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the torque generated by the motor (Nm)

the torque applied to the load (Nm)

load mass, (Kg)

link distance, (m)

The angle of the i-th link, (rad, °)

The angular velocity of the i-th link, (rad/s, °/s)

The angular acceleration of the i-th link, (rad/s?, °/s?)
Torque of the i-th link, (Nm)

Inertia tensor of i-th link, (Kg m?)

Z-component of the inertia tensor of i-th link, (Kg m?)
Mass of the i-th link, (Kg)

Mass of balance mass, (Kg)

Length of the i-th link, (m)

Viscous damping coefficient of i-th link, (N-m-s/rad)
Gravity, (N kg™1)

Viscous friction coefficient of the NCFM, (N-m-s/rad)
Viscous friction coefficient of the LFM, (N-m-s/rad)
Coulomb friction coefficient of the LFM, (Nm)
Zero-drift error of friction torque of the NLFM, (Nm)
Coulomb friction coefficient of the NLFM, (Nm)
Viscous friction coefficient of the NLFM, (N-m-s/rad)
Experimental friction coefficient of the NLFM, (Nm)
Experimental friction coefficient of the NLFM, (Nm)
Gain margin, (dB)

Phase margin, (°)

Fedforward function, (dB)

Controller, (dB)

X



U . Control signal, (V)

T : Settling time, (s)

MO : Maximum overshoot, (%)

MP : Maximum peak, (°)

Spso . Soft-PSO algorithm

Mpso : Medium-PSO algorithm

Hpso . Hard-PSO algorithm

Egs : Steady-state error, (°)

Ap, . Center of gravity vectors of the i-th link

h; . The coordinate vector in the mass center of the i-th link

+iR :  Rotation matrix from a coordinate i-th link to a coordinate i+ /-t link
Ti . Jacobian matrix of the i-th link

D(0) : Mass matrix

(s, G) : Coriolis and Centripetal force vector

G(0) . Gravity vector

77 (0,0) : Friction torque vector

il :  Homogeneous transformation matrix from a coordinate attached to an

i th link to a coordinate attached to i-/-zh.
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ACE :  Automation and Control Engineering

ADC . Analog-to-Digital Converter

AFHIC . Adaptive Fractional Hybrid Impedance Control
AFLC : Adaptive Fuzzy Logic Controller

ARRL : Automation and Robotics Research Laboratory
AJS-RSEA: Ankle joint system driven by a rotational series elastic actuator
BR . Bayesian Regularization

DAC . Digital -to- Analog Converter

DC : Direct Current

DFTFS . Double Fibonacci Torsional Flat Spring Design
DH . Denavit Hartenberg

DOF . Degree of Freedom

EA :  Elastic Acuator

EAS . Elastic Acuator System

EATA :  Experimental angular torque analysis

FEM . Finite element methods

FHIC : Fractional Hybrid Impedance Control

FLC . Fuzzy Logic Controller

FOC : Fractional-Order Controller

FTC-FC : Fuzzy Torque Controller with Friction Compensation
FL-FFC : Fuzzy Logic Feedforward Controller

IC . Impedance Control

HC : Hybrid Control

HIC : Hybrid Impedance Control

IRR : Infinite Impulse Response

LQR :  Linear Quadratic Regulator

LQG : Linear Quadratic Gaussian



LFM
MSE
NCFM
NLCT
NLFM
PD

PID
PID-FFC
PSO
PWM
RMSEs
RMS-PE
RMS-FE
RSEA
SEA
SEM-TA
SFC
SMC

Linear Friction Model

Means Squared Error
Non-Conservative Friction Model
Non-Linear Control Theory
Non-Linear Friction Model
Proportional Derivative

Proportional Integral Derivative
Proportional Integral Derivative — Feedforward Controller
Particle Swarm Optimization

Pulse Width Modulation

Root Mean Squared Errors

Root Mean Squared -Position Errors
Root Mean Squared -Force Errors
Rotary- Series Elastic Actuator

Series Elastic Actuator

Series Elastic Muscle-Tendon Actuator
State Feedback Control

Sliding Mode Control
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DEVELOPMENT AND NON-LINEAR CONTROL OF A NOVEL ROTARY
SERIES ELASTIC ACTUATOR

ABSTRACT

RSEA (rotary series elastic actuator) is one of the fundamental problems in the control
theory field. To verify the modern control theory, RSEA may be considered as a better
example in control engineering. The RSEA is a highly non-linear and open-loop
unstable system that makes the control more challenging. It is an intriguing subject
from the control point of view due to its intrinsic nonlinearity. The RSEA include a
nonlinearity due to the frictions in the joints. Common control approaches require a
good knowledge of the frictions in the joints of the system and accurate friction
estimation to obtain the desired performances of feedback controllers. However, the
frictions have high non-linear values, which result in steady-state errors, limit cycles,
and poor performance of the system. It has an influence on the system's response, and
it should be considered seriously. Therefore, friction estimation has the potential to
ameliorate the quality and dynamic behavior of the system. For humanoid/memetic
robots, modeling and accurate torque trajectory control of a rotary series elastic
actuator (RSEA) is of great importance. In this study, the fuzzy logic torque controller
with nonlinear friction compensation (NLFC) is used to improve the deteriorating
trajectory tracking performance caused by these nonlinear elements in RSEA systems.
In order to demonstrate the power efficiency and performance of the proposed control
system, several experiments have been performed on the experimental setup, including
a torque motor with worm gear and torsional flat-double spiral spring (TFDSS). The
proposed novel RSEA is designed and tested using different controllers, including PID
feedforward controller (PID-FFC), fuzzy logic feedforward controller (FL-FFC), and
fuzzy torque controller with friction compensation (FTC-FC). A comparative study
among controllers is conducted to show the robustness of FTC-FC against a step and
ramp-type disturbances. The simulation and experimental results here strongly
confirm that the proposed control method produces better control performance.

Another aim of this thesis is to develop non-linear controllers for the impedance
control problems. In this paper, a new fuzzy adaptive fractional hybrid Impedance
(FAFHI) control approach is developed for high-sensitive contact stress force tracking
control of the rotary series elastic actuators (RSEAs) in rugged terrains. The aim of
this study is to obtain an adaptive hybrid impedance control model (AHICM) which
depends on both position and torque in a large range of motion trajectory that involves
difficult and sudden large changes. In three different cases, the fractional parameters
of the FAFHI control were optimized with the particle swarm optimization algorithm
(PSO). Its adaptability to the pressure of the sole of the foot on real environments such
as grass (soft), carpet (medium), and solid floors (hard) is far superior to traditional
impedance control. Hence, the torque error triggered by the time-varying stiffness
environment can be compensated by using our fuzzy adaptive algorithm. Simulations
are tested on an RSEA, in order to verify the torque control accuracy as well as its
robustness in terms of a time-varying stiffness environment. Both the simulation and
the experiment show that our proposed control scheme has a better performance on

X1l



maintaining the desired contact force than hybrid impedance (HI) control and
fractional hybrid impedance (FHI) control.

Keywords: Rotary Series Elastic Actuator System (RSEA), Fuzzy Torque Controller
with Friction Compensation (FTC-FC), Nonlinear Friction Estimation Model
(NLFEM), Fractional Hybrid Impedance Control (FHIC), Adaptive Fractional Hybrid
Impedance Control (AFHIC).
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YENI BiR DONER SERIiSi ELASTIK AKTUATORUN GELiSTiRILMESI VE
DOGRUSAL OLMAYAN KONTROLU

OZET

RSEA (doner seri elastik aktiiator), kontrol teorisi alanindaki temel problemlerden
biridir. Modern kontrol teorisinde dogrulama yontemi olarak kullanilabilecek iyi bir
sistem Ornegi olarak diisiiniilebilir. RSEA, kontrolii daha zor hale getiren, dogrusal
olmayan ve agik dongii kararsiz bir sistemdir. Dogrusal olmamasi nedeniyle kontrol
teorisi acisindan ilgi c¢ekici bir konudur. RSEA, eklemlerdeki siirtinmelerden
kaynaklanan dogrusal olmama durumunu i¢ermektedir. Genel kontrol yaklasimlari,
geri besleme kontrolorlerinin istenen performanslarini elde etmek igin sistemin
baglanti noktalarindaki siirtiinmeler hakkinda bilgi ve dogru siirtiinme tahmini
gerektirmektedir. Bununla birlikte, siirtiinmeler yiiksek dogrusal olmayan degerlere
sahiptir, bu da kararli durum hatalarina, limit dongiilere ve sistemin zayif
performansina neden olmaktadir. Bu nedenle siirtiinme tahmini, sistemin kalitesini ve
dinamik davranisin iyilestirme potansiyeline sahiptir.

Insansi/memetik robotlar icin, doner seri elastik aktiiatoriin (RSEA) modellenmesi ve
dogru tork yoriinge kontrolii biiylik onem tasimaktadir. Bu calismada, RSEA
sistemlerinde bu dogrusal olmayan elemanlarin neden oldugu bozulan yoriinge izleme
performansini iyilestirmek icin dogrusal olmayan siirtinme kompanzasyonuna
(NLFC) sahip bulamk mantik tork kontroldrii kullanilmustir. Onerilen kontrol
sisteminin gii¢ verimliligini ve performansini gdstermek i¢in, deney diizenegi iizerinde
sonsuz digli ve burulma diiz-¢ift spiral yayli (TFDSS) bir tork motoru da dahil olmak
lizere cesitli deneyler yapilmistir. Onerilen yeni RSEA, PID ileri beslemeli kontroldr
(PID-FFC), bulanik mantik ileri beslemeli kontrolor (FL-FFC) ve siirtiinme
dengelemeli bulanik tork kontrolorii (FTC-FC) dahil olmak tizere farkli kontroldrler
kullanilarak tasarlanmis ve test edilmistir. FTC-FC'nin adim ve rampa tipi bozulmalara
kars1 saglamhigin1 gdstermek icin kontrolorler arasinda karsilagtirmali bir calisma
yapilmistir. Buradaki simiilasyon ve deneysel sonuglar, dnerilen kontrol yonteminin
daha iyi kontrol performansi iirettigini kuvvetle dogrulamaktadir.

Bu tezin bir diger amaci, empedans kontrol problemleri i¢in dogrusal olmayan
kontrolor gelistirmektir. Bu yazida, engebeli arazilerde doner seri elastik aktiiatdrlerin
(RSEA'lar) yiiksek hassasiyetli temas stres kuvveti izleme kontrolii i¢in yeni bir
bulanik uyarlamali kesirli hibrit empedans (FAFHI) kontrol yaklasim1 gelistirilmistir.
Bu caligmanmn amaci, zor ve ani biiyiilk degisimler iceren genis bir hareket
yoriingesinde hem pozisyona hem de torka bagli olan adaptif bir hibrit empedans
kontrol modeli (AHICM) elde etmektir. Ug farkli durumda, FAFHI kontroliiniin kesirli
parametreleri pargacik siiriisii optimizasyon algoritmasi (PSO) ile optimize edilmistir.
Yumusak (¢im), orta (hal) ve sert zemine sahip ger¢ek ortamlarda ayak tabaninin
basincina uyarlanabilirligi, geleneksel empedans kontroliinden ¢ok daha iistiindiir. Bu
nedenle, zamanla degisen sertlik ortami tarafindan tetiklenen tork hatasi, bulanik
uyarlamali algoritmamiz kullanilarak telafi edilebilmektedir. Simiilasyon sonuglari,
zamanla degisen bir sertlik ortami acgisindan tork kontrol dogrulugunu ve saglamligin
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dogrulamak icin bir RSEA fiizerinde test edilmistir. Hem simiilasyon hem de gergek
zamanl deney sonuglari, dnerilen kontrol semasinin, istenen temas kuvvetini koruma
konusunda hibrit empedans (HI) kontroli ve kesirli hibrit empedans (FHI) kontroliine
gore daha iyi bir performansa sahip oldugunu gostermektedir.

Anahtar Kelimeler: Doner Seri Elastik Aktiiator Sistemi (RSEA), Siirtiinme
Dengelemeli Bulanik Tork Kontrolori (FTC-FC), Dogrusal Olmayan Siirtiinme
Tahmin Modeli (NLFEM), Kesirli Hibrit Empedans Kontrolii (FHIC), Uyarlanabilir
Kesirli Hibrit Empedans Kontrolii (AFHIC).
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INTRODUCTION

In recent years, many researchers have focused on developing humanoid/memetic
robots that have grown dramatically [1]. These robots are used to perform dangerous
and difficult tasks for human life in various projects in real life [2]. Their joints must
be capable of absorbing high impact force, producing maximum force/torque, and
reasonable acceleration. The limitations of these physical parameters can be
enhanced with a usage of elastic actuator systems used in many robotic applications.
Compliant manipulation [3], rehabilitation systems [4,5], exoskeletons [6], humanoid
robots [7,8], haptic devices, interaction systems of human-robot, and active human
orthosis, and prosthesis are examples of applications using serial actuators. The joints
driven by a series elastic actuator system (SEAs) have compatible behavior, which
tends to reduce the impedance of mechanical output [9]. In addition, the control
performance of the serial actuator systems differs from rigid systems. Also, the
output force is easier to control, though control of position is a challenge. There are
two main methods of closed-loop SEA force control systems [10]. The first one is the
use of strain gauge force sensors, and the second one is measuring the amount of
elastic component deflection and applying Hooke's law [11]. Although the use of
force sensors may increase measurement accuracy, these sensors are expensive, and
installing and reading these devices is further complicated. Therefore, a simple
position sensor should be employed for measuring the deviation of the elastic part in

SEA systems.

SEAs have been used frequently in many areas such as bio-mechatronic, humanoid,
and memetic robotics. Brooks et al. [12,13] developed firstly the COG robot
employing with the SEA. In [14], the design of the SEA was examined through the
elastic element in the propulsion. The advantages of the elastic element in terms of
greater shock tolerance, accurate and stable force output, and energy storage ability
were presented in [15]. Due to the elasticity behaviors of the SEAs, the torque,
position, and stiffness of the SEA are changing time dependently. Therefore, the

interaction control with SEA is very important in the field of robot-robot, robot-



human, and robot-machine interaction [16,17]. In order to study the dynamics of the
robot's legs in the literature, different pendulum systems have been used as an

analogy.

The trajectory tracking error is dependent on the effects of the nonlinear elements
such as backlash, friction, and quantization in the control loop. The increase of these
effects causes deterioration of the accuracy and control bandwidth of the RSEA force
control. In the legged locomotion system, the control of the torque is essentially
required in an unstructured environment. If only position control is applied in RSEA,
the robot may not be able to maintain the desired force applied to the environment.
High performance torque control is needed for complex structured robotic

applications in uncertain environments [18].

Series Elastic Actuator (SEA) has been widely used for legged robots, haptics, and
rehabilitation robots. SEA is often preferred for these properties: robustness, high
power density, and high-bandwidth control performance which allows the
implementation of impedance control. The impedance control of Rotary Series
Elastic Actuators (RSEA) has been an interesting research area in the last few years.
In the literature, many novel approaches for impedance control have been developed
[19, 20]. Nowadays, the torque control approaches are classified as either Impedance
Control (IC) or Hybrid Control (HC). The approaches classified as impedance
control [21] do not attempt to explicitly control torque but to control the relationship
between the force and position at the end of the ankle in contact with the
environment [22]. Hence, position control leads to applied force control.
Alternatively, HC separates the robotic force task into two subspaces, the first one is
the force control subspace and the second one is the position control subspace [23].
Two independent controllers are required for each subspace. In [24], they developed
a novel method to combine the two algorithms into a one control algorithm strategy.
This approach can be called the hybrid impedance controller (HIC) which combines
HC and IC strategies and can be reduced to either approach. HIC can separate the
task space into two subspaces, an impedance-controlled, position subspace and an
explicit force-controlled subspace [25, 26] The fractional-order dynamic systems and
controllers have been a part of different science/engineering disciplines for many

years. Fractional-Order Controllers (FOC) is defined by the fractional-order

2



differential equations. Using the derivatives and integrals operations in fractional
orders may be adjusted for the frequency response of the control system directly and
continuously (Oh and Kong, 2016). The controllers based on fractional-order
derivatives and integrals are usually used in industrial applications and other various
fields such as system identification, haptic, power electronics, robotic arms, and
magnetic levitation system control [27, 28]. It should be noted that the behavior of
many physical systems can be determined using FOC theory and can be controlled
with FHIC even if the system has unstable or time delay behaviors. [29, 30]. The
FOC for a HIC extends the controller to the fractional hybrid impedance controller,
in order to yield a robust and stable force control system. Moreover, many aspects
needed to be taken into account when designing these controllers. Controller
parameters optimization in linear and nonlinear systems is quite difficult. There is a
need for an effective and efficient global approach to optimize these parameters
automatically. The particle swarm optimization (PSO) algorithm was used to
estimate the optimal parameters of the FHI controller [31]. PSO is an evolutionary
algorithm that can be used to find the optimal solutions in a large search space. PSO
algorithm is particularly used for parameter optimization in a continuous and multi-
dimensional search space. The PSO technique converges faster than other
optimization techniques and generates a high-quality solution in a short time [32].
Furthermore, the implementation of PSO is easily comparable to other metaheuristic

optimization algorithms.

In this study, the RSEA's torque control based on the nonlinear model was developed
to establish a stable and robust performance. Firstly, a dynamic model of the RSEA
was derived considering frictional forces, uncertainties, and disturbances. Then, the
friction estimator model for the nonlinear frictions in RSEA was added to the control
structure. A novel fuzzy torque controller with friction compensation (FTC-FC) was

developed and tested in RSEA.

In summary, the main contributions of this work are: (i) obtaining less trajectory
tracking error by nonlinear estimation of the frictions that occur in joint bearings and
worm gear of the legged mechanism. (ii) providing high accuracy trajectory control
by using fuzzy logic control (FLC) structure when actuators are subjected to

nonlinear loads/effects in legged robots.



In this work, a novel FHIC approach is developed with a fractional order controller
for the SEM-TA. The FHIC parameters are tuned with the PSO algorithm. This work
proposed fractional hybrid impedance control (FHIC) for high-sensitive contact
stress force tracking in uncertain environments [33]. The main goal of such a
controller is to avoid the force overshoots in the contact stage while keeping stress
force error in the high-sensitive tracking stage, where traditional control algorithms
are not competent. Moreover, the FHIC is presented here mainly in order to cater to a
sensitive fractional behavior. Its adaptability to the pressure of the sole of the foot on
real environments such as grass (soft), carpet (medium), and solid floors (hard) is far
superior to traditional impedance control [34]. It allows precise force (or torque)
mode control. Using this control method, the design of higher-level controls for
human-robot interaction can be achieved easily [35]. The proposed control model
consists of an outer concept position control loop that generates the reference
acceleration to an inner force control loop. The performance of the controllers is
examined according to these parameters: MO, Egg, Ts, and RMSE of the positions.
Moreover, robustness analysis of the controllers here are compared for three different
cases. The simulation and an experimental works are developed to validate the
performance of the proposed controller. According to the comparative study results,

the responses of controllers in simulation and experimental cases are very similar.

In this work, three different friction estimation models such as Non-Conservative,
Linear and Nonlinear friction models are compared to estimate the joint frictions of
the RSEA developed in our laboratory [36]. NCFM considers only viscous frictions.
LFM is dependent on Coulomb and viscous frictions. The NLFM is the sum of five
types of frictions: the zero drift error of friction, the Coulomb friction, the viscous
friction, and two experimental frictions[37]. Based on comparative experimental
friction analysis, the joint frictions of the RSEA are estimated more effectively using
an NLFM. Moreover, In order to determine the estimation performance of the
friction models, RMSEs between position simulation results obtained from each joint
friction model and encoders in the experimental setup are computed. Based on the
RMSESs’ position, the NLFM produce better estimation results than the LFM. Among
NLFM, the LFM gives the best results.



The first chapter deals with the overview of the EA: working principles, types,
classification and application of the EAS are described. A detailed literature survey
of EAS is provided, and the structure of the RSEA is investigated. Definition and

contributions of the thesis are presented.

The second chapter design and modeling of RSEA are introduced, the DFTFS and
the investigates kinematic model, nonlinear dynamic model, and dynamic simulation
of the RSEA systems. The kinematic model of system is derived based on the DH
convention. Rotation and homogeneous transformation matrices between coordinates are
calculated. The nonlinear dynamic equations of system is obtained by the Newton-
Euler method and explained in details. The nonlinear dynamic equations are obtained
based on the calculated rotation and homogeneous transformation matrices. Dynamic
comparison between the obtained results from both nonlinear mathematical and the
Matlab/SimMechanics models is described. Finally, inertia analysis of the vertical

arms of the RSEA is given.

In the third chapter, approaches to estimate the joint friction coefficients of joint link
rotary is explained in detailed. Three NCFM, LFM, NLFM are compared to estimate
the joint frictions of the RSEA developed in our laboratory.

In the fourth chapter, torque and impedance control problems of the RSEA, systems
are explained. PID-FFC, FL-FFC, and FTC-FC torque-based HI, FHI, AFHI
controllers are developed for impedance control problem of the RSEA. Furthermore,
FL-FFC and FTC-FC controllers are developed using fuzzy logic to torque control of
RSEA. The robust control structure, including the fuzzy feedforward, is designed to
provide an efficient torque controller. Then the efforts of the torque controller and
estimated nonlinear frictions from the velocity of the joint are computed.
Furthermore, the proposed control structure is compared with other complicated
torque controllers. AFHI controller is developed using fuzzy logic to impedance
control of RSEA. Presents the hybrid impedance controller. Analysis of the steady-
state error and tuning of the FHIC using PSO algorithm are explained. The dynamic
responses of the controllers were compared based on robustness analysis such as

under noises, internal and external disturbances.



The last chapter focuses on experimental studies. The torque control of a RSEA with
NLFM and impedance controls are verified in real experimental setups. The results

obtained experimentally are compared with simulation results.



