(z) =14 (ma(2)z7 +my(2))z (6-3)
where :

ma(2) = by — axU(2)

mi(z) = by —aU(2)

m1(z), ma(z) are intermediate variables during the calculation in each delay. According to above

formulas, the Discretised controller H(z) is achieved by series algorithm shown as Fig. 34.

e(k) 1 u(k)
)C )O ) ﬁ
_alz_!
m%(k)
_azz_l

Fig. 34: Series algorithm for realising discretised controller.

From this figure, m(k), ma(k) denote the joint of each layer of delay. The discretised output

signal is calculated via this series algorithm of layer—by—layer recursive.

6.3 Discretization of H(s)

In this section, the discratization of controller H(s) is given in two versions. First, since the

full orders of representation of back—drivability would be kept (Higher components in brackets
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are not zero.), and take part in the discretization, as a result, the expected effect on the system

considered from full version in discretized controller H(z) are as follow as Eq. (6-4).

1H ()] =
(B (2 o)+ 2 g on(2)
1o (QUIL)2 oo (ZAI8)2 4 D2 —Mggzsz Jeos(w) + 23442 + .. M%‘Z‘zf’ Jcos(2w) - - -

(6-4)

In order to focus the discussion on scaling factor «, another impact factor Ky is suppose to
be decided. Since the input torque can not be selected too big in consideration of gear ratio,
the torque gain of forward-drive is decided as the 0.0001 multiple of 1/.J,, (K; = 1724.1) to
simplified the calculation. So that, considering the full real items, the amplitude of H(z) is as
Eq. (6-5).

2 2 2
deo + del +-ot+ de6
2 2 2
Agrro T Qg T+ Agpg

AGy = 2010910(\/ ) = 20log1o(K fvVa? + 3.814a + 155.452

(6-5)

The Schematic diagram of amplitude of above equation is as follow Fig. 35:

AGH (2)
4 H(z)

15545 > o

Fig. 35: Schematic diagram of amplitude of full version of H(z).

From this figure, in the case of a < 155.45, the amplitude of H(z) does not change clearly.
There is also nonlinear part during the value larger than 155.45 and a certain value. In addition,
the calculation of Eq. (6-5) is quite complicate for author, a simplified version of amplitude of
H(z) is given. As a result, the expected effect on the system considered from constant items

in discretized controller H(z) are as follow Eq. (6-7).
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2 2 2 2

baro = bHﬁ(i)G + bH5(i)5 + bH4(7_-,S)4 + ng(i)3
+ bH?(%)Z + leT% + bro,
aqrHo = aHG(%)G + aH5(T%)5 + CLH4(T%)4 + CLH3(%)3 +
&Hz(%)z + am% + aHo (6-6)
Agy., = 20logiof Z%ZZ ) = 20logio(K fva? — 3913.2c + 2088636)
= 20l0g10(K f+/(ar — 461.72) (or — 451.27)) = 20log1o(K f (o — 456.6)) (6-7)

The Schematic diagram of amplitude of above equation is as follow Fig. (36):

AGH(Z)
A H(z)

simp

> o

451.27 461.72

Fig. 36: Schematic diagram of amplitude of simplified version of H(z).

From this figure, in the case of o = 456.6, the amplitude of H(z) realizes the lowest value.
For simplified the consideration of linear part of amplitude, the oy = 456.6 as standard adjusted

interval and 2ay = 913.2 as the starting scaling will be choose to later research.

6.4 Summary of this chapter

In this chapter, the discrete H(s) are discussed in full version and simplified version. In the
situation of this research, the simplified way are enough to design the the scaling factor and
simplified the calculation. In next chapter, the other parameters of cut—off frequencies and

range of scaling factor are discussed.
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Chapter 7

Stability Statement and Analysis for o

7.1 Introduction

In previous two chapters, the proposed back-drive control are discussed in detail. The se-
lection of parameter o can affect the stability and performance of the system which need to
consider in both continuous system and discrete system. In this chapter,the stability statement

and the discussion of parameter « is in progress.

7.2 Stability analysis

The stability of system is an important indicator for evaluation of constructing a controller.
For discussion of stability of proposed control system, firstly, the dynamics of proposed control

motion is summarized in follow equivalent block diagram and equation.

t 6,
Motor —{DOB]|

7, =l Load [5]Gear Ratio

|LDOBH H(S)I GBD(S) =\+/_:

rrrrrr

Fig. 37: Equivalent block diagram of full dynamics.