1. ELASTIC ACTUATOR SYSTEM
1.1. Introduction

The reviews existing in literature are undertaken as a part of the RSEA project. It is
focused to understand: the background and the principal application of the EAS, the
nonlinear analytic mathematical model, numerical mechanical simulation model,
mechanical design aspects, friction models, control algorithms, and other successful
projects of the similar nature. The EAS is a classic model of the nonlinear control
topic. It is used frequently to study the design, implementation and control
development for nonlinear systems. The EAS appears in the undergraduate control
textbooks, for example, it is used as an example to describe the physical systems
mathematically by Dorf and Bishop [38]. The physical analysis of the EAS has been
an important consideration in the modern control theory studies [39]. The control of
the EAS, for which different configurations exist, is a very complicated task. it has
provided the best demonstration of the capabilities of the scientific and engineering
area [40]. In the past years, motion control has focused on a fast and a precision
positioning of motors or manipulators since robot mission was rapid manufacturing
or improving product quality in automated producing processes. Recently, service
robots such as human assistive robots or rehabilitation robots are receiving attention
from many researchers [41, 42]. However, there are still a large number of
challenging problems. Service robots, unlike the industrial robots, has interaction
with uncertain environments such as human body, and thus should be able to observe
the external force and also absorb the impact for safety not only of humans but also
of the robot itself. From this requirement, compliant actuation using elastic actuators
has received much attention in this filed. One of the most widely-used elastic
actuator is series elastic actuator (SEA). SEA, firstly introduced by Pratt [43] in 1995,
contains series elasticity between the motor and the load. By using two position
sensors (e.g., encoder) to measure deformation of the elastic component and the
control of the deformation, force control can be achieved without using any force

SENSors.



Torsional spring Worm gear Torsional spring Timing belt

Compression spring Cable driven Compression spring Ball screw

Figure 1.1. Various Type of SEAs in robotic application

In the past 20 years, many researchers have come up with various mechanisms to
realize high performance compliant actuators proposing various configuration for
SEA [44, 45]. As a result (see Figure. 1.2), various configurations of SEAs are world
widely developed to satisfy their application requirements. Figure 1.1 shows some
representative SEA mechanisms including University of Texas - Series Elastic
Actuator (UT-SEA) [46], compact Rotary Series Elastic Actuator(cRSEA) [47],
Bowdencable-based series elastic actuator [48] and Valkyrie’s series elastic actuators

[49].
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These mechanisms have their own drawbacks: UT-SEA chose the ball-screw as
drive-train [50], so it converts the rotary motion of the motor to the linear motion of
the load. Since the spring in RFSEA is designed to have very high stiffness, it needs
high resolution encoders for precision force sensing. cRSEA consists of the small
torsional spring with worm gear, and this leads to compactness of whole-body size.
However, the small rotary spring in cRSEA can cause some attachment issues which
can end up with large backlash. This backlash leads to large dead zone in the spring
deformation and significantly deteriorates the precision force/position control of

cRSEA.

Table 1.1. A comparison of major actuation technologies

Maximu | Maximium | Low force Position Back-
Acationtype | foree | dpecd ability | ¢onurottabitiy | driveability

Pneumatic Medium Meduim Fair, Poor Fair
stiction

Hydraulic High Medium Poor, Good Poor
stiction

Direct drive Low High Excellent Good Excellent

electric

Electric gear Medium/ High Poor, Good Poor

motor high friction

Electric series Medium/ High Excellent Good Excellent

elastic actuator high

Hydraulic series High Medium Excellent Good Excellent

elastic actuator

In Table 1.1 the series elastic actuators are compared with traditional actuation
methods. Series elasticity improves the force fidelity of gear motors and hydraulics
so they are comparable to direct drive motors without sacrificing high force/torque
capabilities [51]. In this research, a novel mechanism for SEA is developed to
provide high control performance while keeping the size compact. To achieve better
performance and versatility of SEA, the following features are particularly taken into

account in this research:
1) Minimized backlash of gear train
2) Spring linearity

3) Compactness of actuator
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1.2. Series elasticity

Series Elastic Actuator (SEA), a variable impedance actuator (VIA), is an actuator
that is highly regarded as the next-generation actuator [5S1]. Since SEA was first
introduced in 1995, SEA is now recognized in the robotics field as an actuator

system for high-performance torque control [52].

Table 1.2. Classification of SEAs in terms of types of transmission and types of
movements

SEA classification Transmission type
Gear Wire
Output movement type | Linear (a) SEA of MIT (e) RSEA
(b) UT-SEA (f) CDSEA
Rotary (c) cRSEA (g) BCDSEA
(d) cPEA (h) MARIONET

Table 1.2 shows various types of SEAs, that can be categorized in terms of the
transmission type and movement type. The SEAs which are categorized in terms of
the types of transmission and the types of motion. (a) Series Elastic Actuator [45],
(b) University of Texas-Series Elastic Actuator [46], (c) compact Rotary Series
Elastic Actuator [48], (d) compact Planetary-geared Elastic Actuator [49], (¢) Rotary
Series Elastic Actuator [50], (f) Cable Driven Series Elastic Actuator [51], (g)
Bowden Cable Driven Series Elastic Actuator [18] and (h) Series elastic actuator of
MARIONET [52]. This classification is more of a kinematic classification than a
dynamic classification, which can be used to display and compare SEA output
motion. SEA dynamic performance cannot be compared or categorized using this
standard. This dynamic classification of SEAs needs to provide some insights and
criteria for the dynamic characteristics of SEAs that can be reflected in the design of

SEA mechanisms and controllers.
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The SEA is classified into three types according to the relative position of the spring
with regard to the gear: Force-sensing Series Elastic Actuator (FSEA) which locates
the spring after the transmission gear, Reaction Force-sensing Series Elastic Actuator
(RFSEA) which locates the spring before the transmission gear and Transmitted
Force-sensing Series Elastic Actuator (TFSEA) which locates the spring inside the

transmission gear.

Stator
R

[\/Iotor 8

Figure 1.3. (a) Rigid Actuator; (b) Series Elastic Actuator
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This work categorizes SEA configuration into three types based on the position of
the spring as follows. Reaction Force-sensing Series Elastic Actuator (RFSEA)
spring located at (1) or (2), before the transmission Transmitted Force-sensing Series
Elastic Actuator (TFSEA) spring located at (3), inside the transmission Force-sensing
Series Elastic Actuator (FSEA) spring located at (4), after the transmission.

Since most of actuator system consists of the motor (see Figure. 1.3), the load and
the transmission (gear box) as in Figure. 1.4, the overall motions of this actuation
system consist of two angles: 6,, , the motor angle and 9;the load angle [52]. These

two angles are kinetically coupled by the gear train as
6, = N;,'6,,, (1.1)

where N, is the gear ratio of the gear train. This kinematic chain constrains the
movement between 6,,with 8, , and thus the motion of 8, is coupled by the motion

of 6,, , which determines the degree of freedom of the system down to 1.
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Motor] Motor
shank shank
rosthetic rosthet
DD SEA
(Direct Drive} (Series Elastic Actuator)

Figure 1.4. Direct drive and series elastic actuator

Whereas, the general way to achieve elastic actuation which is to place the elasticity
between the load and the motor (see Figure. 1.5, and Figure. 1.6), which was

proposed by Pratt as the basic configuration of SEA [52].

0,

jonstraint

Figure 1.5. Rigid actuation with directly connected load

v

In the configuration of SEA, there are three degrees of freedom in its motion, which

is represented by the motion of6,, , 6; and 6 .

onstraint

Figure 1.6. Series elastic actuation with the spring placed between the gearbox and
the load
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These motions have the following kinematic constraint.
6, = N,;,*6,, — 6, (1.2)

In other words, SEA originally has three degrees of freedom and one kinematic

constraint in its motion, which can be considered as the differential mechanism.
1.2.1. Force-Sensing Series Elastic Actuator (FSEA)

FSEA, is a SEA which combines a motor, a reduction gear, a spring and a load in
this order so that the spring can directly measure the force from the load. This
structure, which was proposed as the structure of the initial SEA, has been adopted as
the configuration of many SEA designs. In the Figure 1.7 to Figure 1.12, the detail of
FSEA configuration is illustrated, where the motor stator is attached to ground to
provide absolute force to the transmission, and the amplified force by the
transmission drives the spring deformation to generate spring force/torque. In other
words, the force/torque output of SEA is the spring torque, which can be controlled
by the motor torque. Notice that the external force from the load side can directly
affect the spring deformation too. The proposed generalized dynamic model of SEA

is derived and validated through the following process.

The following three different SEAs are selected as representatives of the proposed

three SEA configurations, and dynamic model of each SEA is examined.
FSEA—Compact Rotary SEA (cRSEA) proposed in [46]

RFSEA—UT-SEA (RFSEA) proposed in [49]

TFSEA—Compact Planetary-geared Elastic Actuator (cPEA) proposed in [52]

A generalized dynamic model is proposed, and it is shown that all the SEAs with the

different SEA configurations can be modeled using the generalized dynamic model.

Transfer functions of SEA (from the motor torque to the load angle, from the motor
torque to the spring deformation and so on) are derived using the derived dynamic

model.
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Figure 1.7. Configuration of Force-sensing Series Elastic Actuator (FSEA)
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Figure 1.8. Dynamic modelling of FSEA. (a) Free-body diagrams of FSEA and (b)
block diagram representation of FSEA dynamics.
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1.2.2. Reaction Force-Sensing Series Elastic Actuator (RFSEA)

-
Sensing force % Sensing force

HH

Reaction force .-

. |
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Spring Motor Gear Load Motor Spring  Gear Load
(a) (b)

Figure 1.9. Configurations of Reaction Force-sensing Series Elastic Actuator
(RFSEA). (a) “motor reaction force” sensing type and (b) “gear reaction force”
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Figure 1.10. Dynamic modelling of RFSEA. (a) free-body diagrams of RFSEA and
(b) block diagram representation of RFSEA dynamics.
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1.2.3. Transmitted Force-Sensing Series Elastic Actuator (TFSEA)

Spring  Sensing gear

Transmitting force
— - Transmission supporter
' (gear housing)
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Gearl  Spring Gear2 Load Motor Gear Load
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Figure 1.11. Configurations of Transmitted Force-sensing Series Elastic Actuator
(TFSEA). (a) “internal transmitted force of gear” Sensing type and (b) “external
transmitted force of gear” Sensing type.
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Figure 1.12. Dynamic modelling of cPEA. (a) free-body diagrams of cPEA and (b)
block diagram representation of cPEA dynamics

Several studies to consider had sought to evaluate the performance of the compliant
actuator. Tagliamonte et al. [53] attempted to numerically compare the performance
of a double actuated VIA with the concept of “power/mass” or “power/volume”

depending on the position of the spring. Robinson et al. [54] proposed a criterion of
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the Large Rorque Bandwidth (LTB) that can evaluate the performance under the
large force command by using simple model of force-controlled SEA. In a similar
study, Maximum Torque Transmissibility (MTT), which is the criterion for defining
the maximum force generation performance from the viewpoint of velocity limitation,

is presented by using the dynamics of FSEA under force control [55].

In this section, three criteria to represent the characteristics and performance of SEA
are proposed using the proposed generalized dynamic model. The three SEA
configurations are compared based on the proposed assessment criteria. An actuator
system as an ideal force source is supposed to deliver accurate force to the load while
it can react to any type of external forces sensitively and safely. This defines the
requirements for SEA as: (1) the generation of accurate and efficient forces, and (2)
the sensitive and safe response to external forces. One of the advantages of SEA,
energy storing, is an important factor that should be considered as a criterion.
However, by considering the governing equation of the spring potential energy, the
energy storing characteristic depends on the behavior of the spring itself, not on the
structural differences of SEA. Therefore, energy storage is not considered in this
paper which mainly deals with the performance differences caused by the relative

placement among the spring, the gearbox and the motor.
1.3. Objectives and Contributions of the Thesis

The main purpose of this research is to design an RSEA with a special flat spring
made of titanium and to develop a hybrid impedance control and torque control of a
RSEA with nonlinear friction models. RSEA system has been developed in the
ARRL, in the Mechatronics Engineering Department part of the Faculty of
Engineering at Kocaeli University. In reality, the control of RSEA attached to a
rotary elastic link seems to be impossible. But nowadays, according to computer
control power, can give the ability to torque and impedance control. The system can
be used in rehabilitation systems ans robotic legs. Physically, the system must be
robust enough to permit people to attempt balancing the joint manually to give them
a better idea about the degree of difficulty applied in the control method phase. The
system is a highly nonlinear and open-loop unstable system that makes control more

challenging. It is an intriguing subject from the control point of view due to its
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intrinsic nonlinearity. On the other hand, the system includes a nonlinearity caused
by the existing frictions in the joints. Common control approaches require a good
knowledge of the frictions in the system's joints and accurate friction estimation to
obtain desired performances of feedback controllers. However, the frictions have
high nonlinear values resulting in steady-state errors, limit cycles, and poor
performance of the system [56]. It has an influence on the system's response that
must be taken seriously. Moreover, friction estimation ameliorates the system's
quality and dynamic. In this project, NFFEMs are developed to estimate the joint
friction coefficients in our system. The main contributions of this work are: (i)
obtaining less trajectory tracking error by nonlinear estimation of the frictions that
occur in joint bearings and worm gear of the legged mechanism. (ii) providing high
accuracy trajectory control by using fuzzy logic control (FLC) structure when
actuators are subjected to nonlinear loads/effects in legged robots. The main goal of
such a controller is to avoid the force overshoots in the contact stage while keeping
stress force error in the high-sensitive tracking stage, where traditional control
algorithms are not competent. Moreover, the FHIC is presented here mainly in order
to cater to a sensitive fractional behavior. Its adaptability to the pressure of the sole
of the foot on real environments such as grass (soft), carpet (medium), and solid

floors (hard) is far superior to traditional impedance control.
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2. SYSTEM MODELING AND DYNAMIC SIMULATION

In this chapter, kinematic, nonlinear dynamic models of RSEA model is explained in
details. The kinematic parameters of each model are described corresponding to its
design. The kinematics model was derived using an adaptation of the DH convention.
The nonlinear dynamics model was derived based on the Euler-Lagrange formulation.
Furthermore, rotation and transformation matrices of the kinematics model are used
to determine the dynamic model. To verify the mathematical model of a system, a
numeric model is developed using the Matlab/SimMechanics toolbox. A comparison
of the RSEA joint positions obtained from the mathematical and
Matlab/SimMechanics model of each system are explained. Finally, in order to
examine the effects of the inertia of the RSEA links, the dynamic equations of the

RSEA were solved and simulated in three different inertia cases.
2.1. Design and Modeling of the RSEA

The ankle joint system driven by a rotational series elastic actuator (RSEA) is
depicted in Figure 2.1. AJS-RSEA is an experimental training setup for the Human
ankle model. The design specifications of the RSEA based on the ankle of AJS-
RSEA are summarized in Table 2.1.

Worm gear

Ankle joint

Motor encoder

Figure 2.1. The ankle joint system driven by a rotational series elastic actuator
(RSEA)

20



Table 2.1. Design goals and properties of RSEA (as low as possible)

Design value Goal Unit
Peak torque 20 Nm
Actuator output speed 1.2 rad/s
Maximal mass 3.5 Kg
Large torque bandwidth for 45 Nm 5 Hz
Torque resolution 0.1 Nm
Zero-impedance torque limit (Peak to 0.3 Nm
peak)
Zero-impedance bandwidth, 15 Hz
Spring stiffness Ks 65 Nm/rad

In this part, a mechanical design of the DFTFS, dynamic modeling of RSEA, and the
proposed torque estimation method based on the nonlinear friction model of the

RSEA are described in detail
2.1.1. Double Fibonacci Torsional Flat Spring Design (DFTFS)

This section is very crucial in the design and construction of the RSEA. In designing
a spring, the maximum and minimum torque range and force determine its
dimensions. In order to create a compact and rather stiff spring, it has been decided
to rely on the double flat spring design (see Figure. 2.2) proposed by [57]. The spring
is adapted to the needs of the new RSEA. A maximal torque of 15.2 Nm is built up
before the spring windings will block each other [58]. Beyond 15.2 Nm the actuator
output stiffness is rapidly increased. The double spiral design has the advantage to
cancel out undesired radial forces acting on the spring center when the spring is
wrapping or unwrapping. The proposed Double Fibonacci Torsional Flat Spring
(DFTES) is composed of two preloaded spiral springs in opposite directions. Springs

made of three materials: aluminum, steel, and titanium are analyzed and made.

In double Fibonacci torsional flat spring design, since the geometrical properties of a
spring greatly affect the spring performance, the geometric equations of the spring

must be considered very well before anything else.
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2.1.2 Placement of Spring and Encoders

Figure. 2.2 shows a schematic of our rotary SEA with possible locations for the
encoders. According to [59, 60], there can be multiple possible locations to place the
series spring. To minimize the effect of gearbox friction and motor inertia on the

output torque measurement, the spring should be placed as close to the load as

possible. Hence, we choose to place the spring between the gearbox and the load.

(D

Encoder

|

A

=)

|

\ 4 4

B D

Motor Spring
Gearbox

Figure. 2.2. Possible locations for the encoders

Load

Two encoders are required for each SEA to measure the spring deformation and
output angle simultaneously. As indicated in Figure. 2.2, placing an encoder on
position C would provide direct measurement of the spring deformation. Because the
spring is soft and would rotate with the output of the gearbox, placing an encoder
next to the rotating spring would be more challenging due to the complexity of
encoder fixture and wire routing. It would be more convenient to place the two
encoders on the two sides of the spring and measure the angle difference to obtain
the spring deformation. Two types of settings have been used. The first type places
encoders on locations A and D. This type has been adopted in [61, 62]. The second
type places encoders on locations B and D. This type has been adopted in [63, 64].
Compared with location B, placing an encoder on location A can reduce the demand
on the resolution of the encoder because the gear ratio can be used to magnify the
resolution for the measure of angle on location B. Besides, placing an encoder on
location A can increase the compactness between A and D. For size considerations,

locations A and D will be used in this paper to place the two encoders.

22



2.1.3 Geometry design method of spring

There are many different types of involutes in response to different geometrical
figures. Among them, the involute of circle is widely used and also the most
convenient one that can be described and machined. So, in this report, the involute of
circle has been analyzed. The involute of a circle is the path traced out by a point on
a straight line that Ys around a circle. The pedal of the involute of a circle, with the
center as pedal point, is a Spiral of Archimedes. Parametric Polar equation in the

Polar coordinate is:
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Figure 2.3. Double Fibonacci Torsional Spring profile

The proposed DTFS is included of two spiral springs in contrary directions using
three different materials (Figure 2.3). When the shaft's torque is applied through the
DFTFS, the worm of the gearbox is rotated by the motor that connects to the worm
wheel directly. The DFTFS is rotated using a worm wheel connected to the joint of
the load directly and rotates the load [65]. An encoder with 2048 pulses is employed
to measure the angle of the joint load. The difference between the motor and the joint

load angle is the torsion angle of the DFTFS.
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Table 2.2. Elastic and Shear Moduli and Poisson's Ratio for Various Metal Alloys in
Room-Temperature (Source Wiley Plus)

Metal Alloy | Modulus of Elasticity Shear Modulus Poisson’s Ratio
GPa 10° Psi GPa 10° Psi

Aluminum 69 10 25 3.6 0.33
Titanium 107 15.5 45 6.5 0.34
Steel 207 30 83 12 0.3
Copper 110 16 46 6.7 0.34
Nickel 207 30 76 11 0.31
Brass 97 14 37 5.4 0.34
Magnesium 45 6.5 17 2.5 0.29
Tungsten 407 59 160 23.2 0.28
ABS plastics | 40 6.1 14 2.1 0.29

The spring design method requires the maximum torque and the stiffness parameters
of DFTFS. Since the DFTFS has two springs in contrary directions, the required
stiffness is twice the stiffness of one spring [66, 67]. The maximum torque of the
DFTES can be calculated once the deflection angle is selected. It is expressed as
follows. Once the specifications on the stiffness and maximum torque of the DFTFS
are determined (see Figure 2.3), the parameters can be obtained using (equation 2.1)
given the material. Since there are more parameters to be determined than the
number of equations, the dimension can be selected in terms of (2.2) and (2.3) to
satisfy the size specifications. Torsion springs exert a torque when they are twisted or

deflected. The spring torque and the length of the legs together create a force.

E * w3 xw,

ks =—007 (2.1)
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The dimension parameters of the DFTFES are given in Table 2.3.

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

2.7)

Series spring design and weight minimization springs made of a single piece of

material requires no preload and could be more lightweight. we designed and

produced a DFTFS (Figure 2.4), the torsional flat spring consists of two Fibonacci

spirals. the edges of the DFTFS are two curves equally offset a certain distance

(W1/2) from the Fibonacci spirals (centerline). this new design aims to improve in

torque density, and the accuracy of spring stiffness estimation, and to eliminate

connection backlash.

Spring1

Spring?2
(a)

Figure 2.4. (a) conceptual model of spring and (b) solid model of spring for

configuration and parameters of DFTFS
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Table 2.3. DFTFS parameters

Symbol Parameter Valuel of | Value2 of | Value of | Value of | Unit
Aluminum | Aluminum steel titanium
a space between | 2 2 2 2 mm
coils
T Maximum torque | 25 25 25 25 Nm
loading of spring
E modulus of | 68 68 76 83 Gpa
elasticity in
tension (Young’s
Modulus)
kg Stiffness of spring | 64.251 60 70 78 Nm/rad
L functional spring | 115.13 115.13 115.13 115.13 mm
length
n number of active | 2 2 2 2 -
coils
wy thickness of | 5.13 5.13 5.13 5.13 mm
spring strip
Wy width of spring | 9.87 15 15 15 mm
strip
R, outer radius of | 63.35 63.35 63.35 63.35 mm
spring
R; inner radius of | 12.42 12.42 12.42 12.42 mm
spring
AB Maximum angular | 0.35 0.31 0.28 0.27 rad

deflection
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Correction coefficient represents the spring additional stress resulting from its

curvature. Its value can be found in the graph:

z
T 1.8
1.6 -
Kb
1.9 1
1.2 =
1
o 1 2 3 a4 5 6 7 s a 10

Ri/wy
Figure 2.5. Curvature correction factor

Table 2.4. Recommended spring dimensions

ratio R; /w; Min 0. 8
ratio w, /wy 1-5
number of active coils ng Min 0. 2

The controls located in this paragraph serve for starting the design (optimization)
functions of the calculation. Spring design for the given ratios R; /wy, wy /Wy, ay/
w;is started by moving one of the scroll bars (see Figure 2.5, and Figure 2.6). When
designing the spring the calculation is trying to optimize the dimensions so that the

strip thickness is as small as possible while keeping the required safety [68].
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Figure 2.6. Optimization model in MATLAB
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2.1.4 Finite element analysis and experiment verification

FEM static stress-strain analyses have been performed to evaluate alternative designs.
Static large displacement FEM analysis (Abaqus) was performed with the clamped
inner ring and outer ring loaded by a tangential distributed force equivalent to a pure
torque (see Figure.2.8). The FEA method had been proved to be an effective way to
analyze the performance of spring [69]. Here geometrically non-linear static
structural analysis has been conducted with personal computer based on advanced FE
code. The mesh is successively refined and convergence study is conducted to decide
on the adequacy of the final mesh. The details of the final refined mesh used in the
model shown in Figure.2.7, are as follows, element type: brick eight-node elements,
number of nodes: 1500, number of elements: 600, in the Table 2.5. Optimization
spring geometry for each parameter, based on the upper and lower bound and
minimum increment adopted in the optimization process. Rj, Ry, W1 and W2 are in

(mm), aisin (rad).

Table 2.5. Optimized Spring Parameter

Parameter Min | Max | Min. Optimized | Optimized | Optimized
increment
Aluminum | S- Steel Titanium

wy 4 19 0.1 7.7 7.7 7.7

Wy 4 20 0.1 7.34 5.1 4.2

R; 16 23.5 1 0.05 18.38 18.38 18.38

R, 60 80 0.1 75.07 75 75

a 90 90 0 90 90 90
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(b)

(d)

Figure 2.7. Different DFTFS springs used in the system (a)-ABS Plastic (b)-
Aluminum (¢) - Stainless steel (d) - Titanium.
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Figure 2.8. Model simulation in the Abaqus
2.1.5 Validation of the spring stiffness in RSEA

In this section, the DFTFS parameters obtained using finite element methods (FEM)
and experimental angular torque analysis (EATA) are used to validate the DFTFS
stiffness of the RSEA system with torsional elastic properties.

The force transducer (Gamma SI-65-5) is used to find the force applied by the RSEA
[70]. The angle of rotation of the motor and the link is obtained by encoders
connected to the system. Using the spring force equation, the stiffness of the DFTFS
is obtained. As shown in Figure 2.8 and Figure 2.9, the force transducer is located

below the end of the link connected to the RSEA.

Figure 2.9. Experimental Setup for validation of the flat spring stiffness in RSEA.
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The system is given a duty-cycle input and reads the angle difference encoders

created by the spring, and on the other hand, the force is read from the end of the link.

The duty-cycle has given to the system and reads the encoders angle changes can be

seen in Figure 2.10, max angle= 12.5765 (Deg) and max Force = 48.2652 (N).

Duty cycle

Torsional Flat Spring

L Motor

1G

NN

b0 g |

Figure. 2.10. DFTFES validation test system
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Figure. 2.11. Encoders angle changes and Motor Duty cycle (a) without frequency
and (b) in a period with 0.1 Hz frequency
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Figure 2.11.(Cont.) Encoders angle changes and Motor Duty cycle (a) without
frequency and (b) in a period with 0.1 Hz frequency

Finding the difference between angles (6,,, 6;) created by the spring and the force
applied by motor at the same time, the spring stiffness is calculated by Equation 2.8,
The graph of the force changes relative to the changes in angle is shown in Figure

2.11 and Figure 2.12. It can be seen that the changes are almost linear.

stiffness of Aluminum flat spring (Nm/rad)
T T T T

25 T
20r Angle = 0.2195 (rad) ]
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Figure. 2.12. Mechanical torsion test experimental data. (a) plot of torque against
angular displacement on the left and (b) combined plot of torque and angular
displacement against time on the right (spring stiffness: 65.771 Nm/rad)
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Figure. 2.12. (Cont.) Mechanical torsion test experimental data. (a) plot of torque
against angular displacement on the left and (b) combined plot of torque and angular
displacement against time on the right (spring stiffness: 65.771 Nm/rad).
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Figure 2.13. Experimental relationship between torque and angular deflection for
aluminum spring (DFTFS-AL1). (w2=7.34mm, Ks= 65.771 Nm/rad). Notice the
hysteresis
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High output torque resolution results from the combination of incremental encoders
and an elastic element. As expected, the spring stiffness is quite linear until the

windings start touching each other.

Under loading conditions without frequency, the spring stiffness is nearly linear (see
Figure 2.13) until it reaches the point where the windings touch each other. The
spring stiffness differs Slightly from what has been calculated and simulated. The
measured spring stiffness is only 57 Nm/rad instead of the calculated and simulated
53 Nm/rad. Moreover, the windings start touching each other around 13 Nm instead

of 15 Nm in each direction of rotation. During unloading hysteresis is observed.

TL

K, = —
S~ A6,

(2.8)
where 7, is the Torque/Load applied (Nm), A is the Spring angle change, K is the
spring stiffness (Nm/rad) of the SEA system, Figure 2.14 shows the diagram of the
aluminum spring stiffness changes, which is about 66 (Ks =65.771 Nm/rad).
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Figure. 2.14 Experimental relationship between torque and angular deflection for
aluminum spring (DFTFS-AL1). (w2=10mm Ks= 80 Nm/rad). Notice the hysteresis
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Figure. 2.15. Experimental 2 Aluminum spring stiffness. Springl: W2=7.34mm and
Spring2: W2=10mm, Notice the hysteresis

Aluminum flat springs have been tested at different frequencies. Depending on the
frequency of the spring stiffness changes. The spring stiffness without frequency is

66 Nm/rad and the spring stiffness at a frequency (1Hz) is 60 Nm/rad.
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Figure. 2.16 Experimental relationship between torque and angular deflection for

stainless steel spring (DFTFS-SS). (W2=5.1mm, Ks=64), Notice the hysteresis
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Figure. 2.17. Experimental relationship between torque and angular deflection for

Titanium spring (DFTFS-TI). (W2=4.2mm, Ks=76.305 Nm/rad), Notice the
hysteresis
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Table 2.6. Experimental and analytical stiffness of spring with different materials

Spring type | Material of | Width of spring | Ks (analytical) Ks (Experimental)
spring strip (w2) mm (Nm/rad) (Nm/rad)
DFTFS- Aluminum 7.34 66.102 65.771
ALl
DFTFS- Aluminum 10 82.31 80.46
AL2
DFTFS-SS | Stainless Steel 5.1 71.1 71.1
DFTFS-TI Titanium 4.2 85.2 88.305

In the DFTFS-TI, Titanium (Ti-Grade 2) was used as the spring material. Under
loading conditions, the spring stiffness is nearly linear (see Figure 2.15 to Figure
2.17) until it reaches the point where the windings touch each other. The stiffness

constant of the spring is 76.305Nm/rad

© Measured values
Fitted values

Bandwidth (Hz)

L= J— = r o =
10 15 20 25
Torque (Nm)

Figure. 2.18. Plot of the large torque bandwidth limitation due to saturation of the
aluminum spring actuator. At 20.8 Nm the bandwidth is 0.1 Hz. Values are fitted
with cubic spline data interpolation (y = *(x(- 1.093)) y = 18.7149x.

The large torque bandwidth limit for 20 Nm output torque (40 Nm peak to peak) is
0.1 Hz when reaching motor saturation. In the titanium spring actuator favorable
torque tracking with a bandwidth of 15 Hz was achieved while peak-to-peak torque
input was 7 Nm. This result was achieved by generating sine sweep signals with
different torque amplitudes ranging from 1 to 20 Nm (see Figure. 2.18). A spectral / -

frequency analysis of each response signal was performed to generate a full Bode.
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For the data points in Figure. 2.19 the large torque bandwidth values at -3 dB were

used. The torque resolution is estimated to be at least 0.05 Nm.

85 .

Aluminum
Steel

80— _ |
Titanium

Stiffness (Nm/rad)

55 | 1

Bandwidth (Hz)

Figure. 2.19. Spring stiffness-frequency diagram

The DFTFS actuation system utilizes the characteristics of the large deformation and

compliance while overcoming the directional properties of the spiral spring.

In particular, deformation during axial loading tests after fatigue, it was observed that
the line of refraction of the DFTFS line is always close to the inner ring (Figure 2.20).
Recent studies have evaluated the flexural stiffness of various spring designs and

materials.

Figure. 2.20. DFTFS permanent deformation line close to the inner ring, during post-

fatigue axial loading tests.

This work proposes a test categorization of SEA in terms of the type of the spring

and the motor gearbox in SEA.
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SEA is classified into six types according to the type of the spring with regard to the

motor gearbox:

Table 2.7. Comparison of physical parameters between the different series elastic
actuators

Actuator - | Motion Stiffness range | Weight | Size Power Speed
type range(deg) | (Nm/rad)

(kg) (cm) (watt) | (rpm)
MDCM-AL +8.5 (0-98.2) 1.560 28*12*8 | 5-95 12
MDCM-SS +7 (0—86) 1.585 28*12*8 | 11-106 | 12
MDCM-TI +7.2 (0-108.5) 1.575 28*12*8 | 16—112 | 12
MTBM-AL +15 (0—80.46) 3.250 36%18*15 | 12— 115 | 18
MTBM-SS +13 (0-171) 3.320 36*%18*15 | 20— 123 | 18
MTBM-TI +14 (0—88.305) 3.300 36*18*15 | 22130 | 18

Maxon DC Motor - Aluminum spring (MDCM-AS), Maxon DC Motor - Stainless
steel spring (MDCM-SS), Maxon DC Motor - Titanium spring (MDCM-TS) which
Maxon DC motor is used and locates the spring (aluminum, stainless steel, and
titanium respectively ) after the transmission worm gear, MDS Brushless Torque
Motor - Aluminum Spring (MBTM-AS), MDS Brushless Torque Motor - Stainless
steel Spring (MBTM-SS), MDS Brushless Torque Motor - Titanium (MBTM-TS)
which MDS Brushless Torque Motor is used and locates the spring (aluminum,

stainless steel, and titanium respectively ) after the transmission worm gear (Figure

2.21).

Figure. 2.21. Test models with different configurations (a) Maxon motor (b) MDS
motor
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2.2. Modeling of the RSEA
2.2.1 Kinematic model of the RSEA

Solid 3D model and kinematics parameters of the RSEA are shown in the Figure
2.22. The RSEA comprises a horizontal rotary link and one pendulum link. A direct
drive brushless DC torque motor servo system is mounted to provide torque to the
link to control the system. The rotary arm rotates in the horizontal plane. The

pendulum link is connected to the extremity of the rotary link.

d3

Load

Figure 2.22. Model and kinematic parameters of the RSEA

The mechanical implementation of the RSEA is shown in Figure. 2.22. the
whole system can be regarded as a kinematic chain in series, and the whole

kinematic system’s mathematical equation can be expressed as:

Table 2.8. DH-Parameters of the RSEA

Coordinate QG_1 Aj_1 d; Variable (6;)
1 O O do 91 = 9
2 T/ d, 0 0, =¢, =N"10
3 0 0 dz 63 = ¢l
4 0 d; 0
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cos 6;

i1 _
il =

0

sin 8;cos a;_1
sin @;sina;_4

—sin 6;
cos B;cosa;_
cosf;sina;_;

0

0 ai-1
—sina;_; —sina;_4d; (2.9)
cosa;—; cosa;_1d;
0 1

The homogeneous transformation matrix of the RSEA is derived in equation (2.10)

using the DH-parameters in Table 2.3.

0T = STITETiT

Where
cos®; —sinB; 0 O
in0 cos© 0 0
o — [SMYs 1 1T —
1 0 0 1 dy|?
0 0 0 1
cosf; —sinf; 0 O
27 — sinf; cosf; 0 O 2T —
3 0 0 1 d,|3
0 0 0 1
o=

cos 04 cos B, sin 05

+ cos 81 cos 63 sin 0,

cos 84 cos 6, cos 03

— cos 84 sin 6, sin 65

cosf, —sinf,
0 0
sinf, cosf,
0 0
1 0 0 L,
01 0 0
0 0 1 0
0 0 0 1

—cos 84 cos 6, sin 65

— cos 84 cos B3 sin O,

0
-1

0

0

(2.10)
d,
0
0 (2.11)
1
(2.12)
(2.13)

d, cos6; + d,sin 6,
+ d3(cos 8, cos 6, cos 05

— cos 0, sin 0, sin 63)

cos 6, sin 8, sin 03

+ cos 65 sin 6, sin 6,

cos 6, cos 63 sin 84

— sin 64 sin 6, sin O3

—c0s 6, sin 8, sin O3

— cos 65 sin 6, sinf,

d, sin8; — d,cos 6;
+ d3(cos 8, cos 05 sin 64

— sin 6 sin 6, sin 63)

sin 6, sin 65

— cos 0, cos 05

cos 6, sin O3

+ cos O3 sin 6,

cos 6, cos 65

—sin @, sin 65

do + d3(cos 8, sin 65

+ cos O3 sin6,)

The position vector is given from the calculated homogeneous transformation matrix

9T, as follows:
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d, sinf; — d,cos 8; + dz(cos 8, cos 83 sin 8, — sin 6, sin 6, sin 63) | (2.14)
dy + d5(cos 8, sin 65 + cos 65 sin 6,)

y

Py d, cos 8, + d,sin 8; + d(cos 6, cos 8, cos 8; — cos 6, sin 6, sin 65)
P, | =
P,

2.2.2 Dynamic model of the RSEA

The RSEA dynamic model is shown in Figure 2.23. At RSEA, a torque motor with a
worm gearbox is connected to the DFTFS to apply for a moment in the spring.
Furthermore, two encoders are employed to measure the motor's
angular position 6, (worm gear angle), position in the X plane, and the load
position 8; load joint angle position in the Y plane. The RSEA mathematical model
is enhanced based on Hooke's and Newton's law formula [71, 72]. The series elastic
element can function both as an actuator and a force transducer in the control loop.
The stiffness of the series elastic element (k;) can be chosen as the constant

coefficient of DFTFS.

Figure 2.23. Schematic diagram of RSEA

Depending on the rigidity of the spring, the stiffness can be changed. Figure 2.23
shows the relationship between the applied torque and angular deflection of the
developed spring. As seen in Figure 2.23, the relationship in both movement
directions (clockwise and anti-clockwise) is almost linear in the range of 0 and 0.3
rad. A slight hysteresis behavior occurs in this case. Therefore, the linear relationship
is used instead of hysteresis. The dynamic torque equation will be as follows.

0W = N_lem , Ty = NTX (215)

Tx =Tm — UXmém +]Xwém + BXmém) (2-16)
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Ty = 7+ JysOw + JywBw + Bywbiy (217)

then substituting with equation (2.15) and (2.16) in equation (2.17), the following
equation is obtained as

T+ JysOw + Jywb + Brwbu = N(Tm = (Jxmbm + Jxwbm + Bxmbrn))  (2.18)
Then from equation (2.18), the following equation is obtained

NTp =70 = Jysb + Jywbw + Bywbu + Nlxmbm + NJxwbm + NBxmnbp  (2.19)
The following equation is the Laplace transform equation (2.19)

N7 (s) — 7,(s)
= HW(S)SZUYS +]Yw) + HW(S)SZNZ(]Xm +]XW)
+ 56,,(s)(Byy + NZBXm) (2.20)

It follows from Equation (2.15) and (2.20)
O (s) = N 6,,(s) (2.21)

Nty (s) = 7i(s)
= GW(S)SZ(]YS +]Yw) + HW(S)SZNZUXm +]Xw) + SGW(S)(BYW

+ N2Byp) (2.22)

Jx = Uxm + Jxw)s Iy = Uys +Jyw)s Jeot = Jy + N?Jx (2.23)

By = Byxm, By = Byw, Bio: = By + N?By (2.24)

Then, according to Equations 2.20, 2.23, and 2.24, the following equations are
obtained

Nt (s) — Ti(s) = 526, (S)tor + 50w (S) Brot (2.25)

Tm + ks(Bw — 01n) = OpJior + OmBrot (2.26)

1, = —ky(6, - 6,) => 6, = % + 6, (2.27)

s

Then, according to Equations 2.26 and 2.27 the following equations are obtained

T fl " '[:l .
S S S
£, ) % .
Tm — T = Jtot k. + Jtor 01 + Btotk_ + Biot 6 (2.29)
S S

The following equation is the Laplace transform equation (2.30)
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7(s)
ks

Tm(s) = (Szjtot + 5Bpor + k) + 91(5)(52]tot + $Btot) (2.30)

If (6, = 0) Let's assume (Speed constant) the following equation is obtained

L (s) “ (231)
—_— S = .
Tm (s¥tot + SBrot + ks)
and (Natural frequency)
w= % (2.32)
IJx
7,(s) is defined as a function of 7,,,(s) and 6;(s)
5%Jiot + SB
u(s) = t(s) + o £ SBeor)_g (o) (2.33)

]tot Btot ]tt Btt
s2ot st 41 SiEEF s —EE
ks 7 ks ks © 7 ks

In the RSEA torque model, parameters such as the position of load and the position
of the motor can be directly measured. However, the friction coefficients on the
system load joint should be experimentally determined to have an accurate RSEA

model of torque.

Figure 2.24 shows the non-linear mathematical model of the RSEA in
Matlab/Simulink. In order to verify the mathematical model, a mechanical dynamic

model of the RSEA was developed by using the MATLAB/SimMechanics toolbox.
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@ s 9 q A
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(@)

= v

Figure 2.24. (a) Mathematical model of the RSEA in Matlab/Simulink, (b) Different
views from Solid model of RSEA in Matlab Simulink
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MATLAB/SimMechanics model of the RSEA is shown in Figure 2.24. Different
views from virtual reality model of the RSEA in Matlab Simulink is shown in Figure
2.24. Furthermore, for both model, the initial conditions of RSEA joint positions are
chosen as follows 6 = 0 ° The obtained results from MATLAB/SimMechanics and
the mathematical models match exactly. Figure 2.24 illustrates a comparison of the
two joint positions obtained from simulation mathematical and the SimMechanics
models without frictions. The simulations are performed by 1ms of the sampling time
and 10s of the simulation time. A numerical method Bogacki-Shampine solver is

selected with fixed-step.
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Figure 2.25. SEM-TA open-loop control : (a) position output and force output with
sinusoidal signal input. (b) position output and force output with square signal input
(Not : Motor joint position = N ~16,,, Ankle joint position = 8, )

A numeric dynamic model of the SEM-TA is developed using Matlab/Simscape
toolbox for comparing the analytic mathematical model. Matlab/Simscape model of
the SEM-TA is shown in Figure 2.25. According to the ankle position conditions and
ankle force, the system was tested as an open-loop before applying control to the
system. As shown in Figure 2.25, (a) the sinusoidal signal input and (b) the square
signal input was performed at one stage, which decreased due to the weight of the
ankle and the position of the ankle was out of control, and the ankle force changed
without feedback control and was variable with changes in gravitational force. The
controller cannot track the desired trajectory properly. In real situations, if the
DFTES stiffness is set too low, the torque of the motor is saturated, and the

bandwidth of the open-loop force is reduced.
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2.3. RSEA efficiency

In biomechatronics and robotic leg, where portability and weight are important issues,
a DC power source such as a battery pack is usually the most convenient solution.
when a motor is operated at variable load and/or varying speed, its efficiency can
drop far below the datasheet value. By comparing the input power (electrical power)
and output power (mechanical power) of the RSEA system, we can calculate the

practical efficiency of the system (see Figure 2.26).

The motor’s electrical power consumption is calculated with the following DC motor

model [72]:

T+ VinOm
di . 2.34
U=ld—;+Ri+kb9m (234)

Which gives the relationship between motor torque 7,, and motor speed 6,, and
current i and voltage U. From the above motor model, the electrical power

consumption can be calculated as:
Pelec = 1.U (2.35)

The power of a lossless motor can be found by setting R; L and mm to

ZEe1r0:

T .
Pooe = i.U = k—’”.kbem (2.36)
t

and, since the motor’s speed constant k;, is equivalent to the torque

constant k;,
Prech = Tm- ém (2.37)

Efficiency is the ratio of total output power to input power, expressed as a percentage.
This is typically specified at full load and nominal input voltage. System efficiency is
the amount of actual power delivered to the output over the electrical power taken

from the input.
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Figure 2.26. Power input and generated by the RSEA system : (a) The trajectory
given to the system. (b) power output and power input. (c) Power consumed by
gear, motor, and link element.

The RSEA system efficiency gm can be found by dividing the system’s mechanical
output power by the electrical power input or vice versa, depending on the direction

of power flow:

Tim-Om

NRSEA = (2.38)

P, elec
The average efficiency for a typical sinusoidal cycle trajectory is 58.94%.
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3. JOINT FRICTION ESTIMATION OF THE RSEA
3.1. Introduction

Frictions are very important in AS, such as in pneumatic-hydraulic systems, anti-lock
brakes for cars and robotic systems. Frictions are highly nonlinear, and they can
result in steady-state errors, limit cycles, and poor performance in different systems
[73]. It is, therefore, important for control engineers to understand friction
phenomena and to estimate the ideal frictions for each system. Today, using the
computational power available, it is possible to deal effectively with frictions.
Frictions estimation has the potential to ameliorate the quality, economy, and safety
of any system. Moreover, due to the gravitational forces and the coupling arising
from the Coriolis and centripetal forces, the RSEA is underactuated, unstable and
extremely nonlinear. The RSEA include a nonlinearity due to the frictions in the
joints. RSEA is the most convenient example to understand the influence of the joint
frictions on the design and performance of feedback controllers that aim to stabilize
the pendulum in the upright position. The frictions have an influence on the system's
response that should be considered seriously [74]. Therefore, friction estimation has
the potential to ameliorate the quality and dynamic behavior of the system [75]. In
this chapter, friction estimation models are developed to estimate the frictions in the
joints of RSEA. The parameters of frictions models are described with details. The
following approach was used to estimate the joint friction of pendulum, Comparison
of Friction Estimation Models (FEMs) for RSEA based on three friction models
existing in the literature: NCFM, LFM, and NLFM.