O,, =
O GBD (S) dis

i

GFDL(S) 0 ] [ Tc@d ] (7_1>
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Fig. 37 is the equivalent block diagram of in the condition of both referenced forward control
and proposed back—drive control. In this figure, the control blocks in the red frame is the
referenced forward dynamics with DOB and feedback control, while the control blocks in the
blue frame is the proposed back—drive dynamics in this thesis. Obviously, the proposed back—
drive dynamics includes an inner loop of DOB for compensation and a feed—forward loop to
motor with designed controller H(s).

In the view of expressions, Eq. (7-1) shows the full dynamics descriptions of proposed control
method. In this research, the authors only discussed the situation of load side disturbance
torque input while 7,4 = 0.

Feed-forward control is an open-loop control method based on disturbance that is often a
command signal from an external operator. It responses to control signal in a pre-defined way
without responding to how the motor reacts. It is able to operate at high speed and accuracy
only if the mathematic model is designed with high quality.

On the account of the proposed control in this thesis is a feed-forward control, the stability of
control system with proposed controller is restricted by hardware conditions which will discussed
in later chapter. However, even if there is no physical meaning to discuss the stability in this
thesis, the three parameters of cut-off frequency matter the stability and robustness of the

proposed system.

7.3 Range of scaling factor

In this thesis, the performance of back—drivability that is evaluated via speed variation intu-
itively is discussed based on parameter of scaling factor a. Obviously, the item of « affects only
numerator of the expression in the combination of Eq. (5-1) and (5-2). Therefore, the scaling
factor av supposes no matter to stability of system that is verified as Fig. 38.

Actually, theoretically the scaling factor a looks like an unrestricted parameter, it does have
limitation of selection based on experimental results. Even if the scaled up input torque from
external to feed—forward to motor, the driver of motor could not generate enough current to
follow it. Therefore, once the scaling factor is selected larger than the driving ability of motor,
the back—driving system would keep the limited maximum velocity of motor and be out of
control. In experimental setup, the drive motor has the restricted velocity at about 750 rad/s
because of velocity protection of motor driver. Based on this situation, the range of scaling

factor is selected under the limitation of max velocity as a < 9ay = 4109.4.
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7.4 Step responses comparison for proposed back drive

in both continuous and discrete systems

Since there is o also has a obvious effect on the stability and performance of the system in
the above parametric analysis. In this section, the case of different o values are discussed based
on following simulation and experiment cases of step response. In both continuous and discrete

systems and parameters decided by previous section Tab. 15.

7.4.1 Proposed continuous back drive system

The cases of Tab. 16 are given to discuss the steady—state response and transient response
of acceleration and velocity for continuous back drive system in the different o =1, 2, 4.

Fig. 39(b) and Fig. 40 are shown the transient response of acceleration and velocity of motor
in back drive based on geared two—inertia system in the condition of input torque as 0.05 Nm. It
is clearly seen that in proposed back drive, whatever the « value is, the transient characteristics
are shown as the severe overshooting and oscillation even if the system converges around the
time value of 0.1s.

Tab. 13 is the summary of transient response of acceleration for proposed back drive in
different . Three parameters in the overshoot case were selected to present the transient
characteristics under this simulation. It can be found that the parameter o does not effect on

convergence time a lot. The maximum overshoot is reduced as « getting bigger.
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Tab. 15: Control parameters.

Nominal motor inertia T | 5.8 x 1078 | kgm?
Nominal load inertia Jim | 1.39 x 107° | kgm?
Nominal torque constant of drive motor K, 0.0139 N/A
Nominal torque constant of load motor K 0.0302 N/A
Nominal connection constant K, 1250
Reducer ratio G, 84
Torque gain Ky 17241
Cut-off frequency of DOB Gmdis 100 rad/s
Cut-off frequency of LDOB Gidis 1000 rad/s
Cut-off frequency of LPF JLpr 1000 rad/s
Control period T 0.1 ms
Standard scaling factor for continuous system | « 1
Standard scaling factor for discrete system Qo 456.6

Tab. 16: Comparison of step responses for velocity and acceleration for different a = 1, 2, 4.
Sim. 1| 6,, of proposed back drive %8 = 0.05Nm (t < 1s)
Sim. 2 | wy, of proposed back drive | 71* = 0.05Nm (t < 1s)

In Fig. 40, during the time period of input torque loading, the system consistently outputs
much higher speed than expected (the speed after 1s) due to oscillations and overshoots in
acceleration. Moreover, as the a increases, the increasing of the velocity of the system is faster
because of the value a equivalents to input torque gain. In summary, the a causes overshooting
and oscillation in proposed back drive at transient response then system always in the situation

of overshoot.

7.4.2 Proposed discrete back drive system

In the previous chapter, after calculating the conversion relationship in the value of a in
the discrete system , the effect on the proposed discrete back drive system is discussed in this
section. Since the discrete back drive is also the control systems used in the experiments,
combined with the parametric analysis of ¢4s and g4 in the previous two chapters, an
experiments that combines «, gmais and giais (grpr is not discussed since it shows the same
frequency characteristics as giq;s) are given as the cases of Tab. 18 based on parameters of

Tab. 15.
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Fig. 39: Sim. 1: step response of acceleration for proposed back drive.

Tab. 17: Summary of transient characteristics for proposed back drive.

proposed back drive | peak time ¢, | maximum overshoot M, | convergence time ¢, (< 2%)
a=1 0.0003s 21370% 0.0973s
a=2 0.0003s 10647% 0.0903s
a=4 0.0003s 5286% 0.0825s

The nominal torque constant of load motor Kj,; is implemented. Via this design, the external

torque input can be set as a constant value by the load motor from Eq. (7-2).

s = K, I, = 0.05(Nm) (7-2)

Fig. 41 show the velocity responses of motor in proposed back drive based on geared two-inertia
system in the condition of input torque as 0.05 Nm for different ¢,,,4;s and gy4;5. In comparison
with the simulated velocity response in chapter 5.4, the amplitude response of the velocity is
lower than the simulation result due to the model parameter error in the experiment and the
friction not considered in the simulation (the simulation result is -86.2rad/s, the experimental

result is probably -70rad/s) shown as Fig. 41 (a).
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Fig. 40: Sim. 2: step response of velocity for proposed back drive.

Tab. 18: Comparison of step responses for velocity for a = 2.
Exp. 1| 7% = 0.05Nm (t < 18) | gmais = 100,500, 1000rad /s
Exp. 2 | 7% = 0.05Nm (t < 1s) | giais = 1000, 2000, 3000rad/s

o e e e I A A 18 T T T T T T T T ]
20 |+ - . -10 [ _
z‘ | T A v — < -20 — ‘ -
-g 0 ":3 -30 I 7
= -20 W 4z '§8 B :
% _28 i 100rad / s : % _?8 W 1000rad / s :
> ) 500rad / s > :80 A | ‘|'M A ; 2000rad /s ]
-80 [~ 10007ad / s ] 90 |- 3000rad /s _|
-100 | | | | | | | | -100 | | | | | | | | |
0 02040608 1 121416138 0 02040608 1 12141618 2
Times|s] Times|[s]
a) velocity response of Exp.1. velocity response of Exp.2.
locity resp f Exp.1 b) velocity resp f Exp.2

Fig. 41: Exp. 1, 2: velocity response for proposed back drive in the condition of o = 2ay.

On the other hand, as the same as the transient feature as simulation results in chapter 5.5, in
the condition of g,qs = 500, 1000 rad/s, due to the overshoot and oscillation of the acceleration,
the increasing of the velocity of the system is slower than in the case of g,,4;s = 100 rad/s instead.

In Fig. 41(b), as the frequency characteristics discussion in chapter 5.2.2, gj4;s has little
effect on the velocity amplitude of the system. In the experiment, the increase of g;4;s brings
a corresponding increase in the system output velocity, which is believed to be caused by
oscillations and overshoot of the acceleration in the transient response.

Another experiments with another value of « are given as the cases of Tab. 19 as following.
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Tab. 19: Comparison of step responses for velocity for a = 4ay.
Exp. 3 | 7% = 0.05Nm (t < 1s) | gmais = 100,500, 1000rad/s
Exp. 4 | 7% = 0.05Nm (t < 1s) | gias = 1000, 2000, 3000rad /s
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locit f Exp.3 b) velocit f Exp.4

Fig. 42: Exp. 3, 4: velocity response for proposed back drive in the condition of o = 4.