3.2. Friction Estimation Models (FEMs)

The joint frictions are dependent on many physical parameters, such as position,
velocity and acceleration of the joints [76]. The changes in the positions, velocities and
the accelerations of the robotic legs can change the friction’s characteristics in a
complex manner [77]. The dynamic behavior of the joints’ frictions is simulated with

the different models in the existing literature. Most of these models are defined by
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friction coefficients. Therefore, it is necessary to develop an accurate friction model to
estimate the friction’s coefficients in the joints in accordance with the dynamic
behavior of positions, velocities and accelerations. NCFM, LFM, and NLFM
estimation models were given in this chapter [78], [79], [100-104]. To estimate the
constant friction coefficients in the pendulum’s joints of the RSEA, different friction
estimation models (NCFM, LFM, and NLFM) were examined. These friction models
consist of different important components. Each component takes care of certain
aspects of the friction force in the joints [80-82]. Mostly used friction model in the
literature is the generalized static friction model which depends only on the velocity
(v). It describes only the steady-state behavior of the friction force Fy in the sliding

regime, and it is given the equation below [83]:

\%

8
) o

S

Fr = o,v + sign(v) (FC + (Fs — Fo) exp (—

The first term represents the viscous friction force, and the second term equals the
Stribeck effect. Fg , F., Vi, 8 and o, are the static force, the Coulomb force, the
Stribeck force, the shape factor and the viscous friction coefficient, respectively. this
model has the discontinuity at velocity reversal which causes errors or even

instability during friction compensation.
3.2.1. Non-conservative friction model

NCFM is a classical friction model. It has been used in the first works related to the
control of pendulum of RSEA to estimate the friction in the joints, which based only
on one type of friction coefficient [84]. The non-conservative torques due to natural
damping of the pendulum of RSEAs called viscous friction torque, and it is
introduced through Rayleigh’s dissipation function D(8;) [85]. The non-conservative
friction torque is given in equation (3.1).

_dp(e)  d
V©oode;  de;

12\ —.
(E C,o6, ) =C,6, (3.2)

where C_p is the viscous friction coefficient and 6, is the angular velocity of the i-th

joint.
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3.2.2. Linear friction model

LFM is a combination of the Viscous friction presented in the non-conservative
model and another type of friction called Coulomb friction [86], the LFM, which is
presented by equation (3.3).

F,=F, + F, (3.3)

Where F, is the Coulomb frictions and F, is the viscous friction torque which is

proportional to the angular velocity 6;, and given by equation (3.4). [87]

F, = B; 6, (3.4)

where B; are the constant viscous coefficients. The Coulomb friction is proportional

to the normal load force N¢ which is derived as follows:
N¢ = mw?1 + mg cos(0) (3.5)

[ is the distance from the pendulum of RSEA rotation center to the mass center. The
pendulum parameters are given in Figure 3.1. The Coulomb frictions F. is given by

equation (3.6).
F. =G sgn( éi). (ml éiz + mg cos (6,)) (3.6)
where C; are the dynamic friction coefficients and sgn(.)is the signum function.

3.2.3. Non-linear friction model

The new researches in the field of friction estimation have found that the frictions in
the joints can be affected by several factors such as temperature, force/torque,
position, velocity and acceleration. Since friction has a complex nonlinear nature
[88], the LFM becomes an oversimplified model in friction structure. The RSEA
system can move in trajectories which have high and suddenly changing, position
speed, acceleration and jerk. The LFM cannot cover these characteristics, especially
at sudden motion reversal [89]. Therefore, the NLFM reflects a better description of
the joint friction characteristics. This model can be described in the following

nonlinear equation (3.7). [90]
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T =fotfe sgn( éi) +£,6; + faatan(fb éi) (3.7)

where f,the zero-drift error of friction torque, f. is the Coulomb friction coefficient,
f, is the viscous friction coefficient. faatan(fb éi) present the experimental friction
in zero velocity behavior, which f, and f;, are the experimental friction coefficients.
0, is the angular velocity, sgn(.)is the signum function and atan is the arctangent
function. In fact, it appears that this nonlinear friction model is derived from the
generalized friction model (equation (3.1)). The only difference between the two
equations (3.1 and 3.7), the third term in equation (3.7) is modelled with the first and
fourth term in equation (3.7). The reason for using the arctangent function in

equation (3.7) is to overcome the discontinuity at zero velocity equation (3.1).
3.3. Torque Estimation Based on Nonlinear Friction Model

3.3.1. Nonlinear model of friction estimation

) Torque Worm d

TraJeCtC’rYj Sensor Gear Encoder - m,
En |Motor H ¢ " H 1/NHEn|' 0y
vEncoder + v

O1n160,,,0,, measured torque O; él ’ 9"1

Figure 3.1. Friction estimation test system

. - fO fC/ fv fa fb
} Non-linear /
O Friction Model [* 7
v Tr :
Non-linear
g, —» Ty ..
,,l Torqgue Model - Coefﬁaents
O —>» Ti_estimated Estimator
FS
TL
Measured torque =
Il_measured

Figure 3.2. Implementation of the nonlinear model of friction estimation in Simulink
RSEA model

In this part, the RSEA system torque estimation is investigated based on the

nonlinear friction model. Since the worm gear has significant friction, the nonlinear
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friction prediction model (NLFEM) developed in [91, 92] was employed in the
structure of the friction estimator (Figure 3.2) to detect external disturbing torques in
RSEA control (Figure 3.1). The estimated model of the experimental nonlinear
friction was used in the proposed control system. In NLFEM, these five parameters
were estimated: zero deflection error torque, viscose parameter, parameter Coulomb
friction, and two experimental friction parameters [93]. The nonlinear model is the
best explanation for estimating joint friction in the RSEA. The mathematical

equation of nonlinear friction is defined as follows:

T = fo + fosgn(6;) + £, (6;) + faatan(f, 6;) (3.8)

fo 1s zero-drift error torque, f; is the parameter of coulomb, f, is the parameter of
viscous, f, and f, are two parameters of experiential friction. 8; , sgn(.) and atan
constitutes the angular velocity, the function of signum and the arctangent function,

respectively.

. dwm
Tm = Kl — Bymm _]Xm% (3.9)
7, = myd, g cos(6;) +if +]Y% (3.10)

The experimental torque obtained from the torque sensor is used in the motor torque
equation equation (3.9). The laws of Newton's second approach are employed to

drive the torque equations (3.10). In this equation, ml is 0.3kg, and d!l is 0.3m.

The actuator dynamics is defined below:
U = Jynbm + 71 + 75 (3.11)

Where, u,, is the torque required by the motor, 8,, is the motor position, J,, is the
motor inertia, and 7, and 7 are the joint torques and the friction torque, respectively,

and Sy is the storage function:

So = 5nbh (3.12)
and its derivative

Sy = O — OmT; — émrf (3.13)
The estimator dynamics is given by 21:

U = JmOm + T, + 15 (3.14)

Where 7 is the estimation of the friction, and with the u,, is the torque produced by

the controller.
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U = Uey + Tf (3.15)

Since the legged robots have hybrid nonlinear dynamic behavior, their actuators are
coupled with these dynamics. Therefore, linear stability methods cannot be used.
Instead, the passive properties of friction compensation should be analyzed. If it
turns out to be passive, the estimator can be easily incorporated into a Lyapunov
stability analysis of the RSEA system with a passive controller.

So = Omliem — O Ty + 0 (B — 75) (3.16)
The last term can be considered as friction compensation in equation 3.16.

While the friction estimator will always provide a filtered friction signal, the absolute
value of 77 is always smaller than the absolute value of 7, and the difference always

has the opposed sign 6,,,. Therefore, this term is always dissipative.
Om(Er—17) <0 (3.17)

This is dissipating energy. Due to the limited of disturbances, the compensation of
friction becomes passive and convergent to the equilibrium point.
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Figure 3.3. The estimated and experimental torque from the nonlinear friction model
joint position, velocity, and acceleration.
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3.3.2. Experimental torque from the nonlinear friction model

The torque output is obtained by a torque sensor from the experimental system. This
torque is also simulated using the mathematical model of torque with the nonlinear
friction model. Inputs of the torque model are acceleration and velocity. Friction
torque estimation is required to complete the torque model [94]. Figure 3.3 illustrates
the friction Simulink model to estimate the torque friction. As seen in Figure 3.4, the
estimated torque, which is based on the nonlinear friction model and trajectory
signals (angular position, angular velocity, and angular acceleration), and the
experimental torque are very similar. Figure 3.4 shows the error between torque

estimated using NLFM and experimental torque.

Table 3.1. Estimation results for NLFEM

Parameters | Definition Values Unit
fo The torque of zero-drift error 1.3710e-02 N.m
f. Coefficient of Coulomb friction 6.1431e-04 N.m
fy Coefficient of viscous friction 2.910 e-02 N.m.s/rad
f, Experimental friction a coefficient | 3.1413e-01 N.m
i Experimental friction b coefficient 1.3905e-02 N.m

The coefficient of friction estimation results (Table 3.1) in the system load joint is
based on the received error between the estimated torque using NLFEM and an
experimental torque. Due to using the upright worm gear in the actuator, the
coefficients of experimental friction are obtained higher than the usual power

transmission mechanisms.
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4. SYSTEM CONTROL AND SIMULATION RESULTS
4.1. Introduction

Rotary Series Elastic Actuator (RSEA) has been widely used for legged robots,
haptics, and rehabilitation robots. SEA is often preferred for these properties:
robustness, high power density, and high-bandwidth control performance, which
allows the implementation of impedance control. The impedance control of Rotary
Series Elastic Actuators (RSEA) has been an interesting research area in the last few
years. In the literature, many novel approaches for impedance control have been
developed [95]. Nowadays, the torque control approaches are classified as either
Impedance Control (IC) or Hybrid Control (HC) (see Figure 4.1). The approaches
classified as impedance control [96] do not attempt to explicitly control torque but
control the relationship between the torque and position at the end of the ankle in
contact with the environment [97]. Hence, position control leads to applied torque
control. Alternatively, HC separates the robotic torque task into two subspaces, the
first one is the torque control subspace, and the second one is the position control
subspace [98]. Two independent controllers are required for each subspace. In [99],
Anderson and Sponge developed a novel method to combine the two algorithms into
a one control algorithm strategy. This approach can be called the Hybrid Impedance
Controller (HIC), which combines HC and IC strategies and can be reduced to either
approach. HIC can separate the task space into two subspaces, an impedance-
controlled, position subspace and an explicit torque-controlled subspace [100]. The
fractional-order dynamic systems and controllers have been a part of different
science/engineering disciplines for many years. The fractional-order differential
equations define Fractional-Order Controllers (FOC). Using the derivatives and
integrals operations in fractional orders may be adjusted for the frequency response
of the control system directly and continuously [101]. The controllers based on
fractional-order derivatives and integrals are usually used in industrial applications
and other various fields such as system identification, haptic, power electronics,

robotic arms, and magnetic levitation system control [102-103]. It should be noted
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that the behavior of many physical systems can be determined using FOC theory and
can be controlled with FHIC even if the system has unstable or time delay behaviors.
[104-106]. The FOC for a HIC extends the controller to the fractional hybrid
impedance controller, in order to yield a robust and stable torque control system.
Moreover, many aspects needed to be taken into account when designing these
controllers. Controller parameters optimization in linear and nonlinear systems is
quite difficult. There is a need for an effective and efficient global approach to
optimize these parameters automatically. The optimization algorithm PSO is used to
estimate the optimal parameters of the FHI controller [107-109]. PSO is an
evolutionary algorithm that can be used to find the optimal solutions in a large search
space. PSO algorithm is particularly used for parameter optimization in a continuous
and multi-dimensional search space. The PSO technique converges faster than other
optimization techniques and generates a high-quality solution in a short time [110].
Furthermore, the implementation of PSO is easily comparable to other metaheuristic

optimization algorithms.

In this work, a new AFHIC approach is developed with a fractional order controller
and adaptive fuzzy rules for the RSEA. The FHIC parameters are tuned with the PSO
algorithm and then used in the AFHI controller [111]. This paper proposed fractional
hybrid impedance control (AFHIC) for high-sensitive contact stress force tracking in
uncertain environments. The main goal of such a controller is to avoid the torque
overshoots in the contact stage while keeping stress force error in the high-sensitive
tracking stage, where traditional control algorithms are not competent [112-114].
Moreover, the AFHIC is presented here mainly in order to cater to a sensitive
fractional behavior. Its adaptability to the pressure of the sole of the foot on real
environments such as grass (soft), carpet (medium), and solid floors (hard) is far
superior to traditional impedance control [115]. It allows precise torque (or force)
mode control. Using this control method, the design of higher-level controls for
human-robot interaction can be achieved easily. The proposed control model consists
of an outer concept position control loop that generates the reference acceleration to
an inner torque control loop. The performance of the controllers is examined

according to these parameters: RMSE of the positions and torque. Moreover,
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Figure 4.1. Control methods applied for the RSEA
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robustness analysis of the controllers here are compared for three different cases
[116]. Different simulation and an experimental setup are developed to validate the
control performance of the controllers. According to the comparative study results,

the responses of controllers in simulation and experimental cases are very similar.
4.2. Design of Position Controllers for the RSEA

In this section, the controller methods applied to control our RSEA are explained

with details.
4.2.1. PID controller

To torque control of the RSEA in the control model of HA-SEMTAS and to control
the position of joint at the desired position using the PID control approach, two PID
controllers: PID controller and PID-FeedForward (PID-FF) controller have been
designed for the two control loops of the system. The equations of the PID control

are given as follows: [117].

de(t)

upid = Kpp e(t) + Kip f e(t) dt + de T (41)
de(t)

Upid—f = Kpr(t) + Kiff E(t) dt + de dt + fo (t) (42)

Where Gy (t) is the feedforward equation, and e(t) is the angle error of the joint link

K.

and the angle error of the horizontal link, respectively. K ips

pp 7 Kgp are the PID
controller parameters of the proportional, integral and derivative terms of the
pendulum of RSEA link respectively. Moreover, Kpr,Kjf, Kgr are the PID-FF
controller parameters of the proportional, integral and derivative terms of the link
respectively. Since the dynamics of the angle of pendulum link dynamics are coupled
to each other, the change in any controller parameters affects both the arm position,
which makes the tuning tedious. The tuning of controller parameters is done by using
trial and error methods and observing the responses of the Simulink model to be
optimal (see Figure 4.2, and Figure 4.3). The tuning of controller parameters is done
by minimizing the error methods using an optimization algorithm such as genetic

algorithm (GA).
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The parameters of the PID controller are optimized by a GA. They are given in Table
4.1. Optimization with a GA 1is conceptually simple and flexible. The cost function

used in GA can be easily selected and reconfigured.

Table 4.1. Optimized coefficients for the PID and PID-FF controller and the genetic

algorithm parameters

Gains of controller and Parameters Upiq value Upiq—fr value
coefficient of proportional Kpp =2.31 Kpr =2.50
coefficient of integral Kip, =1.74 Kif =1.32
coefficient of derivative Kap =3.89 Kqf =3.27
generations number 100 100
population type 2 vectors 2 vectors
scaling function Rank Rank

selection subordinate Stochastic uniform | Stochastic uniform

mutation subordinate Adaptive feasible | Adaptive feasible

crossover subordinate Scattered Scattered
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4.3. Design of Torque Controllers for the RSEA
4.3.1. PID-FFC design

The Feedforward technique is an ideal control scheme when there is a known or
defined source of routine disturbances. Feedforward is able to key in on the source,
and by modeling the range of disturbances emanating from that source feedforward
Control can prepare an appropriate response [118]. The performance of the RSEA
control depends on the motor response. The detailed description of the RSEA's

controller with PID-FFC is considered in this part.
The impedance equation can be found as follows.

T —ks(5%Jtor + SBrot)

_ —
)= 6, ) 5% tot + SBior + ks + G (S) (%3)

(2

s & RSEAS g
4»?_. G.(s)

Figure 4.4. Torque feedforward controller

Figure 4.4 shows the controller G.(s) of torque with two inputs, reference of torque,
and angle of load joint. If the 7,.; is chosen as constant, the first and second

derivatives of 7,,ywill are equal to zero.
fo(s) = SZ]tot + SBiot (44)
Tm = Tref + fogl (4‘5)

Grr(s) is the feedforward equation, and the equation of the motor torque is given in

equations 4.4 and 4.5 [119].

Combining the PID controller (Equation 4.2) with FFC, a more robust control
structure called PID-FFC was designed. The parameters of the PID controller are

optimized by a GA. They are K¢ =2.16, K;f =1.12, K4 =2.59.

60



4.3.2. FLC structure

The FLC system shown in Figure 4.5 consists of fuzzification, inference engine and
defuzzification blocks. Let X € R" be a universe of discourse. In Equation 4.6, the

nonlinear dynamic system is modeled by the state-space equations.
x=gx)+dx)u (4.6)

where, x € X,x = [x; x,]T is a state-vector, n € IN*, % = [X; X,]7T, is the derivative
according to the wvariable of time t, g(x) = [g1(x) g.(x)]T and d(x) =
[d;(x) dy(x)]T are vector functions describing process dynamics, u. is the output
signal of control. It is obtained using the defuzzification method of Centre of Gravity

(COQG) for FLCs Mamdani-type.

The j-th [F-THEN rule in the FLC rule-base, referred to as fuzzy rule of Mamdani
[120], as follows:

The rule
j:IF x;isX;; AND..ANDx,isX;, THEN u.isY;,j=1,r,reIN,r > 2, (4.7)

Fuzzy Logic Controller (FL.C)

Knowledge
base

v T

Ya | Fuzzification |—» lnferfance - Defuzzification
engine
Ya

Figure 4.5. Block diagram of FLC

\j

where le,sz are fuzzy sets that define the linguistics terms (LTs) of the input
variables, Yl describes the LTs of output variables, and r=49 is the total number of
rules. Note that ¥ represents the domain of the output or the control signal domain

and Hy, *0,j= 1,r.

The activation degree of the j-th Mamdani fuzzy rule is
() = min (g, (x0), iy, (52)) (4.8)
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It is presumed that for any x belonging to the input universe of discourse, X, there are

at least one o; amid all the rules, which is not equal to zero.

The output signal of any control rule is calculated by the COG defuzzification

method applied for:
¢j(x,y) = min (ocj x), My, (y)), that is:

J,y-¢j(x, y)dy

ifa;(x) > 0
yX) =1 f,q&y)dy ] (4.9)
0 ifoy(x) =0
All rules aggregation is done in terms of applying (4.9):
cxy) =caxy) +Ey) + -+ axy). (4.10)
As a result, the signal of control fed to the process will be:
.cd »r .cd
_yyedy B fyyedy (4.11)

fYCdy - irzlfYCdy

The previous structure describes this FLC as COG — SUM — AND fuzzy logic

controller.

Property 1: For each COG — SUM — AND FLC the following relationships hold
Upin(X) S u(x) < upax(x) for any x € X, where upi,(x) = minizl—,r(ui(x)) .
Proof. Let xo € X and S; = [, ci(xo,y)dy .

If a;(xg) # 0 then u;(Xq) in (4.6) is bounded:

Jyy-cixo,y)dy [, y.ci(xo,y)dy

uj(xo) =

Jycixo,y)dy i
And
wG0)-S; = [ 3.ciCxo)dy (4.12)
Y
Therefore:
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_JyyecGody [,y (c1(xo,y) + 2 (X0, ¥) + ++ + (X0, y))dy
Jy €(xo, y)dy Jy(e1(x0,¥) + c2(x0, ) + -+ + (%o, y))dy

_ U (X0)Sy +uz(X0)S; + -+ ur(Xo) Sy

Sl+SZ+"'+Sr

u(xo)

(4.13)

If Uppin (X) = min;_73(u;(x)) and Upay (x) = max;_z7(u;(x)) then it results that:

Uy (X0)Sq + uz(X0)Sz + -+ up(Xo)Sy

U(XO) - Sl+SZ+'“+SI‘
< umax(XO)Sl + umax(XO)SZ + umax(XO)Sr
= S +S, 4+ +5,
umax(XO)(Sl + SZ T+ Sr)
= = 4.14
Sl T Sz T+t Sr umax(xo) ( )
And
ug(X0)S1 + uz(X0)Sz + =+ up(Xo)Sy
u(xo) =

Si+S,++S5;

> umin(XO)Sl + umin(XO)SZ + umin(XO)Sr

- Sl+Sz+"'+Sr

_ umin(XO)(Al + AZ i "'Ar)
Sl+SZ+“'+SI‘

= Upin (Xo) (4.15)
Hence, Upin (X) < u(x) < Upax(x) forany x € X
4.3.3. FL-FFC design

In order to design a FLC at the first step, the fuzzy rules for inputs (error and error
rate) and output (motor input) are obtained to control the load of the joint [121]. It
should be noted that in nonlinear systems, the FLC experimental design is preferable
to the PID controller. The feedback control loop time in the real-time system is better
in using industrial PC with high computation capability (good CPU and RAM). FLC
is used to control RSEA torque with a 1kHz control loop. The FLC generates PWM
output signals [122]. For the PWM signals, the FLC determines the appropriate duty
cycle while also controlling for variations in the torque of the RSEA. FLC inputs are
error and error rates. The error is determined as the difference between the RSEA

measurement and the desired torque as.

e=Yq—Ya (4.16)
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where y, and y, are the actual torque and the desired torque, respectively.
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Figure 4.6 Functions of FLC membership. (a) torque error (b) rate of torque (c)
control output

Figure 4.6 illustrates the FLC schematic with output and input membership
functions.