Fig. 42 show the velocity responses of motor in proposed back drive in the condition of
a = 4ap. Similar to the simulation results in the previous section, the change of a does not
have much effect on the steady—state and transient characteristics of the system, but plays a

gain role on the magnitude of the output velocity.

7.4.3 Limitation of o for mechanical reason

Based on the simulation and experimental results for « in the previous section, we find that
the parameter o does not have much effect on the steady—state and transient characteristics of
the system, and equivalent to an effect on the output amplitude gain of the system. According
to this conclusion, theoretically the parameter a can be limited to the maximum speed of the
motor only.

In practice, however, according to the analysis of the mechanical selection of the system
mentioned in chapter 2.4.2, the angle sensor of the load—side motor is at least GG, times higher
than that of the drive motor in order to achieve the same degree of sampling resolution for
the drive motor and the load motor due to the presence of the gearbox. Due to hardware
limitations, higher-resolution angle sensors are very expensive, so there is an interdependence
between the parameter a and the gearbox ratio.

The detailed experimental validation about the take of parameter o will be given later in the

experiment based on the hardware limitation.
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7.5 Summary of this chapter

In this chapter, the stability of proposed control method and detailed discussion about the
take of parameter « are given. Both in simulation and experiment results, the parameters

a = [2ap, 8ayp| are selected.
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Chapter 8

Experiments

8.1 Introduction

In chapter 2.4, the experimental setup of geared two-inertia system is describes in detail the
experimental devices, as well as the hardware equipments. In this chapter, related experiments
of comparison evaluations with conventional method In chapter 3, the drivability comparison

with referenced forward drive and back drive, and limitation of taking o will be in progress.

8.2 Experimental setup

In chapter 2.4, the experimental setup of geared two—inertia system is describes in details.
In experiments, the overview of proposed control method is shown as Fig. 43. The execution
of implementing the experiment by hand is supposed as Fig. 44, which is input by load motor

instead. The utilized parameters refer to Tab. 20.

8.3 Comparison of conventional and proposed back—drivability

In this section, the effect of scaling factor « is discussed in proposed control and compared
with conventional method by changing torque gain C;. Case 1 shown in Tab. 21 is given in a
constant torque input for different performance of back-drivability. The input torque is given
during t=0-1s.

Fig. 45 is the group of velocities in different torque gain while Fig. 47 is the groups of velocities
in different scaling factor. We are going to discuss the back—drivability in term of conventional
method which is defined from the load—side torque to velocity of load. When the torque gain is

1 1

57— (Author selected torque gain as 55— in conventional

to 207

selected as lower values from =—1—
20Jm
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Fig. 43: Block diagram of proposed back drive with designed controller.

[

Fig. 44: Drive execution for back drive by hand.

method.), the velocity of load is increased little. However, keeping on largen the gain to ﬁ, the
load velocity is improved a lot with un—clarified proportional and accompanied by oscillation.

It is easy to see the back-drivability performance plot in 3D figure in Fig. 46. From the
figure, the performance of back—drivability in conventional method is displayed as a broken line
shown as the black one with arrow since the un—clarified proportion of torque gain C}.

In contrast, the load velocity of proposed method is proportionally increased along with the
scaling factor as Fig. 48.

In Fig. 48, the approximate exponential line of improving of back-drivability is shown as red
one with arrow.

This is the discussion of comparison of back—drivability improvement between conventional
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Tab. 20: Control parameters.

Nominal motor inertia T | 5.8 x 1078 | kgm?
Nominal load inertia Jpm | 1.39 x 107° | kgm?
Nominal torque constant of drive motor | Ky, 0.0139 N/A
Nominal torque constant of load motor | Ky 0.0302 N/A
Nominal connection constant K, 1250
Reducer ratio G, 84
Torque gain Ky 17241
Cut-off frequency of DOB Gmdis 100 rad/s
Cut-off frequency of LDOB Gidis 1000 rad/s
Cut-off frequency of LPF JLpF 1000 rad/s
Control period T 0.1 ms
Standard scaling factor Qo 456.6

Tab. 21: Comparison of back—drivability in conventional and proposed method.