In this work, the fuzzy inference of the Mamdani type is employed in FLC. The FLC
has shown in table 4; 49 rules are constructed for the motor controller, three of which

are illustrated below

Table 4.2. Fuzzy rules

e
) NL NM NS ZE PS PM PL
e
NL PVH | PVH PH PL PL PL PL
NM PVH PH PH PL PL ZE ZE
NS PH PH PL ZE PL NL NL

64



Table 4.2.(Cont.) Fuzzy rules

ZE PH PL ZE ZE ZE NL NH
PS PL ZE ZE NL ZE NH NH
PM ZE NL NL NH NL NH NVH
PL NL NH NH NVH NH NVH NVH

Table 4.3. Range of the input and output variables

Ranges Input variables Output variables
Symbold Ranges of input (e) Ranges of input (é) Ranges of output (U)

NL [-5-4-3] [-6 -5 -3.5] [020]

NM [-9 -6 -2] [-4-3 -1.5] [020 40]

NS [-3-1.50] [-2-10] [25 40 55]

ZE [-0.75 0 0.75] [-0.500.5] [48 52 58]

PS [0-1.53] [012] [50 63 75]

PM [2609] [1.53 4] [58 78 93]

PL [235] [3.556] [80 100]

where PL, PM, PS, ZE, NS, NM, and NL are linguistic values representing “low

negative”, “medium negative” and so on. U is the output of the FLC, E is the error,
Ec is the derivative of the error.

(c)_Output

(b)_Rate_of_error 53

(a)_Error

Figure 4.7. Decision surface of FLC: (a) error input (b) error rate input (c) FLC
output (duty cycle)

The membership functions for the premises and results of the rules are illustrated in

Figure 4.7.
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4.3.4. FTC-FC design

For that to have a robust performance in the FLC method, system state variables must
be able to move around the membership function flexibly. The following function is
specified to provide the flexibility mentioned.

NL- Friction

Estimator
Grr(s)
Trer Fuzzy Controller
o (FC) RSEAs L5

Figure 4.8. Block diagram of FL-FFC of the RSEA.

As shown in Figure 4.8, a friction estimator was added to the control block diagram in

the FTC-FC to estimate nonlinear friction.

4.3.5. Stability analysis of the fuzzy controller

To determine the fuzzy stability, the fuzzy subsystem including Mamdani fuzzy rules
and the system described in equation 4.6 were examined through the Lyapunov
theorem. Theorem 1 demonstrates the method of stability analysis presented here. If
any subsystem is stable in the Lyapunov sense with a common function of
Lyapunov, it will prove that the overall system will also be stable in the Lyapunov
sense [123].

Theorem 1: If P is a definite positive matrix and:
1) V(x) = xTPx -» m as ||x]| = o,V (0) = 0,
2) V(x) < 0,Vx € X for all fuzzy subsystem,

3) the set {x eX |V(x) = 0} contains no system path except the trivial path x(t) =
0fort=0,

In the FLC system, the COG — SUM — AND and the Mamdani method defined in
equation 29 is globally asymptotically stable at the origin.

Proof, the function of Lyapunov candidate V (x) = xT Px is set.
From V(x) = x"Px + xTP% and 29, the result is:

) T

V(x) = (g(x) + d(x)u(x)) Px+x"P(g(x) + d(x)u(x))

= g(@)"Px + x"Pg(x) + (d(x)"Px + x"Pd(x) Ju(x)
=G(x) + D(x)ulx), (4.13)

66



Where:

G(x) = (g(x)TPx + xTPg(x)), (4.14)
D(x) = d(x)"Px + x"Pd(x). (4.15)
If xo=0=V(x)=0. According to x(t) = g(x(t)) + d(x(®u(x(t))), it is

proved that (V) is negative definite. equation 43 is obtained using equation 29 under
the Mamdani fuzzy rule condition:

V(x)=G(x)+D(x)u; <0 (4.16)
For any Mamdani fuzzy rule i = 1,7.

Now it is considered x # 0. Three possible cases should be analyzed as follows.
Case 1: D(x) is strictly positive. From property 4.6, it is obtained that:

Umin (%) < U(X) < Upgy (%)

= G(x) + D) Upgr(x) £ G(x) + D()u(x) < G(x) + D) Upar(x) < 0(4.17)
Therefore V(x) < 0.

Case 2: D(x) is strictly negative. From property 4.6 the result is 4.18:

Unin (X) < U(X) < Upax (X) = 0> G(x) + D(X)Umax (x) = G(x) + D(x)u(x)
> G(x) + D(X)Upin(x) (4.18)

Hence once more V(x) < 0.
Case 3: D(x) = 0, From (14), it results straightforward that V (x) = G(x) < 0.

According to the last three cases, it can be concluded that whatever the value of D (x)

is, the expected results will be obtained, V (x) < 0.

Condition 3 ensures the fulfillment of the principle of invariability of LaSalle from
the theorem of LaSalle referred to in [124]. Under these conditions, the stability of
the equilibrium point at the origin is global asymptotically guaranteed. This leads to
convergence of the controlled system having the nonlinear friction to the equilibrium
points.

In the case of nonlinear systems subject to bounded disturbances b,,;,;, < u(x) <
bpmax» Define g ={qy,q,} as the set of generalized coordinates for the system
where: q; = N~10,, is the angular displacement of the rotor, ¢, is the angular
velocity, N is the gear ratio, kg is the flat spring stiffness, using Euler—Lagrange
equations, the analytical model of the RSEA is derived a:

bq(t)

z= [2] €X=[-1L1x[-11]z:(6) = q(®), 2 =—~, (4.19)
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By substituting the defined state variables, the RSEA model is expressed with state
variables, and it is obtained that:

z=g(z)+d(2)u, (4.20)
Therefore, the control method has transformed and given in equation 4.21:

Z2

0
90 =| L Brumlzal - ez | 4@ = 1] (421)

]tot
Mamdani type design COG — SUM — AND FLC will be introduced as follows. The

linguistic variables z; and z, described by the membership functions in Figure 4.8

provide fuzzification settings.

The FLC operators OR, AND implemented by the max and min functions are
employed in the fuzzy inference engine, respectively [125]. The set of Fuzzy rules
complete the engine of inference, and the COG defuzzification method is utilized.

Let's try to prove the stability of the system by the proposed stability analysis by
applying the state space (equation 29). The Lyapunov function candidate in 4.22 is

given as:
_py (ks o, s
V(z) =z Pz zi + z5 |, (4.22)
2 ot
Where:
_ [ks/@Jtor) 0O
P = [ 0 1/2] (4.23)

So, V is positive, and for ||z|| = oo, then V(z) — 0. It follows that V(z) > 0,Vx #
0

And

V(z) = ]i (=Buoi22|2; + 20), 4.24)

tot

From the rule-base of FLC (Table 4.1), it may be observed that if z, is Z, then u is Z
too, otherwise z, and u are of opposite sign. Therefore, taking 4.24 into account, the
derivative of V becomes V(z) < 0 for each FLC rule. Therefore, V is negative semi-
definite.

Subsequent terms indicate that condition 3 holds in equation 4.6. A path can be

assumed with:
z,(t) = 0,2,(t) # 0, (4.25)

It results that:
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bz,(t) ks
i IORY (4.26)

which means that z,(t) cannot remain constant. Therefore z(t) = 0 is the only
possible path for which V(z) = 0. So, the set {z € X|V(z) = 0} contains no path of
the system except the trivial path z(t) = 0 for t > 0.

According to equation 4.26, all of the FLC system defined above can be said that
globally asymptotically stable at the origin.

4.4. Impedance Control of the RSEA
4.4.1. Hybrid impedance control (HIC)

Since in this work, the force of the sole of the foot is with the desired environment,
so the controller brings the ankle joint to the desired position by position-based
impedance control (PBIC) and contacting the environment with the impedance force-
based impedance control (FBIC) without vibration (Kong et al., 2009; Lin et al.,
2020; Jin et al., 2015). The desired dynamics behavior of the system is a combination
of PBIC and FBIC with the switching parameter (S). The hybrid impedance control
(HIC) includes both PBIC and FBIC with an S. The possible value of the S

parameter can be (0,1). The HIC rule is given as follows:
]tot(jé - Sx‘r)a + Btot(x - er) + Ks(x - er) - (1 - S)fr = _fe (4"27)

where Jio:, Ks, Bior are: inertia, stiffness, and damping, respectively. x, is the
angular reference position, x, is the angular velocity and x, is the angular
acceleration, x is the actual angular position, x is the angular velocity and X is the
angular acceleration. On the other hand, f,. is reference force, f, = /771, is the actual
force exerted by the sole of the foot on the environment and measured by the wrist
force sensor. The term J represents the Jacobian matrix that relates the joint velocity
to the operational velocity. S is the selection vector. A fractional controller with non-
integer derivation and integration parts can improve the quality and robustness of IC
(Calanca and Fiorini, 2018). FHIC was developed based on HIC and using fractional

parameters of , 3,7, 6.
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4.4.2. Fractional hybrid impedance control (FHIC)

To improve the system robustness, both parameters K, and K, are introduced [126].

The FHIC (see Figure 4.9) ensures compliance in the subspace of position control
and accuracy force control in the subspace of force control. The output of the FHIC

(u) is given in equation 4.28:

u= (Sx'r)a +]tot_1[KvBtot(555r - Q‘C)ﬁ + Ksz(er - x))/ + (1 - S)Sfr
— fe] (4.28)

x(t)
SEM-TA »x(t)

Je

Figure 4.9. Block diagram of FHIC

Since the changes in the positive and negative values of the error can affect the
controller output, the parameters of FHIC are used with the power function. The
power function can conduct no precise results in the negative decimal values of error.
Therefore, the negative error correction algorithm (NEC-algorithm) was developed

to improve the control performance of the negative decimal values.

Xri = (X, X, Xy |

x; =1[0,%,x |

p; = [(I, B'Y]

Term,; = Pow((Sx,.), @)
Term, = Pow((Sx, — x), )
Terms = Pow((Sx, — X),y)

before every online running the controller period
Loop (i=1)

Read S, x;, x,;, and p;

Check (Sx,; —x;) <0

If “yes” then

Calculate Term; = —Pow(—(Sx,; — x;), i)
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Update Term;
Updatei =i+ 1
Next i <> 4

Not: Pow(x,y) = x¥

4.4.3. Analysis of the steady-state error

In the free space, the actual force exerted, f, = 0 results in

]tot(jé - xr) + Btot(x - J'Cr) + Ks(x - xr) =0

$0 X = X,, means that there is no Eg in this direction. In the constrained space, the
motion of compliance must be guaranteed under the compliant motion control

subspace, that is, f,, = 0. The accurate force control free from the stiffness parameter

(4.29)

must be made sure. The impedance model is given as follows:

JtotX + Bork + Ks(x — x,) = E4

where E; = f, — f is the force error. Also, the contact model is given in equation

@.31).
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Figure 4.10. FHIC — With non-optimized parameters: «,f,y,d = 0.5 and
K,, K, = 5 (a) force control mode and (b) position control mode.
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f:{Ke(x—xe), X > X,
0, X < X, (4.31)
where K, is stiffness value, x is actual position, and x, is the reference position. x

results is given in equation (4.32)

El (fr —Ea) +x, (4.32)

1
x—K—ef+xe—Ke

Substitute (4.30) to (4.32), we can obtain

]totE.d + BtotEd + Ed (Ks + Ke) = ]totF;i + Btoth - KsKe (Ks + Ke) (4'-33)

which results in

Ks (fy + Ke(xe — %)) = K (f—r+x —x>S=0
ess — KS + Ke T e e I eq Ke e T
0, S=1 (4.34)
hence, in the subspace of the compliant motion, the following equation is satisfied
fi
X, = é + X, (4.35)

Accurate force control in the subspace of the compliant motion cannot be guaranteed
due to incorrect prediction of the stiffness and position, while in the subspace of the

contact, force control

f=fr,t>

that is to say; the E¢ is 0. The force control may be achieved. Figure 4.10 shows the
effects of the non-optimized parameters in the FHIC, the controller parameters are
selected in the middle range. The S parameter of the controller is a switch between
the position control and force control. Figure 4.10 (a) shows the force control mode

and in (b), the position control mod.
4.4.4. Tuning of the FHIC using PSO algorithm

In this section, the PSO algorithm is used to design and optimize the FHIC
parameters in SEM-TA (Figure 4.11). The PSO technique converges faster than other

optimization techniques and generates a high-quality solution in a short time.
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Furthermore, the implementation of PSO is easily comparable to other metaheuristic
optimization algorithms. The PSO algorithm's principal work is based on speed and
acceleration changes of each particle toward its gbest (global best position) and the
pbest (individual best position) at each time step. Each particle works to change the
existing position and speed related to the distance between the existing position and
pbest, and also the distance between the existing position and gbest. At each n step,
using the gbest and pbest, the speed equation for the i particle is given in equation
(4.36).

Vi(n) =y (Vi(n -1+ ¢, rl(pbesti —P;(n— 1)) + ¢, rz(gbest —P(n— 1))) (4.36)
X is defined below:

2
PPN

The speed range is defined as [= Vi v

p=¢1+¢, p>4 (4.37)

Changing speed with this method enables the i particle to search around its local
gbest, and pbest. Based on the speed, each particle changes its position, given in

equation (4.38).

P;(n) = Pi(n—1) + Vi(n) (4.38)

F(®) x(t)
fe

vy v

- SEM-TA

Figure 4.11. Tuning process of the FHIC controller parameters with PSO algorithm

The FHIC has six parameters to be optimized with PSO. PSO algorithm searches all
parameters of the controller in AJS-RSEA. The controller parameters include six
elements assigning real values. The order of parameters of FHIC is shown as the

following.
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P =[K, K, a, B,y 6] (4.39)
The most critical stage in using PSO is choosing the best cost function to evaluate

each particle's fitness. During the tuning process with PSO, the cost function
(MRSE) is employed. These cost functions for i particle are below:

N
1
Burss (k) = 7>~ [(e2() + €2(D) (4:40)

The block diagram of the FHI controller optimizing process with PSO is illustrated in

Figure 4.11. FHIC parameters are updated at every simulation time (#).

Table 4.4. The parameters of PSO algorithm

Parameter Value
Population Size (P) 10
Number of particles 6

Lower bound [a, 8,7, 6, Ky, Kp | [0,0,0,0,0,0]
Upper bound [a, 8,7, 8, Ky, Kp] [1,1,1,1,100,100]

In this case, inspired by practical requirements and works that focus on tuning the
FHIC parameters in using different systems, the characteristics of the PSO algorithm
are listed in Table 4.4. According to Table 4.5, the swarm size is 10x6. The initial
values of the particles are randomly generated based on the maximum values in the

first generation.

Table 4.5. Tuned parameters of the designed FHI controller with PSO for the three
different contact stress force (Spsp: Soft PSO, Mpg,: Medium PSO, Hpg,: Hard
PSO)

FHIC Parameters Spso Mpso Hpgo
K, 1.8403 2.4681 3.1305
K, 10.6224 11.1753 13.0491
a 0.3821 0.4249 0.4650
B 0.7508 0.7939 0.8142
y 0.7958 0.7944 0.7891
) 0.6824 0.7079 0.7031
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For three different constant forces, the parameters of the FHI controller tuned are
summarized in Table 3. Three different forces are based on the pressure of the sole of

the foot on real environments such as grass (soft), carpet (medium), and solid floors

(hard).
4.4.5. Performance evaluation of the HI and FHI controllers

AJS-RSEA experimental setup was developed for evaluating the performance of the
SEM-TA and the FHIC. In the experimental setup, the SEM-TA was mounted on a
leg of the AJS-RSEA to drive the ankle joint in three modes of contact stress force
control (soft, medium, and hard). This section consists of experimental and
simulation results on the SEM-TA setup in three controller modes (Figure 4.12, 4.13,
4.14). In order to examine the performance comparison of the ankle joint controller,

the experimental results are depicted in Figure 4.20.
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Figure 4.13. SEM-TA step response affected by Mpgg — FHIC, (a) position reference
(X,) experiment (X) and simulation (X) position output and (b) force reference (f,)
experiment (fe) and simulation (fe) force output

According to the simulation results in Table 4.8, the Spgo — FHI, the E in position

and force are 0.07 and 0.08; the Ty in position and force are 0.9 and 1.4 seconds,

respectively, according to the simulation results in Table 4.8, for the Mpgo — FHI

controller, the E¢ in position and force are 0.05 and 0.06; the T in position and force

are 0.9 and 0.8 seconds, respectively, According to the simulation results in Table

4.8 the Hpsg — FHI controller, the E in position and force are 0.06 and 0.07; the T

in position and force are 0.6 and 0.8 seconds, respectively.
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In order to evaluate the performance of the Spgy, Mpso, Hpso, and HIC, the RMSEs
of the position and the force (RMS-PE and RMS-FE) between the modeled reference
and the measured signal from the ankle joints are computed based on the equation
(4.40). The calculated RMSEs are given in Table 4.6. According to the obtained
RMSEs results, the FHIC — Mpg controller is robust and produces better results

than the and experimental controllers in terms of Ty, MO, E;;, and RMSEs.



Table 4.6. Quantitative comparison of the performance of Spgg — FHIC , Mpgg —
FHIC and Hpgg — FHIC mode controllers

Control
Impedance controllers Parameters —
Position Force
Ts (s) 0.965 1.440
MP (°) 0.247 1.247
Spso — FHIC
Eqs (°) 0.0647 0.0853
RMSE (°) 0.202753 0.33931
T (s) 0.937 0.817
MP (°) 2.601 1.518
Mpso — FHIC
Ess (°) 0.0538 0.0604
RMSE (°) 0.196358 0.32761
Ts (s) 0.621 0.846
MP (°) 1.247 5.247
Hpso — FHIC
Egs (°) 0.077 0.0710
RMSE (°) 0.198633 0.33174

4.4.6. Adaptive Fractional hybrid impedance control (AFHIC)

In this section, a fuzzy logic inference system is developed to estimate the fractional
coefficients in the adaptive impedance controller of the RSEA [126]. For each
controller (torque and position controller) in the hybrid impedance controller, an
FLC (Fuzzy Logic Controller) implemented to estimate the fractional coefficients,
Figure.4.15 depicts the implementation of the FLC in the controllers of the RSEA
[127]. Two inputs of FLC are the Ke and (Key) derivative of Ke. The typical steps in
developing the FLC system involve fuzzification, rule formation, and defuzzification
is explained briefly in this section. The input variables such as Ke and Key are
suitably partitioned and converted into linguistic variables, as following (VLH-very
low hardness, LHN-low hardness, MHN-medium hardness, HHN-high hardness,
VHH-very high hardness). The output variables (fractional coefficients of the
models) are partitioned and represented as fuzzy sets with linguistic terms as
following (VST-very soft, SFT-soft, MDM-medium, HRD-hard, and VHD-very
hard).
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Figure 4.15. Simulink implementation of FLC of the RSEA

The maximal absolute experimental Ke and derivative of Ke of the RSEA system are
50 Nm/rad and 100 Nm.s/rad respectively. The membership functions and ranges of
the input variables are obtained based on the experimental Ke and Key classification.
Also, the membership functions and ranges of the output variables is obtained
relatively from fractional coefficients of the adaptive fractional estimation model
(AFEM) given in Tables III. The fuzzy rules are the most important part of the entire
method, which affect the output results crucially [128], [129]. They are set based on
the experimental Ke and Key classification knowledge and results obtained
theoretically by the AFEM for each class. Gaussian membership functions were used
for graphical inference of the input and the output variables. The membership
functions of the AFHIM in RSEA are illustrated in Figure.4.15. A fuzzy rule is a
standard form of expressing knowledge based on the logic of IF and Then functions.
A set of rules have been constructed based on the input variables (Ke and Ke4) and
output variables (fractional coefficients) for the RSEA [130], [131]. The fuzzy rules
of Alfa0 used here are given in Table 4.7. The FLC rules for AFEM were obtained

based on the experimental results from torque and position in RSEA [132].
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Table 4.7. FLC rules for ALFAQ

Ke
' VLH LHN MHN HHN VHH
Ke
VLH VST VST SFT SFT MDM
LHN VST VST SFT SFT MDM
MHN VST SFT SFT MDM HRD
HHN SFT SFT MDM HRD HRD
VHN SFT MDM | MDM HRD VHD

The defuzzification is the conversion of a fuzzy quantity to a crisp value. The
centroid method was applied for defuzzification. Figure 4.16, 4.17, and 4.18 shows
the FLC surface relationship between Ke, Ke;, and fuzzy output of the fractional

coefficients in AFHIM.
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Figure 4.16. FLC membership functions of the AFHIC. Ke membership functions
and Ke,; membership functions.
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Figure 4.18. FLC surface in AFHIM for RSEA

SEM-TA experimental setup was developed for evaluating the performance of the
RSEA and the AFHIC. In the experimental setup, the RSEA was mounted on a leg of
the SEM-TA to drive the load joint in three modes of contact stress torque control
(soft, medium, and hard). This section consists of experimental and simulation
results on the RSEA setup in three controller modes. In order to examine the
performance comparison of the load joint. As shown in Figure 4.18, the AFHI
controller receives the position error and torque error between the position and the
desired torque and the feedback position and environment torque in the direction
perpendicular to the link, and then sends a control signal to the RSEA to position

modify in order to maintain a constant contact force.
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Figure 4.20. Torque tracking behaviour of AFHI control in unchangeable
environment (7, = 10 Nm).

In this section, dynamic tracking stage, as is shown in Figure. 4.19, and Figure. 4.20,
the proposed AFHI control strategy can significantly improve the dynamic torque
tracking performance compared to HI and FHI controls strategy. The maximum
rotatum tracking error cut down from 3.83 Nm/s to 0.59 Nm/s, and the root mean
square value of torque error reduces from 1.93 Nm/s to 0.63 Nm/s. The fluctuation in
the controlled torques along the environment is resulted from the roughness of the
contact surface, so the fluctuation is hard to be reduced. Nevertheless, these torques
are all around the setpoint, 10 Nm. The experiment results demonstrate that the AFHI

control scheme can improve the dynamic torque tracking performance significantly.
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As shown in Figure 4.21, the proposed AFHI control strategy can perform the
dynamic torque tracking strategy by dynamically controlling the fractional

parameters (g, Bo, Yo, @1, B1, V1 ) by a fuzzy controller.
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5. IMPLEMENTATION OF THE REAL SYSTEM AND EXPERIMENTAL
WORK

The last chapter of this thesis deals with the real prototype of the and the
experimental works. All controllers investigate in the previous chapter for RSEA
model, is developed and verified experimentally. At first, the mechanical structure of
the system such as the DC torque motor servo system, Motor driver, encoders, spring,
gearbox ..., are described with details. Secondly, PID-FFC, FL-FFC, and FTC-FC
controllers are developed for the torque control problem of the real implementation
of the RSEA. Furthermore, HIC, FHIC and AHIC are developed for the impedanc
control of the real implementations of the RSEA. The dynamic responses of the
impedance controllers were compared experimentally based on robustness analysis

under external disturbances.
5.1. General Structure of the Experimental System

The actuator components include the following.
1. Frameless torque motor (50mm diameter),

2. Worm gear,

3. Torsional flat-double spiral spring (DFTFS),
4. Incremental encoders,

5. Link and Joint of the ankle load

The model of torque motor is MDS-LFTM-50, which consists of a 2048 ppr (pulses
per revolution) encoder. The rotational motion of the torque motor is transmitted to
the other rotary axes using a worm gear. The DFTFS connects the worm gear
mechanism to the joint of the load case and conveys the movement to the carriage in
which DFTFS is located. The transmission ratio between the worm gear system and
the motor is 1/60. The stiffness of DFTFS is 64.251 Nm/rad. The proposed

experimental setup and significant parameters of the RSEA is illustrated in Figure5.1.
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5.1.1. Brushless DC torque servo-motor

The system is driven by a direct drive brushless DC torque servo-motor (Type:
LFTM-50-50-N, + 48V) in joint of the link (6;). T is the torque applied at the

horizontal link produced by the torque servo-motor, it is given in the equation (5.1).

= Nm K¢ (Vin— Km ) (5.1)
Rpy

Where the motor efficiency coefficient 1, = 0.73. Motor constant K, = 0.063.
The armature resistance R, = 3.78. V|, is the input voltage. The datasheet of the
servo-motor is given in Table 5.1. Figure 5.2 shows the direct drive brushless DC

torque servo-motor (Type: LEFTM-050, £ 10V). [133]

Table 5.1. Datasheet of the direct drive brushless DC torque servo-motor (Type:
LFTM-50-50-N, =+ 48V)

Motor Parameters Symbols Units LFTM-50-50-N
Rated Torque T, Nm 0.535
Peak Torque Tpeak Nm 1.84
Rated Speed N, rpm 1280
No-Load Speed Nno-1oad rpm 1480
Torque Constant K Nm/A 0.38
Voltage Constant Ky V/rpm 0.032
Max. Cogging Torque Teog Nm 0.008
Torque Ripple Tripple % 0.24

Number of Pole 2n -- 8

Rated Current I Arms 1.41
Peak Current Ipeak Arms 4.95
Line Resistance RpL@20° Ohm 3.78
Line Inductance LiL mh 4.56
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Table 5.1.(Cont.) Datasheet of the direct drive brushless DC torque servo-motor
(Type: LFTM-50-50-N, + 48V)

Stator Weight Wi kg 0.43
Rotor Weight W, kg 0.18
Total Weight Wiotal kg 0.61
Meh. Time Constant Kimech ms 0.025
Thermal Resistance Rin °C/W 5.60
Inertia J Kg.m? 0.000017

Motor Constant Kmn Nm/W 0.063
Rotor ID mm 9.55
Stator OD mm 49.18

Figure 5.2. Brushless DC torque servo-motor Type:
LFTM-50-50-N, + 48V

5.1.2. Driver motor

The brushless DC torque servo-motor (Type: LETM-50-50-N, £ 48V) is driven by a
driver motor (Model: Lenze, Type: Inverter Drives 8400 TopLine) [134]. This driver
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is used in order to easily achieve high dynamic performance and precision in the first
link of the TLRIP. The power of the driver is 0.75Kw, which supply a single phase
200/240v. This driver is particularly suitable for handling and positioning systems
such as the control of the RSEA. Figure 5.3 shown the driver motor used in our

system (Model: Lenze, Type: Inverter Drives 8400 TopLine).
5.1.3. Encoders

The joints' angles are measured with three encoders having a resolution of 2048
pulses per revolution (Model: Fenac, Type: 2048 PPR sin cosine accurate speed
information) [135]. The encoder is an electro-mechanical device that converts the
angular position of the shaft to digital output signals. Figure 5.4 shown an example

of the encoder model used in joints for the system.

Figure 5.3. Driver motor (Model:
Lenze, Type: 8400 TopLine, 2.2Kw)
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Figure 5.4. Encoder (Model: Fenac, Type:
2048 PPR sin cosine accurate speed
information)

5.1.4. Worm gear

There are various methodologies to satisfy the conditions for the differential

mechanism, and thus to realize the series elasticity.

Table 5.2. Characteristics of gearboxes used robotic

Type of gearbox Reduction Torque Size Efficiency | Precision
0 .
ratio capacity (%) (arcmin)
Simple planetary 1/4-1/10 low small >95 >3
Two-stage planetary 1/10 - 1/50 low small <90 >3
Harmonic 1/30 - 1/60 mid mid 60 - 80 1-3
Simple cycloid 1/5-1/20 high big >95 <1
Two-stage cycloid 1/30 - 1/300 high big <90 <1
Plantery + cycloid 1/30 — 1/200 high big <90 <1
Worm gear 1/5-1/60 high mid 60 - 90 1-3

Table 5.2. summarizes the characteristics of various speed reducers installed in robot
joints. As a simple planetary gear reducer cannot have a large reduction ratio, it is

often connected through a plurality of stages. In general, the compound planetary
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gearboxes have advantages of the compact structure and a large reduction ratio [136].
However, this efficiency decreases according to the increase in the reduction ratio
[137]. On the other hand, harmonic gear reducers are lightweight, compact, and have
a large reduction ratio with high precision but low efficiency. Cycloid gear reducers
deliver high torque capacity with both high accuracy and high efficiency. Mechanical
paradox gearboxes usually have low-efficiency characteristics between 70% and
75% (see Figure 5.5). Hori proposed efficiency improvement of the mechanical
paradox gearbox in [138]. He achieved up to 80-85% efficiency. In general, there are
several tradeoffs among the power transmission efficiency, reduction ratio, allowable
torque, size, and backlash of the speed reducer [139]. More specifically, reducing the
reduction ratio increases the permissible torque, whereas reducing the size or
backlash of the reducer decreases the power transmission efficiency. In fact, reverse
driving by a small speed reducer with a reduction ratio of ~1/100 is difficult to

achieve in conventional robot applications.

100

90

80

70

Efficiency degree in %

60

50

5 15 25 35 45 55

Ratio
Figure 5.5. Worm gear efficiency decreases with an increase in gear ratio

The efficiency of a worm gearbox is based on the ratio and it drops sharply as the
ratio increases. This because of the constant sliding action between worm and worm
wheel reduces the overall efficiency of the worm gearbox since the usable power is
converted to heat. These heat friction issues cause vast inefficiencies ranging up to
50%. One of most widely used structure as the differential mechanism is a warm gear,
The worm gear transmission is generally composed of a worm screw and worm

wheel. Notice that this type of worm gear set is so called the Nonparallel and

91



Nonintersecting Axes gear, A gearbox designed using a worm and worm-wheel is
considerably smaller than one made from plain spur gears, and has its drive axes at
90° to each other. With a single start worm, for each 360° turn of the worm, the
worm-wheel advances only one tooth of the gear wheel. Therefore, regardless of the
worm's size (sensible engineering limits notwithstanding), the gear ratio is the "size
of the worm wheel - to - 1". Given a single start worm, a 60-tooth worm wheel
reduces the speed by the ratio of 60:1. Unlike with ordinary gear trains, the direction
of transmission (input shaft vs output shaft) is not reversible when using large
reduction ratios. This is due to the greater friction involved between the worm and
worm-wheel, and is especially prevalent when a single start (one spiral) worm is
used. This can be an advantage when it is desired to eliminate any possibility of the

output driving the input.

Worm gear configurations in which the gear cannot drive the worm are called self-
locking. Whether a worm and gear is self-locking depends on the lead angle, the
pressure angle, and the coefficient of friction. The gearbox transmits power from the
motor shaft to the load shaft. The worm gear used reduces the speed and increases
the power. The use of high reduction gearbox ratios in the motor is particularly
preferred (see Figure 5.6). Hence, the effective joint mass is typically higher. The

transmission ratio between the worm gear system and the motor is 1/60.

Input shaft

% |

J Output shaft

) |

ir
:E

Figure 5.6. Worm gear (Model: KTK, Type: LT03 Series)
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5.1.5. Controller board

A dSPACE-DS1103 controller board is used to treat the received signals from the
encoders. At present dSPACE DS1103 is the famous hardware and real-time
software tools which operate through Matlab/Simulink interface programming for
rapid control prototyping [140]. However, it has different various ADC and DAC
ports, internal memory and a different number of input/output ports etc. Figure 5.7

shown an example of a dSPACE controller board.

2 /0

4 ] a
@ s R [T}

Figure 5.7. An example of a dSPACE controller board
5.2 Torque Control for a Real Experimental Implementation of the RSEA

The tree torque controllers (PID-FFC, FL-FFC, and FTC-FC) developed in the
Simulink environment in the last chapter, will be verified experimentally in this
section. The RSEA consists of a 50mm diameter of the torque motor (48V of the
supply voltage, 1280rpm of the nominal speed) with a worm gear ratio of 1/60, used
to apply rotational force (see Figure 5.8). The motor driver type is (10A-EC).
Position sensors of rotary encoders (FNCC 10bit - 40EF) are used in the system. The
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angular position signal of motor and load joints are given to the unit of control by the
sensors of the rotary encoder [141]. At the output load joint, a torque sensor
(TRS600 50Nm FUTEK) is mounted to measure the torque of output. A pendulum is
mounted in the system output, which can be a robot leg model. The experimental
system control block comprises a card of PWM pulse generator (ATMEGA128
microcontroller) an industrial PC (motion controller GT 800 series - GoogolThech)
with a 1kHz control frequency, which is responsible for filtering and controlling

RSEA outputs and inputs (see Figure 5.9).
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sensor

Load
sensor

,;_\‘Priver

Figure 5.8. Real experimental implementation of the RSEA for torque control
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Figure 5.9. dSPACE models of the torque controllers in Matlab/Simulink: (a)
FL-FFC (b) FTC-FC
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Figure 5.9.(Cont.) dSPACE models of the torque controllers in Matlab/Simulink:
(a) FL-FFC (b) FTC-FC
5.2.1. Performance evaluation of the torque PID-FFC, FL-FFC, and FTC-FC

controllers

A sinusoidal signal with 1Hz of frequency is applied as an input trajectory function
to examine the performance of the controllers in the RSEA system. As seen in
Figures 5.10 and 5.11, FTC-FC yields a good tracking trend with the minimum
tracking error. The performance of controllers is presented in Table 5.2. In the first
step, improved 11.84% system response by adding a fuzzy controller to the system.
and the second step Improved a 4.75% system response by adding nonlinear friction
compensation to the system. The best performance is uniformly obtained by the

fuzzy controller using the nonlinear friction estimator.

Table 5.3. RMSEs of the control and output signals in PID-FFC, FL-FFC, and FFTC-FF

Controller Type Controller effect RMSE
PID-FFC 1.500847 0.101952
FL-FFC 1.388514 0.089924
FTC-FC 1.136346 0.085806

RMSE: root mean square error; PID-FFC: PID Feedforward Controller; FL-FFC:
fuzzy Logic Feedforward Controller; FTC-FC: Fuzzy Torque Controller with
Friction Compensation.
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Figure 5.10. Controller effect in experimental results of the PID-FFC, FL-FFC, and
FTC-FC
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Figure 5.12. Real-time nonlinear friction torque estimation in torque tracking control
with FTC-FC
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Figure 5.14 Torque disturbance control at three maximum set points such as 6, 7, and
7.5 Nm. Reaction torque (7;) and pulsed external disturbance, the control signal, the
angular position and velocity of the motor joint and load joint.

The real-time estimations of nonlinear friction internal state in torque tracking
control are illustrated in Figure 5.12. The FTC-FC controller response and the
NLFEM parameter are also much better than their variations in the other controller,
as shown in the figures. Experimental results show that the designed FTC-FC is able
to track the trajectory of any dynamic reference torque control signal with reasonable
spring reaction time in a friction composition manner, and a decrease in system
impedance is observed, as shown in Figure 5.13. In order to evaluate the controller
performance in case of external disturbances, the system has been tested three
maximum set points such as 6, 7, and 7.5 Nm. The response of the system and the

control signal is illustrated in Figure 5.14.
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5.3. impedance Control for a Real Experimental Implementation of the RSEA

Three controllers HIC, FHIC and AFHIC developed in the Simulink environment
will be verified experimentally in this section. The impedance control is performed
by the system parameters of Kg = 63.665 Nm/rad, k, =2.391 Nm/A, ], = 0.00032
kg/m?, All output variables of the RSEA need to be stabilized at the reference point
by all impedance controllers. The real experimental implementation of the RSEA is
shown in Figure 5.15. The dSPACE models of the impedance controllers (HIC,
FHIC and AFHIC) in Matlab/Simulink are depicted in Figure 5.16. As can be seen
from Figure 5.16, the arm and the joint links were controlled at the reference position

and torque with minimum vibrations.

'dSPACE Controlier Board

Figure 5.15. Real experimental implementation of the RSEA for impedance control
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Figure 5.16. dSPACE models of the controllers in Matlab/Simulink: (a) HIC, (b)
FHIC and (c) AFHIC
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Figure 5.16.(Cont.) dSPACE models of the controllers in Matlab/Simulink: (a)
HIC, (b) FHIC and (c) AFHIC

5.3.1. Performance evaluation of the HIC, FHIC and AFHIC controllers

Figure 5.17 shows a comparison between the position and force signals with
impedance controllers of the RSEA in experiment case. According to the obtained
results, all controllers have effectively maintained the impedance control of the
RSEA with minimum vibration. The FHI controller is developed in order to give the
best results in terms of Ty, MP, E¢ and the RMSEs than the FHI and HI controllers.
Table 5.3 , 5.4 and 5.5 shows the comparison of Spgg — FHIC, Spgg — FHIC and
Spso — FHIC impednace controllers in terms of Ty, MP, E¢s and the RMSEs in the
experiment. To verify the AFHIC performance compared with other impednace
controllers; the improvement percentages of all parameters are calculated and given

in Table 5.6.
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Figure 5.17. FHIC results with different optimum PSO parameters (Spgp, Mpgo, and
Hpsp) and HIC, PD controllers

Table 5.4. Comparison of performance results for Spgp, mode controller (MO:
maximum overshoot (%), Ty: settling time, eg,: steady state error)

Controller Position Force

MO(%) T Eg MO(%) T €
Experiment 4.521 0.971 0.0735 3.521 1.465 0.0881
Spso — FHIC
Simulation 0.247 0.965 0.0647 1.247 1.440 0.0853
Spso — FHIC
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According to the experimental and simulation results in Table 5.3, the Spgg — FHI,
the E,; in position and force are 0.07 and 0.08; the Ty in position and force are 0.9

and 1.4 seconds, respectively.

Table 5.5. Comparison of performance results for Mpg, mode controller (MO:
maximum overshoot (%), Ty: settling time, eg: steady state error)

Controller Position Force

MO (%) T Ess MO(%) T €ss
Experiment 12.835 0.941 0.0551 4.370 0.825 0.0611
Mpgo — FHIC
Simulation 2.601 0.937 |0.0538 1.518 0.817 0.0604
Mpgo — FHIC

According to the experimental and simulation results in Table 5.4, for the Mpgg —
FHI controller, the Eg¢ in position and force are 0.05 and 0.06; the T in position and

force are 0.9 and 0.8 seconds, respectively.

Table 5.6. Comparison of performance results for Hpsy mode controller (MO:
maximum overshoot (%), Ts: settling time, eg: steady-state error)

Position Force
Controller

MO(%) T, Ess | MOCh) | Ty ess
Experiment

3.521 0.681 0.065 8.521 0.920 0.0731
Hpgo — FHIC
Simulation

1.247 0.621 0.077 5.247 0.846 0.0710
Hpgo — FHIC
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According to the experimental and simulation results in Table 5.5 the Hpgg — FHI
controller, the E in position and force are 0.06 and 0.07; the T in position and

force are 0.6 and 0.8 seconds, respectively
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Figure 5.18. Frequency responses of SEM-TA

Using the parameters optimized by the PSO algorithm in Mpgq — FHI controller at a
frequency of 1 Hz, the system response to a sinusoidal signal with an error of less
than 2% and the system response to the square signal with an error of less than 5%
can be seen in Figure 5.18. As shown in Figure 5.19, and Figure 5.20, the operational

bandwidth of FHI controllers is robust and broader than PD and HI controllers.

Table 5.7. RMSEs between experiment and simulation result of the FHI controller
with the three different PSO contact stress force

Controller Type RMS-PE RMS-FE
FHIC — Spso 0.202753 0.33931
FHIC — Mpgo 0.196358 0.32761
FHIC — Hpgp 0.198633 0.33174
HICpso 0.224021 0.39471
PD 0.225524 0.41920
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In order to evaluate the performance of the Spso, Mpso, Hpsg, and HIC, the RMSEs
of the position and the force (RMS-PE and RMS-FE) between the modeled reference
and the measured signal from the ankle joints are computed based on the equation
(4.6). The calculated RMSEs are given in Table 5.6. According to the obtained
RMSEs results, the FHIC — Mpg, controller is robust and produces better results

than the and experimental controllers in terms of Tg, MO, Egg, and RMSEs.

Table 5.8. Comparison of the controllers based on improvement percentage of RMSE

Controller Type RMS-PE rate RMS-FE rate
FHIC — Spso versus HICpgo 10.48% 16.32%
FHIC — Spgo versus PD 11.23% 23.54%
FHIC — Mpgq versus HICpgo 14.08% 20.48%
FHIC — Mpgq versus PD 14.85% 27.95%
FHIC — Hpgg versus HICpgp 11.33% 18.98%
FHIC — Hpgg versus PD 13.53% 26.36%

According to the calculated rate of improvement percentages in Table 5.7, the
FHIC — Spgp returned more accurately than HICpgy and PD for the impedance
control of the SEM-TA. The RMS-PE improvement percentages are 10.48% for the
HICpsy controller, 11.23% for the PD controller. The RMS-FE improvement
percentages are 16.32% for the HICpgsy controller, 23.54% for the PD controller.
According to the calculated rate of improvement percentages in Table 8, the FHIC —
Mpgo returned more accurately than HICpgo and PD for the impedance control of the
SEM-TA. The RMS-PE improvement percentages are 14.08% for the HICpgo
controller, 14.85% for the PD controller. The RMS-FE improvement percentages are
20.48% for the HICpgo controller, 27.95% for the PD controller. According to the
calculated rate of improvement percentages in Table 8, the FHIC — Hpgp returned
more accurately than HICpg,y and PD for the impedance control of the SEM-TA. The
RMS-PE improvement percentages are 11.33% for the HICpgo controller, 13.53%
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for the PD controller. The RMS-FE improvement percentages are 18.98% for the
HICpgp controller, 26.36% for the PD controller.

Table 5.9. Gain margin (G,,) and phase margin (P,,) of the controllers

Controller Type G, (dB) frequency (rad/s) P, (deg) frequency (rad/s)
FHIC — Spso 2.02 1.14 58.1 1.76

FHIC — Mpgo 2.8 0.978 48.4 2.01

FHIC — Hpsg 4.1 0.72 59.2 3.58

HICpgo 8.5 1.02 65.7 3.49

PD 10.6 1.01 inf -

According to Table 5.9, FHI controllers are robust controllers in terms of phase
margin. The range of gain and phase margins of the developed FHI controllers in
Table 5.8 are between 2-5 and 30°-60°, respectively. As was expected, the

parameters of the FHI controllers were found optimally.
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Figure 5.19. The dynamic position-torque trajectory tracking performance of HI, FHI,
and AFHI are compared, (a) position tracking (b) Torque tracking.
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Figure.5.21 illustrates the fractional parameters obtained by the adaptive fuzzy model
for the FHIC of the SEM-TA System. At a distance of seconds, the fuzzy controller
is in the medium-mode and at the point of high-stress torque is in the hard-mode, and
at a distance of seconds when the torque enters the steady-state it is soft-mode and
again at the point of 6 seconds at medium and hard modes and then goes to soft-

mode.

Table 5.10. The experimental results in terms of RMSEs

Controller Type RMSEp (rad) RMSE+T (N)
HI controller 0.23821 0.58727
FHI — SFTpg, controller 0.19264 0.42793
FHI — MDMpg, controller 0.20486 0.54835
FHI — HRDpg( controller 0.23715 0.58321
AFHI controller 0.18417 0.37423

In order to evaluate the performance of the FHI — SFTpsy, FHI — MDMps, ,
FHI — HRDpg, controllers, HI controller, and AFHI controller the RMSEs of the
position and the torque (RMSEp and RMSEF) between the reference signal and the
measured signal from the load joints are computed based on the equation (4.6). The
calculated RMSEs are given in Table 5.9. According to the obtained RMSEs results,
the AFHI controller is robust and produces better results than the and experimental

controllers in RMSEs.