Exp. 1 | conventional control | 74 = —0.05Nm | Cy = 0.05/J,,,0.1/J1,0.2/ 0, 0.5/ Ty 1/ T

Exp. 2 proposed control Tld“ = —0.06Nm o = 20y, dag, 60, 8oy

78 = —0.05Nm T4 =0

Velocity[rad/s]
= O—=NWAUNANAIN\O

0 02040608 1 12141618

Time[s]

Fig. 45: Exp.1: velocity responses by increasing torque gain.

and proposed method. As we discussed about the effect of DOB before, the DOB not only
compensates the modelling error and friction but also the torsional reaction torque from load

side, which is performed as the motor impedance to reduce the velocity of motor output in
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Fig. 47: Exp. 2: velocity responses by increasing scaling factor.

back—drive. The torque gain of torque feedback control is not proportional to back—drivability
due to two terms of effect torques on the motor in opposite reaction. Only if the torque gain is
selected big enough to overcome the other torque component, the back—drivability can not be
shown as proportional. Furthermore, it is still not shown quantified improved in big gain due
to big gain also lead to oscillation of output velocity. In proposed method, the scaling factor «
is designed as the proportion of forward—drivability at the beginning. The two terms of effect
torques on the motor in opposite reaction has been compensated by controller H(s). In spite
of the order difference in experiment according to the constructed strategy, the improvement of
back—drivability of proposed method could realize quantified improvement by adjusting scaling

factor.
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Fig. 48: Exp. 2: back-drivability by scaling factor.

Tab. 22: Comparison of referenced forward drive and proposed back drive in experiments.

Exp. 3 | w,, of referenced forward drive Temd = 0.06Nm(t < 1s)
Exp. 4 |  wy, of proposed back drive | 7% = —0.05Nm(t < 1s)(a = 2ay)

8.4 Experiment groups for referenced forward drive and

proposed back drive

Groups of experiments related with referenced forward drive and proposed back drive are
discussed in detail to show the relationship between the referenced forward drive and the

constructed back drive completely.

8.4.1 Experiment of velocity responses

In chapter 5.4, the simulated results of referenced forward drive and proposed back drive
had been shown. The results of both direction drives are given in the case as Tab. 22. In
experiment results of Exp.3 and Exp.4 shown as Fig. 49, the scaling factor « is approximately
selected as two times of g to satisfy with the same scaling as referenced forward—drive. It is
shown that the back—drivability realize almost 80 rad/s?, while the forward-drivability is lower
than simulated results (only around 60) rad/s®, which are both lower than the simulate step
responses in chapter 5.4. It is believed that this is due to model errors and friction that are

not considered in the simulation.
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Fig. 49: Exp. 3, 4 : experimental comparison of forward-drivability and back-drivability in

condition of o = 2avg.

Tab. 23: Comparison of forward—drivability and back—drivability in different torque input.

Exp. 5 | w,, of referenced forward drive Tema = 0.05,0.1,0.15,0.2,0.25,
0.3,0.35,0.4,0.45Nm
Exp. 6 w,, of proposed drive s = —0.05, 0.1, —0.15, —0.2, —0.25,
—0.3,-0.35,-0.4, —0.45Nm

8.4.2 Comparison according to input torque

A comparison of referenced forward drive and proposed back drive is given. A group of torque
input for forward—drive and back—drive are given as Tab. 23. In this case, the scaling factor is
assumed no « gain. As the construction of proposed back—drivability, the forward—drive and

back—drive are supposed to achieve same amplitude and dynamic characteristic.

Velocity [rad/s]

Fig. 50: Exp. 5, 6: comparison of forward—drivability and back—drivability.
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Tab. 24: Limitation of scaling factor.

Exp. 7 | 7 = —0.1Nm | a = 8.26c

Fig. 50 is the figure of comparison of forward-drivability and back-drivability. The below
curved surface is the increasing of velocities of motor in response to the growing of forward—drive

input torque while the upper curved surface is it of back—drive input torque.

800 mT—T—T T T T 7
700 | ——+— back drive (proposed)
600 —>¢— forward drive (G,,, )

500 |-
400
300
200
100

0 I I I I I I I

0.050.10.15020.250.30.3504 045

Torque[Nm)]

intersect line

Velocity[rad/s]

Fig. 51: Exp. 5, 6: the intersect line of forward—drivability and back—drivability.

From the conception of drivability which is given in chapter. 3, the included angle between
coordinately plane to below surface is supposed to be the forward—drivability. In the same way,
the included angle between coordinately plane to upper curve surface is the back—drivability.
It is clear to see, the both two drivabilities are neither linear nor consistent to each other.
However, there is a intersect line of two surface in somewhere and at some time shown as black

line on the top of this figure. Fig. 51 is the intersect line of same drivability of forward-drive

and back—drive at some time.