Table 5.11. Comparison of the controllers based on improvement percentage of
RMSE

Controller Type RMSEp rate RMSEF rate

AFHI versus HI 11.38% 18.15%
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Table 5.10.(Cont.) Comparison of the controllers based on improvement percentage
of RMSE

AFHI versus FHI — Spgp 6.84% 12.37%
AFHI versus FHI — Mpgo 6.03% 9.26%

AFHI versus FHI — Hpgg 7.55% 15.54%
FHI — Mpgo versus HI 8.46% 13.51%
FHI — Mpg, versus FHI — Spgp 6.17% 10.80%
FHI — Mpggversus FHI — Hpgo 7.25% 12.72%

According to the calculated rate of improvement percentages in Table 5.10, the
AFHI returned more accurately than HI and FHIs for the impedance control of the
RSEA. The RMSEp improvement percentages are 11.38% for the HI controller,
6.84% for the FHI — Spgp controller, 6.03% for the FHI — Spgo controller, 7.55%
for the FHI — Hpg, controller. The RMSEF improvement percentages are 18.15% for
the HI controller, 12.37% for the FHI — Spgo controller, 9.26% for the FHI —
MDMpgo controller, 15.54% for the FHI — Hpgsp controller. According to the
calculated rate of improvement percentages in Table 5.10, the FHI — Mpg, returned
more accurately than HI and FHIs for the impedance control of the RSEA. The
RMSEp improvement percentages are 8.46% for the HI controller, 6.17% for the
FHI — Spgp controller, 7.25% for the FHI — Hpgy controller. The RMSEr
improvement percentages are 13.51% for the HI controller, 10.80% for the FHI —
SFTpso controller, 12.72% for the FHI — Hpg, controller.

5.3. Experimental result of the FHIC

To evaluate the FHIC in order to optimize its parameters, the controller has been
used in different modes and the results have been plotted. By connecting a 2 kg
weight to the system, we apply a force equivalent to 19.6 N to the system. By
changing the controller parameters according to Table 5.12, different outputs are
plotted as results, indicating a change in each parameter in that position. Figures 5.22,
5.23, 5.24, 5.25, 5.26, 5.27, 5.28, 5.29, 5.30, and 5.31 respectively show the results
of the system output with constant parameters ( K, = 2.175,K, = 0.251) and
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variable parameters (a, 3,y,0) and, Figures 5.32, 5.33, 5.34, 5.35, 5.36, 5.37, 5.38,
5.39, 5.40, and 5.41 respectively show the results of the system output with constant
parameters ( K, = 2.280, K;, = 0.345) and variable parameters (a, 3, v, 6).

Table 5.12. FHIC parameters

Experiment SEL K, K, a B y 1)
case

1 0 0 0 0 0 0 0
2 0.5 2.175 0251 |05 0.5 0.5 0.5
3 0.5 2.175 10251 |1 1 1 0.5
4 0.5 2.175 10251 |0 1 1 0.5
5 0.5 2.175 10251 |0 1 0 0.5
6 0.5 2.175 10251 |0 1 1 0
7 0.5 2.175 10251 |0 1 1 1

8 0 2.175 10251 |0 1 1 1

9 0 2.175 10.251 |05 0.5 0.5 0.5
10 0.5 2.175 [0.251 |05 1 1 1
11 0.5 2280 (0345 |1 1 1 1
12 0.5 2280 (0345 |0 1 1 1
13 0.5 2280 (0345 |0 0 1 1
14 0.5 2280 (0345 |0 0 0 1
15 0.5 2280 (0345 |0 0 0 0
16 1 2280 (0345 |0 0 0 0
17 1 2280 (0345 |0 1 0 0
18 1 2280 (0345 |0 1 1 0
19 1 2280 (0345 |0 1 0 1
20 1 2280 10345 |0 1 0 1
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Figure 5.24. FHIC experimental results with case 3 parameters
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Figure 5.26. FHIC experimental results with case 5 parameters
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121



§ J 2
3, — Input signal |
E — Input Velocity | |
=]
@
s | -
25 3
§ I
2 — Motor position
c "
[ — Load position |
E=)
3 —
ol 25 3
Time[s]
v
5 50 I I :
- — Motor Velocity
> 0 —— Load Velocity |
¢
= | | | | \
0-5
>0 05 1 15 2 25 3
Nl' Time[s]
& 500 J
g —— Input Acceleration
20 Output Acceleration |
® VT
-
9 \
0-500
g 0 05 1 15 2 25 3
< Time[s]
E
gt |
]
550 .
£40 -
c
0
0 0 3
T Time[s]
£
o}
) 4
Q
E=l
) 4
3.
2 _
3
5§ 0 05 1 15 2 25 3
3 Timels]

Figure 5.34. FHIC experimental results with case 13 parameters
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Figure 5.36. FHIC experimental results with case 15 parameters
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Figure 5.37. FHIC experimental results with case 16 parameters
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Figure 5.41. FHIC experimental results with case 20 parameters
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, a novel design of a rotary series elastic actuator (RSEA) system is
developed to be controlled. This system presents an important challenging problem
in the area of linear and nonlinear control engineering applications. The contribution
of this thesis consisted of the development of novel friction estimation models which
take into consideration positions, velocities, and accelerations of the joints of links.
Furthermore, more sophisticated nonlinear controllers such as FL-FFC, FTC-FC,
and FHIC are developed for the torque and control problems. The novel nonlinear
controllers take into consideration the complex inputs-outputs and nonlinear function

approximation of the system.

In this research, joint frictions of the RSEA are examined based on its experimental
and simulation dynamic responses. Three different friction estimation models such as
NCFM, LFM and NLFM are compared to estimate the joint frictions of the RSEA
developed in our laboratory. In order to determine the estimation performance of the
friction models, RMSEs between position simulation results obtained from each joint
friction model and encoders in the experimental setup are computed. According to
the comparative experimental friction analysis, the joint frictions of the RSEA are
estimated more effectively using an NLFM which yields better improvement
percentage from 11.56% to 94.55%. The aim of this study is to obtain joint friction
models which depend on both velocity and acceleration in a large range of motion
trajectory that involves difficult and sudden large changes. In order to determine the
estimation performance of the friction models, the RMSEs of position in all joints are
computed. The NLFMs produce better estimation results than the LFMs. Among
NLFMs, the NLFM gives the best results which provide the best improvement
percentage from 11.56% and 94.55%. In this research, the friction study has three
important contributions to the literature: Firstly, all friction models in the literature
depend only on velocity; however, the friction model developed here depends on
both velocity and acceleration. This approach has enabled us to obtain a two-

dimensional friction model. Secondly, the coefficients of all friction models in the
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literature were constant when the physical quantities change. On the other hand, the
coefficients of the friction models in this work vary depending on the state of the
velocity and acceleration. Hence, this friction model allows for better estimation of
the effects of friction in different velocity and acceleration conditions. Thirdly, much
of existing researches in the literature have studied only the frictions of the linear
motion which depends on linear velocity and force. This work examines frictions on

the joints which have hard rotational motions.

The torque and impedance control problems of the system are studied for the RSEA,
respectively. To determine the control performance of all controllers, different
control parameters are computed such as T, PO, Egs, MP and the RMSEs of the joint
positions. PID-FFC, FL-FFC, and FTC-FC controllers are developed for the torque
control problem of the RSEA. The controllers are compared under external
disturbance. The robustness results indicate that the FTC-FC controller under
external disturbances was effective. The RMSEs improvement percentages between
FL-FFC versus PID-FFC are from 24.28% to 75,28%. Moreover, according to the
incremental calculated percentages of RMSEs of the control signals, the FL-FFC
returned more effort than PID-FFC with 42.95 % under external disturbance.
Furthermore, nonlinear HIC and FHIC controllers are developed for the impedance
control of the RSEA systems. The aim of this work is to study dynamic performance
analysis of both FTC-FC and FHIC controllers and to compare them with the
classical PID and PID-FFC controllers, respectively. The developed controllers were
tested under internal and external disturbances to determine the robustness
performance of the controllers. According to the obtained simulation results, the
nonlinear FTC-FC and FHIC controllers are robust and produce better results than
the PID and PID-FFC controllers. Based on to the obtained results of the torque
control of the RSEA, In this work, a robust real-time FTC-FC of RSEA is developed
using an industrial PC for the legged robots. The real-time torque was estimated
based on the nonlinear friction model by the measured and empirical torques. In
order to examine the robustness of the controller, the proposed controller was tested
with friction forces, external disturbances, and parameter uncertainty. The different
control methods, such as PID-FFC, FL-FFC, and FTC-FC have been compared in the

RSEA under external and internal disturbances. Comparing the control performance
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of all controllers, the FTC-FC method is a novel robust control structure for the
torque tracking control of the uncertain nonlinear RSEA system. The tracking
performance and stability of the RSEA control were enhanced using nonlinear
friction estimation. Moreover, a sagacious choice of the fuzzy functions in the fuzzy
controller improved the rejected disturbance and reduced torque tracking error. The
improvement percentage of FTC-FC under external disturbances is 15.83% and
4.57% better than PID-FFC and FL-FFC, respectively. The results obtained here
indicate that the FTC-FC controller with the nonlinear friction model performs well
for high and sudden disturbances. This study investigated the impedance controller
design and performance characterization of SEM-TA by incorporating different
contact stress forces (soft-medium-hard). In particular, we proposed a fractional
hybrid impedance control (FHIC) method of the SEM-TA control structure. The
main contribution of this research is designing a novel optimum FHIC based on
RSEA in uncertain environments. A DFTFS was installed in the SEM-TA between a
human joint and a motor as the energy buffer. The force was precisely generated via
the flat spring deflection by controlling the motor part with an impedance control
method. In this study, three different types of contact force models (Spgo, Mpspand
Hpgsp) were defined to evaluate the performance of SEM-TA. It was shown that the
proposed control methods meet the desired performances: the SEM-TA precisely
generated the force as desired, and its impedance error has been decreased
significantly. The real-time torque controller for AJS-RSEA was embedded in the
Motion Controller Series model: GoogolThech GT-800. The FHIC parameters in the
controller tuned by using the PSO algorithm. The FHI controller with SEM-TA
enhances the stability and control performance of the AJS-RSEA. According to the
obtained simulation and experimental results, the wm,s, controller is robust and
produces better results than the s, and H,, controllers in terms of Ty, MO, E,g, and
RMSEs. The RMS-PE of FHIC — Mps, improvement percentages is 14.08% and
14.85% better than HICpgo and PD, respectively. On the other hand, The RMS-FE of
FHIC — Mpgo improvement percentages is 20.48% and 27.95% better than HICpgy
and PD, respectively. The proposed controller responds to a sinusoidal signal and
square signal with an error of less than 2% and 5%. The SEM-TA and its control
methods proposed in this paper can provide a good solution for actuation approaches

in human-robot interaction applications. Based on selecting one of the Hpgy, the
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Mpgp, and the Spgp, the force's maximum rate can vary between 0.9727 N/s and
1.6443 N/s for this actuator structure. Since the control method does not require any
physical properties of the human body, the design of controllers do not necessarily
need to be customized for every individual. It allows precise force (or torque) mode
control. The design of higher-level controls for human-robot interaction can be

achieved easily by using this control method.
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Appendix-A

The VC++ .CPP codes used to calculate the control models of the RSEA is given in
this section. Only the variables of each model must take into consideration for the

codes.

// SEA_mv2Dlg.cpp : implementation file
#include "stdafx.h"

#include "SEA_mv2.h"

#include "SEA mv2Dlg.h"

#include "gts.h"

#include "math.h"

#include "stdio.h"

#include "stdlib.h"

#ifdef DEBUG

#define new DEBUG_NEW

#undef THIS FILE

static char THIS FILE[]=_FILE ;

#endif

#define TIME_OP 0.016

#define M_PI  3.1415926535897932384626433832795
#define PI ~ 3.1412

#define SIN_GAIN 100

#define EN_RAD 0.0007669903939428206
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#define EN_DEG 0.043945312500000

#define EN_ PPR 8192

#define GR_CON 60.033

#define TRQ_COF 1.150

#define Xrl 110

#define Xr2 630

#define Yrl 10

#define Yr2 280

#define Yr3 Yrl+((Yr2/3)/2)

ftdefine Yr4 Yrl+(Yr2/6)*3

#define Yr5 Yrl+(Yr2/6)*5

FILE *fp;

int radio_b=1,cntrl=0;
int
graf x=0,graf y=0,graf y eski=0,graf y2=0,graf y2 eski,graf y3=0,graf y3 eski=0,graf y4=0,graf

_y4 eski=0;

double
Enc 1 ACT=0,Enc 1 old=0,Enc 2 old=0,EncVel 1 old=0,EncVel 2 old=0,EncVel 1 old old=0,
EncVel 2 old old=0,EncVel 1=0,EncVel 2=0,TorkVel=0,Tork old=0,CurentVel=0,Curent old=0;

int timr_clk=0,timr_const=0,run_system=0;
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double
s11=0,s12=0,sin_d=0,enc1_org=0,enc2_org=0,EncAcc_1=0,EncAcc_2=0,posl ofs=0,posl cal=0,out
pwm=50,sin_pls=0;

double
encs_er=0,encs_int=0,encs_drv=0,pid p=0,pid i=0,pid d=0,encl er=0,encl int=0,encl_drv=0,enc2

_er=0,enc2_int=0,enc2 drv=0,setp1=0,setp2=0;

double
enc_org vl=0,enc_org v2=0,enclv_er=0,enclv_int=0,EncAcc 1 old old=0,EncAcc 1 old=0,lod tr

q_er=0,lod trq int=0,sin_gain=100,lod imp_er=0,lod imp_int=0;

float

FHIC_OUT=0,FHIC_Xr=0,FHIC Xr d=0,FHIC_ Xr dd=0,FHIC_X=0,FHIC_X d=0,FHIC_X_dd=0,
FHIC alfa=1,FHIC beta=1,FHIC gama=1,FHIC zeta=1,FHIC SEL=1,FHIC Jtot=1,FHIC Btot=1,F
HIC Ks=0,FHIC Kp=0,FHIC Kv=0,FHIC fr=0,FHIC fe=0,ic_stpnt _vel old=0,ic_stpnt old=0;

float trm1=0,trm2=0,trm3=0,trm4=0);

I@@EEOEEQAEEQEEWEEWEQWEQEEQEE@QE@@@@@Functions

double saturate(double in_sgnl,double min_lim,double max_lim);

double pid_con(double p,double i,double d,double p_gain,double i_gain,double d gain);

int sgn_z(int say);

int sgn_wz(int sgn_num);

double out_to_pwm(double out_data);

//*********************color for graf

static DWORD dwColor[9]={RGB(0,0,0), //black

RGB(255,0,0), //red

RGB(0,255,0), //green

RGB(0,0,255),  //blue
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RGB(255,255,0), //yellow
RGB(255,0,255), //magenta
RGB(0,255,255), //cyan
RGB(127,127,127), //gray

RGB(255,255,255) //white

CPen pen_blk(PS_SOLID,2,dwColor[0]);
CPen pen_red(PS_SOLID,2,dwColor[1]);
CPen pen_grn(PS_SOLID,2,dwColor|[2]);
CPen pen_blu(PS_SOLID,2,dwColor[3]);
CPen pen_ylw(PS_SOLID,2,dwColor[4]);
CPen pen_mgt(PS_SOLID,2,dwColor[5]);
CPen pen_cyn(PS_SOLID,2,dwColor[6]);
CPen pen_gry(PS_SOLID,2,dwColor[7]);

CPen pen_wit(PS_SOLID,2,dwColor[8]);

T T T

/I CAboutDlg dialog used for App About

class CAboutDlg : public CDialog

public:

CAboutDIg();
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// Dialog Data

//{{AFX_DATA(CAboutDIg)

enum { IDD =1DD_ABOUTBOX };

//}}AFX_DATA

// ClassWizard generated virtual function overrides

//{{AFX_VIRTUAL(CAboutDIg)

protected:

virtual void DoDataExchange(CDataExchange* pDX); // DDX/DDV support

//}}AFX_VIRTUAL

// Implementation

protected:

//{{AFX_MSG(CAboutDlg)

//}YAFX_MSG

DECLARE_MESSAGE_MAP()

CAboutDlg::CAboutDlg() : CDialog(CAboutDlg::IDD)

//{{AFX_DATA_INIT(CAboutDIg)

//}}AFX_DATA_INIT
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void CAboutDlg::DoDataExchange(CDataExchange* pDX)

CDialog::DoDataExchange(pDX);
/I{{AFX_DATA MAP(CAboutDlg)

//}}AFX_DATA_MAP

BEGIN_MESSAGE MAP(CAboutDlg, CDialog)
/I{{AFX_MSG_MAP(CAboutDlg)
// No message handlers
/1Y AFX_MSG MAP

END MESSAGE MAP()

T T

// CSEA_mv2Dlg dialog

CSEA _mv2DIg::CSEA_mv2DIg(CWnd* pParent /*=NULL*/)

: CDialog(CSEA_mv2DIlg::IDD, pParent)

II{{AFX_DATA_INIT(CSEA_mv2Dlg)
ch_imp = TRUE;//FALSE;

ch_trq = TRUE;

ch_spd = TRUE;

m_ic_stpnt=0.0;
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m_ic d=0.251;

m_ic i=0.0;

m_ic p=2.175;

m_1 motr=0.0;

m_lod_angl =0.0;

m_lod _en=0.0;

m_lod_impdnc = 0.0;

m_lod _trq =0.0;

m_lod victy =0.0;

m_motr en = 0.0;

m_motr pwm = 0.0;

m r motr = 0.0;

m_tc_p=0.5;//0.1234;//alfa

m_tc 1= 0.5;//0.3834;//beta

m_tc_d=0.5;//0.7644;//gama

m_sc_p=0.5;//0.5079;//zeta

m_sc_i=0.5;//0.9157;//sel

m_sc d=0;

m_sc_stpnt = 0;

m_sprng_en = 0.0;

m_tc stpnt=1.0;

m cs out=0.0;

m_sl pwm = 0;
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m_pwm_frq = 1.0;

m_pc_Istpnt = 0.0;

m_pc_mstpnt = 0.0;

m_sl_amp =0;

//}}AFX_DATA_INIT

// Note that LoadIcon does not require a subsequent Destroylcon in Win32

m_hlcon = AfxGetApp()->Loadlcon(IDR_MAINFRAME);

void CSEA mv2Dlg::DoDataExchange(CDataExchange* pDX)

CDialog::DoDataExchange(pDX);

//{{AFX_DATA_MAP(CSEA mv2DIg)

DDX_Check(pDX, IDC_CHECK_IMP, ch_imp);

DDX_Check(pDX, IDC_CHECK_TRQ, ch_trq);

DDX_Check(pDX, IDC_CHECK_SPD, ch_spd);

DDX_Text(pDX, IDC_EDIT IC_STPNT, m_ic_stpnt);

DDX_Text(pDX, IDC_EDIT IC_D, m_ic_d);

DDX Text(pDX, IDC EDIT IC I, m ic i);

DDX_Text(pDX, IDC_EDIT IC_P, m_ic_p);

DDX_Text(pDX, IDC_EDIT L_MOTR, m_|_motr);

DDX Text(pDX, IDC_EDIT LOD_ANGL, m _lod angl);

DDX Text(pDX, IDC_EDIT LOD_EN, m_lod en);

DDX Text(pDX, IDC_EDIT_LOD_IMPDNC, m_lod_impdnc);
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DDX_Text(pDX, IDC_EDIT_LOD_TRQ, m_lod_trq);

DDX_Text(pDX, IDC_EDIT LOD_VLCTY, m_lod_vlcty);

DDX Text(pDX, IDC_EDIT MOTR_EN, m_motr_en);

DDX_Text(pDX, IDC_EDIT_MOTR_PWM, m_motr_pwm);

DDX Text(pDX, IDC_EDIT R MOTR, m_r motr);

DDX_Text(pDX, IDC_EDIT SC D, m sc d);

DDX_Text(pDX, IDC_EDIT_SC I, m_sc_i);

DDX Text(pDX, IDC EDIT SC P, m_sc p);

DDX Text(pDX, IDC EDIT SC STPNT, m_sc_stpnt);

DDX_Text(pDX, IDC_EDIT_SPRNG_EN, m_sprng_en);

DDX Text(pDX, IDC EDIT TC D, m tc d);

DDX_Text(pDX, IDC_EDIT TC I, m_tc_i);

DDX Text(pDX, IDC EDIT TC P, m tc p);

DDX Text(pDX, IDC_EDIT TC STPNT, m_tc_stpnt);

DDX Text(pDX, IDC_EDIT CS OUT, m_cs_out);

DDX Slider(pDX, IDC_SLIDERI1, m_sl pwm);

DDX Text(pDX, IDC_EDIT PWM_FRQ, m_pwm_frq);

DDX_Text(pDX, IDC_EDIT PC LSTPNT, m pc_lstpnt);

DDX Text(pDX, IDC_EDIT PC MSTPNT, m_pc_mstpnt);

DDX Slider(pDX, IDC_SLIDER2, m_sl _amp);

//}}AFX_DATA_MAP

BEGIN_MESSAGE_MAP(CSEA_mv2Dlg, CDialog)
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//{{AFX_MSG_MAP(CSEA mv2Dlg)

ON_WM_SYSCOMMAND()

ON_WM_PAINT()

ON_WM_QUERYDRAGICON()

ON_BN_CLICKED(IDC BUTTON3, On_Impedance)

ON_BN_CLICKED(IDC BUTTON4, On_torque)

ON_BN_CLICKED(IDC BUTTONS, On_speed)

ON_COMMAND(ID_EDIT_CONTROLCAPTURE, OnEditControlcapture)

ON_NOTIFY(NM_CUSTOMDRAW, IDC_SLIDER1, OnCustomdrawSlider1)

ON_BN CLICKED(IDC RADIO NORMAL, OnRadioNormal)

ON_BN CLICKED(IDC RADIO SQUARE, OnRadioSquare)

ON_BN_CLICKED(IDC_RADIO_SINUSOID, OnRadioSinusoid)

ON_WM_TIMER()

ON_BN_CLICKED(IDC_BUTTON_RUN_TIMER, OnButtonRunTimer)

ON_BN_CLICKED(IDC BUTTON_CNTRL, OnButtonCntrl)

ON_BN_CLICKED(IDC_BUTTON2, OnStop)

ON_NOTIFY(NM_CUSTOMDRAW, IDC_SLIDER2, OnCustomdrawSlider2)

//}}AFX_MSG _MAP

END_MESSAGE_MAP()

e

// CSEA_mv2Dlg message handlers

BOOL CSEA_mv2Dlg::OnlnitDialog()
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CDialog::OnlnitDialog();

// Add "About..." menu item to system menu.