8.5 Limitation of o for improving back—drivability

Based on the reasons for the restriction on the value of o discussed in chapter. 7.3, the
scaling factor 2ap—8ay is supposed to satisfied. Following case as Tab. 24 tries to discuss the
performance of system with higher scaling factor than limitation.

The threshold value of o = 8.26¢ is determined by trail and error to realize a better transient

characteristics without overshoot and oscilation.

Fig. 52 shows the velocity of back drive and voltage of drive motor and load motor in condition
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Fig. 52: Exp. 7: the threshold value of scaling factor.

of a = 8.26qy.

The top half of Fig. 52 is the velocity response of proposed back drive. Within the time
of being loaded with load torque, the system output velocity exceeds the upper limitation of
the drive motor rad/s mentioned earlier as nearly 900, with the reason of the fact that the
load motor also outputs torque to the system. At this point, the system is in a state where
the controller is trying to get the drive motor to reach the desired velocity through designed
controller, but is unable to achieve so due to the output voltage limitation of the I/O module
(£10V). When the external torque stops loading, the drive motor still gives the system the
maximum output it can provide, which remains in the maximum speed operating state, since
the previous control reference is not achieved.

It can be seen from the voltage diagram in the lower part, the system is in an uncontrollable

state because the drive motor does not realize the velocity output required by the controller,
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and the voltage oscillates between positive and negative maximums (£10V), even after the
external torque has disappeared. In the meantime, load motor is always in the safe output
range, the output voltage returns to 0 after the external torque stops loading.

In summary, when the value of « is too large, the system will not be able to complete the
required motion due to the hardware restriction. The improvement of back—drivability will be

limited by the mechanical design of the system.

8.6 Summary of this chapter

In this chapter, related experiments of comparison evaluations with conventional method,
the drivability comparison with referenced forward drive and back drive, and limitation of
taking a are discussed to validate the conclusions of the various simulations performed in the
previous chapters. Via the proposed method, back—drive can achieve the same level drivability
as referenced forward—drive, and also can achieve quantified improvement of back—drivability

by adjusting scaling factor under the limitation of mechanical design.
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Chapter 9

Conclusion

In this thesis, a mechanical structure of a geared two-inertia system is introduced to be
the model to discuss the conception of equivalent inertia from angular acceleration of motor
to torque. The concept of back—drivability is also clarified in mathematics. Before presenting
the proposed control strategy, the controller elements used in this thesis and a conventional
torque control for back—drive are introduced. The characteristics of these components, which
are based on the conventional method but are also used in later proposed method, are also
described in detail to explain the advantages and reasons for using these control components.
After those, the mathematic expression of performance of back—drivability is shown to evaluate
progressive control results with step—by—step controllers based on referenced forward drive. A
proposed semi—closed loop of torque control based on Disturbance Observe (DOB) and Load—
side Disturbance Observer (LDOB) are implemented to geared two—inertia system to improve
the back—drivability by three steps. A feedback controller is designed based on the target of
estimation of forward—drive, in addition, the scaling « is also introduced to designed controller
to make the performance of back—drivability adjustable.

Motion characteristics and frequency characteristics are discussed according to the expres-
sion of forward—drivability and back—drivability in both before and after the control design. In
order to construct H(s), many design parameters other than mechanical ones are introduced,
such as gmais, Giais, grpr and a. The selection of these parameters can affect the stability and
performance of the system. Since the take of « is not the same as the functional equation in
a continuous system in a simulation and a discrete system in experiments, the identification
of each of these parameters in different systems were validated by Root Locus Criterion, sim-
ulations and experiments results. The proposed control method was analysed based on both
frequency characteristics and steady-state and transient responses.

Finally, in the experiment, the experimental setup of geared two—inertia system is describes

in detail the experimental devices, as well as the hardware equipments. Related experiments of
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comparison evaluations with conventional method, the drivability comparison with referenced
forward drive and back drive, and limitation of taking « are discussed.

The proposed back drive control can get the desired results of back—drivability with simple
controllers such as DOB, LDOB, and a construct feed-back controller based on a referenced
forward drive. Without the complex mechanical design and high precision of parameter iden-
tification, the proposed back drive control can be applied to the wide range of applications to

match different requests according to actual applications by adjustment of back—drivability.
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