// IDM_ABOUTBOX must be in the system command range.

ASSERT((IDM_ABOUTBOX & 0xFFF0) == IDM_ABOUTBOX);

ASSERT(IDM_ABOUTBOX < 0xF000);

CMenu* pSysMenu = GetSystemMenu(FALSE);

if (pSysMenu != NULL)

{
CString strAboutMenu;
strAboutMenu.LoadString(IDS_ ABOUTBOX);
if (!strAboutMenu.IsEmpty())
{
pSysMenu->AppendMenu(MF_SEPARATOR);
pSysMenu->AppendMenu(MF_STRING, IDM_ABOUTBOX,
strAboutMenu);
}
}

// Set the icon for this dialog. The framework does this automatically

/I when the application's main window is not a dialog
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Setlcon(m_hlcon, TRUE); // Set big icon

Setlcon(m_hlcon, FALSE); // Set small icon

// TODO: Add extra initialization here

return TRUE; // return TRUE unless you set the focus to a control

void CSEA_ _mv2Dlg::OnSysCommand(UINT nID, LPARAM IParam)

{
if (nID & 0xFFF0) = IDM_ABOUTBOX)
{
CAboutDlg dlgAbout;
dlgAbout.DoModal();
}
else
{
CDialog::OnSysCommand(nID, IParam);
}
}

// 1f you add a minimize button to your dialog, you will need the code below

/I to draw the icon. For MFC applications using the document/view model,

// this is automatically done for you by the framework.
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void CSEA_mv2Dlg::OnPaint()

if (IsIconic())

CPaintDC dc(this); // device context for painting

SendMessage(WM_ICONERASEBKGND, (WPARAM) dc.GetSafeHdc(), 0);

// Center icon in client rectangle

int cxIcon = GetSystemMetrics(SM_CXICON);

int cylcon = GetSystemMetrics(SM_CYICON);

CRect rect;

GetClientRect(&rect);

int x = (rect. Width() - cxIcon + 1) / 2;

int y = (rect.Height() - cylcon + 1) / 2;

// Draw the icon

dc.Drawlcon(x, y, m_hlcon);

else

CDialog::OnPaint();
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// ' The system calls this to obtain the cursor to display while the user drags

// the minimized window.

HCURSOR CSEA_mv2Dlg::OnQueryDraglcon()

return (HCURSOR) m_hlcon;

void CSEA mv2DIg::On_Impedance()

{
if(ch_imp==0) ch_imp=1;
else ch_imp=0;
UpdateData(false);

}

void CSEA_mv2Dlg::On_torque()

if(ch_trq==0) ch_trg=1;

else ch_trq=0;
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UpdateData(false);

void CSEA_mv2Dlg::On_speed()

if(ch_spd==0) ch_spd=1;

else ch_spd=0;

UpdateData(false);

void CSEA_mv2Dlg::OnEditControlcapture()

graf x=10;

CDC *p=GetDC();

p->Rectangle(Xrl,Yr1,Xr2,Yr2);

p->MoveTo(Xrl,Yr1+(Y12/3));

p->LineTo(Xr2,Yr1+(Yr2/3));

p->MoveTo(Xrl,Yr1+(Yr2/3)*2);

p->LineTo(Xr2,Yr1+(Yr2/3)*2);

p->SelectObject(&pen_gry);
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p->MoveTo(Xrl,Yr3);

p->LineTo(Xr2-10,Yr3);

p->MoveTo(Xrl,Yr4);

p->LineTo(Xr2-10,Yr4);

p->MoveTo(Xrl,Y15);

p->LineTo(Xr2-10,Y15);

fp=fopen("c:/RSEA_Data.csv","wt");

fputs("TlmeH fp) ///\/\/\/\/\/\/\/\/\/\/\/\/\/\A/\l

fpute(',,fp);

fputs("Motor Angle" fp);// M AANNANY

fpute(',,fp);

fputs("Motor Velocity",fp);//MAAM3

fputc(',,fp);

fputs("FHIC_X",fp);//AMArananag

fpute(','\fp);

fputs("Fch_X_du’fp);///\A/\/\/\/\/\AS

fpute(',',fp);

fputs("FHIC X dd",fp);//MAMANAAS 2

fputc ',',fp)§

fputs("Error Angle",fp);//MANAANG

fpute(’,,fp);

fputs("FHIC Xr",fp);//"""7

fpute(',fp);
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fputs("FHIC_Xr_d",fp);/""7 2

fpute(',,fp);

fputs("FHIC_Xr_dd",fp);/*"7 3

fpute(',,fp);

fputs("FHIC_fr" fpp);//AM A8

fpute(’,,fp);

fputs("FHIC _fe",fp);// M1

fpute(','\fp);

fputs("FHIC_Kp",fp)//**10

fpute(',,fp);

fputs("FHIC _Kv",fp);//*"11

fpute(',,fp);

fputs("FHIC _alfa" fp);//"11 2

fputc(',,fp);

fputs("FHIC beta",fp);//**11 3

fpute(','\fp);

fputs("FHIC gama",fp);/""*11_4

fpute(',',fp);

fputs("FHIC zeta",fp);//**11 5

fputc ',',fp)§

fputs("FHIC_SEL".fp);/*"11_6

fpute(’,,fp);

fputs("Speed controller out",fp);//12

fpute(',fp);
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fputs("PWM out",fp);//ANAAAAANT Y

fpute(',',fp);

fputs("Frequncy",fp);//MANMAAANNAT 4

fpute(,',fp);

fputs("Load torque",fp);//MAANMALS

fpute("\n',fp);

/timr_const=timr_clk;

void CSEA mv2Dlg::OnCustomdrawSlider(NMHDR* pNMHDR, LRESULT* pResult)

UpdateData(true);

// pos1_ofs=m_smalmotor;

double tp1=0;

short pval=0;

short rtn;

rtn=GT_Open();

if(radio_b==1)

tpl=(m_sl pwm);

pval=31767*(tp1/100);
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GT SetDac(1,&pval,l);

m_| motr=sgn_z(tp1-50)*(tp1-50);

m_r_motr=sgn_z(50-tp1)*(50-tp1);

m_motr_ pwm=tp1;//100*pow(tp1/10000,sin_gain/10000);

else if((radio_b==2)||(radio_b==3))

{

sI2=sl1;

sll=m_sl pwm;

m_pwm_frqg=m pwm_frq+((sl1-s12)/100);
}

if(run_system==0)

m_motr_ pwm=50;

pval=31767*(m_motr pwm/100);

GT_SetDac(1,&pval,1);

UpdateData(false);

*pResult = 0;

void CSEA mv2Dlg::OnCustomdrawSlider2(NMHDR* pNMHDR, LRESULT* pResult)
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// TODO: Add your control notification handler code here

UpdateData(true);

sin_gain=100-m_sl amp;

m_pc_mstpnt=sin_gain;

UpdateData(false);

*pResult = 0;

void CSEA_ mv2Dlg::OnRadioNormal()

{ radio_b=1; UpdateData(false); }

void CSEA_mv2Dlg::OnRadioSquare()

{ radio_b=2; UpdateData(false); }

void CSEA_mv2Dlg::OnRadioSinusoid()

{ radio_b=3; UpdateData(false); }

void CSEA_mv2Dlg::OnStop()

UpdateData(true);

double tp1=0;

short pval=0;

short rtn;

rtn=GT_Open();
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radio_b=1;

sin_pls=0;

run_system=1;

cntrl=0;

m_motr_ pwm=50;

pval=31767*(m_motr_pwm/100);

GT_SetDac(1,&pval,1);

UpdateData(false);

void CSEA_mv2Dlg::OnButtonRunTimer()//*¥# ¥kt sossssstsiorsi Timer i tsitsitss

SetTimer(1,1,NULL);

run_system=1;

short pval=0;

short rtn;

rtn=GT_Open();

rtn=GT_ZeroPos(1);// Restart Encoderl

rtn=GT_ZeroPos(2);// Restart Encoder2
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out pwm=50;

m motr en=0;

m_lod_en=0;

m_lod_angl=0.0;

m_lod_en = 0.0;

m_lod_impdnc = 0.0;

m_lod trq=0.0;

m_lod victy =0.0;

pval=31767*(out_ pwm/100);

GT _SetDac(1,&pval,1);

rtn=GT_Close();

UpdateData(false);

void CSEA_mv2Dlg::OnTimer(UINT nIDEvent)

UpdateData(true);

double enc_pos=0,enc_vel=0;

/[¥*¥*¥%*GoogolTech Open Port*## ¥k s4%

short SRTN;

double tp1=0;

short pval=0;

unsigned long sclk;

SRTN=GT_Open();
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GT_GetClock(&sclk);

timr_clk++;

I@@REOEEEEOEEEWEAEEEAQWEEE@@W@E@@@ Encoderl

Enc_1_old=m_motr_en;

GT_GetEncPos(1,&enc_pos,1);

encl_org=enc pos;

m_motr_en=(encl org/-GR_CON)*EN_ DEG;

EncVel 1 old old=EncVel 1 old;

EncVel _1_old=EncVel _1;

EncVel 1=((m_motr en-Enc 1 old)/TIME OP);

enc_org vl=EncVel 1;

EncVel 1=(EncVel 1+EncVel 1 old+EncVel 1 old old)/3;//Moving avrage filter (3)

EncAcc 1 old old=EncAcc 1 old;

EncAcc 1 old=EncAcc 1;

EncAcc_1=((EncVel_1-EncVel 1 _old)/TIME_OP);

EncAcc_1=(EncAcc_1+EncAcc 1 old+EncAcc 1 old old)/3;/Moving avrage filter (3)

@@E@EQQE@EQQAQWEEQQE@E@E@Q@E@@@@@@@ Encoder 2
Enc 2 old=m lod en;
GT_GetEncPos(2,&enc_pos,1);

enc2_org=enc_pos;
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m_lod en=enc2 org*EN DEG;

EncVel 2 old old=EncVel 2 old;

EncVel 2 old=EncVel 2;

EncVel 2=((m_lod en-Enc 2 old)/TIME_OP);

enc_org v2=EncVel 2;

EncVel 2=(EncVel 2+EncVel 2 old+EncVel 2 old old)/3;//Moving avrage filter (3)

m_lod vlcty=EncVel 2;

EncAcc_2=((EncVel 2-EncVel 2 old)/TIME_OP);

encs_er=m_motr_en-m_lod_en;

m_sprng_en=encs_er;

encl er=m pc mstpnt-m motr en;

enc2_er=m_pc_lIstpnt-m_lod en;

//m_ic_stpnt=m_lod_en-m_motr_en;//gratity

m_lod_impdnc=m_lod_en;

lod_imp_er=m_ic stpnt-m_lod impdnc;

m_lod_trq=encs_er*TRQ_COF;

lod trq er=m_tc stpnt-m_lod trq;
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FHIC_Xr=(m_ic_stpnt);

FHIC Xr d=((m_ic stpnt-ic_stpnt old)/TIME OP);

ic_stpnt_old=m_ic_stpnt;

FHIC Xr dd=((FHIC Xr d-ic_stpnt vel old)/TIME_OP);

ic_stpnt_vel old=FHIC Xr d;

FHIC X=m_lod en;

FHIC X d=EncVel 2;

FHIC_X_dd=EncAcc_2;

FHIC_alfa=m_tc_p;

FHIC beta=m_tc_i;

FHIC gama=m tc d;

FHIC zeta=m_sc p;

FHIC SEL=m sc i;

FHIC Jtot=1;

FHIC Btot=1;

FHIC_Ks=TRQ_COF;

FHIC Kp=m ic p;

FHIC Kv=m ic d;
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FHIC fr=m tc stpnt;

FHIC fe=m lod trq*4;

//******************************************** Integral

encs_int+=(encs_er*TIME_OP);//**Integre encs***

encl_intt=(encl_er*TIME_OP);//**Integre encl***

enc2_int+=(enc2_er*TIME_OP);//**Integre enc2***

lod trq int+=(lod trq er*TIME OP);//**Integre load torq***

lod_imp_int+=(lod_imp_er*TIME_OP);//**Integre load imp***

@@EEAWEQE@E@QE@@E@@@@@Radio button

if(radio_b==1)

//sin_pls=m_sl pwm,;

if((radio_b==2)||(radio_b==3))

sin_pls = sin_gain*(sin((PI*(m_pwm_frq*200))*timr_clk));

if (radio_b==2) sin_pls=sgn_wz(sin_pls)*(sin_gain-1);//Sqr pulse

sk sk et ko G QR -Sinus. Pule ok sk ekttt

if(cntrl==0)
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if(sin_pls>=0)

m_1 motr=(sin_pls/2);

m_r_motr=0;

m_motr_ pwm=50+(sin_pls/2);

if(sin_pls<0)

m_1 motr=0;

m_r_motr=(-sin_pls/2);

m_motr pwm=50-(-sin_pls/2);

[/ s st s st sk sk sk stk stk stk stk skskokokoskokoskok sk (C g tro | [er %k ok skodolk ok sokoskok kol skokok

if(entrl==1)

if((radio_b==2)||(radio_b==3))

if (ch_imp==1)

m_ic_stpnt=sin_pls;

else if(ch_trq==1)

m_tc_stpnt=sin_pls;

else if(ch_spd==1)
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m_sc_stpnt=sin_pls;

/*if(ch_imp==1)

if((encs_er>0.1)||(encs_er<-0.1))

m_sc_stpnt=pid_con(-encs_er,encs_int,enc2 _drv,10,0,0);

else if ((encs_er<=0.1)&&(encs_er>=-0.1))

m_sc_stpnt=0;

3/

//***Fractinal Hybrid Impedance Control****

if(ch_imp==1)// FHIC

if((FHIC_SEL*FHIC_Xr_dd)<0)

trm1=-1*pow((FHIC_SEL*FHIC_ Xr_dd)*-1,FHIC_alfa);

else
trm1=pow((FHIC SEL*FHIC Xr dd),FHIC alfa);
if(FHIC_SEL*FHIC_Xr d-FHIC_X_d)<0)
trm2=-1*pow((FHIC_SEL*FHIC_Xr_d-FHIC X d)*-1,FHIC_beta);
else

173



trm2=pow((FHIC_SEL*FHIC_Xr d-FHIC_X_d),FHIC_beta);

if((FHIC_SEL*FHIC_Xr-FHIC_X)<0)

trm3=-1*pow((FHIC_SEL*FHIC_Xr-FHIC X)*-1,FHIC_gama);

else

trm3=pow((FHIC SEL*FHIC_Xr-FHIC X),FHIC gama);

if((1-FHIC_SEL)<0)

trm4=-1*pow((1-FHIC SEL)*-1,FHIC zeta);

else

trm4=pow((1-FHIC SEL),FHIC zeta);

FHIC OUT=trm1+(1/FHIC Jtot)*(FHIC Kv*FHIC Btot*trm2+FHIC Kp*FHIC Ks*trm3-
trm4*FHIC fr-FHIC fe);

//m_tc_stpnt=FHIC OUT;

//m_sc_stpnt=m_tc_stpnt;

/*

if(ch_imp==1)

m_tc_stpnt=pid_con(lod_imp er,lod imp_int,enc2 drv,m ic p,-m ic im ic d);
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if(ch_trq==1)

m_sc_stpnt=pid_con(lod trq er,lod trq intenc2 drv,m tc p,m tc_im tc d);

if(ch_spd==1)

enclv_er=(m_sc stpnt-EncVel 1);

enclv_int+=(enclv_er*TIME_OP);//**Integre encl velocity ***

m_cs_out=pid _con(enclv_er,enclv_int,EncAcc 1,m sc p,m sc_im sc d);

*/

m_motr pwm=out to pwm(FHIC OUT);

m_motr pwm=saturate(m_motr pwm,1,99);

pval=31767*(m_motr_pwm/100);

GT SetDac(1,&pval,1);

I@@EEAEEQEEQEEWEEWEQAEEQEEWEE@WE@@E Graf

graf y=m_motr_en*0.5;

graf y2=m lod en*(.5;

graf y3=(encs_er)*20;

graf y4=(m_motr_pwm-50);
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/lgraf y5=(m_sin pls/3);

CDC *p=GetDC();

p->SelectObject(&pen_blu);//*********Pogition enl

p->MoveTo(graf x++,Yr3-graf y eski);

p->LineTo(graf x,(Yr3-graf y));

graf y eski=graf y;

--graf x;

p->SelectObject(&pen_red);//******** Pogition en2

p->MoveTo(graf x++,Yr3-graf y2 eski);

p->LineTo(graf x,(Yr3-graf y2));

graf y2 eski=graf y2;

--graf x;

p->SelectObject(&pen_grn);//******** Position Error

p->MoveTo(graf x++,Yr4-graf y3 eski);

p->LineTo(graf x,(Yr4-graf y3));

graf y3 eski=graf y3;

--graf x;

p->SelectObject(&pen_mgt);//******** PWM out

p->MoveTo(graf x++,Yr5-graf y4 eski);
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p->LineTo(graf x,(Yr5-graf y4));

graf y4 eski=graf y4;

if(graf x>(Xr2-10)) // Graf backgrand

graf x=Xrl;

CDC *p=GetDC();

p->Rectangle(Xrl,Yrl,Xr2,Yr2);

p->MoveTo(Xrl,Yr1+(Y12/3));

p->LineTo(Xr2,Yr1+(Yr2/3));

p->MoveTo(Xrl,Yr1+(Yr2/3)*2);

p->LineTo(Xr2,Yr1+(Y1r2/3)*2);

p->SelectObject(&pen_gry);

p->MoveTo(Xrl,Yr3);

p->LineTo(Xr2-10,Yr3);

p->MoveTo(Xrl,Yr4);

p->LineTo(Xr2-10,Yr4);

p->MoveTo(Xrl,Yr5);

p->LineTo(Xr2-10,Y15);

@@EREOREEEOREEEQWEEEQQW@@@ Save Data
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fprintf(fp,"%i",(sclk));//"1

fpute(',',fp);

fprintf(fp,"%f",;m_motr_en);//MAMAAAY

fpute(',,fp);

fprintf(fp,"%f", EncVel 1);//MAMAAMAAG

fpute(’,',fp);

fprintf(fp," %", FHIC_X);//AMAAANNG

fpute(,',fp);

fprintf(fp,"%f",FHIC_X_d);//MAMANMANS

fpute(',',fp);

fprintf(fp," %", FHIC_X_dd);// "\ MAMAAAS D

fpute(',,fp);

fprintf(fp,"%f" encs_er);//MAMAMAAAAG

fpute(’,',fp);

fprintf(fp’”%f\v ’FHIC_XI.);///\/\/\A/\/\/\/\7

fpute(,',fp);

fprintf(fp,"%f",FHIC Xr_d);//MAAMAT D

fpute(',',fp);

fprintf(fp,"%f",FHIC Xr dd);//MMAAAT 3

fpute(,',fp);

fprintf(fp," %", FHIC_fr);//MMAMAG

fpute(’,',fp);

fprintf(fp,"%f",FHIC_fe);//MAAMAG

fpute(,',fp);
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fprintf(fp,"%f",FHIC_Kp);// M A0

fpute(',,fp);

fprintf(fp," %", FHIC_Kv);// MM

fpute(',,fp);

fprintf(fp," %", FHIC alfa);// " A2

fpute(’,,fp);

fprintf(fp,"%f",FHIC_beta);//M 11 3

fpute(,',fp);

fprintf(fp,"%f",FHIC gama);/" " M11_4

fpute(',,fp);

fprintf(fp,"%f",FHIC zeta);//""* 11 5

fpute(',,fp);

fprintf(fp,"%f",FHIC_SEL);//"M" 11 6

fputc(',,fp);

fprintf(fp,"%f",m_cs_out);//AMAANMANLD

fpute(,',fp);

fprintf(fp,"%f",m_motr pwm);//AAMAAL3

fpute(',',fp);

fprintf(fp,"%f",m_pwm_frq);// A4

fpute(,',fp);

fprintf(fp,"%f",;m_lod_trq);// M MAMALS

fpute("\n',fp);

@@EEAWEQAEEAEEQWEEWEQWEAWEQ
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UpdateData(false);

CDialog::OnTimer(nIDEvent);

void CSEA_mv2Dlg::OnButtonCntrl()

if (entrl==0) cntrl=1;
else

cntrl=0;

/@@@@Q@Q@Q@@@QHHHHHHHH######H##HH### MIF Functions

@@EEOREQEEQEEQWE@QWE@@@@@ SGN Function

int sgn_wz(int sgn_num)

if(sgn_num>=0) return 1;

else if(sgn_num<0) return -1;

int sgn_z(int z_num)

if(z_num>0) return 1;
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if(z num<=0) return 0;

@@EROEEEQOEEEQQEEE@@W@E@@E Saturation Function

double saturate(double in_sgnl,double min_lim,double max_lim)

{
if (in_sgnl<min_lim)
return min_lim;
else if(in_sgnl>max_lim)
return max_lim;
else return in_sgnl;
}

@@EEEAWEQEEQEE@QWEE@@WE@@@@@ PID Controller

double pid_con(double p,double i,double d,double p_gain,double i_gain,double d_gain)

return ((p_gain*p)+(d_gain*d)+(i_gain*i));

@@EEEOEEQEEQEQWE@WE@@@@@ PWM MOTOR out

double out_to pwm(double out data)

return (50+out_data);

181



Appendix-B

The Matlab .m codes used to the FHIC of the RSEA is given in this section.

rsea.shaftRadii =1; % cm
rsea.pinionShaft = 7.5; % cm
fuz2=readfis ("fuz2");

% load('data body(tim hip knee anle) .mat')
% tim=data body(:,1);

% hip=data body(:,2);

% knee=data body(:,3);

% ankle=data body(:,4);

% ****data*****************

% tim=sin data(:,1);

% f pls=sin data(:,2);

% f HIC=sin data(:,3);

% f FHIC=sin data(:,4);

% f AFHIC=sin data(:,5);

% p_pls=sin data(:,6);

% p HIC=sin data(:,7);

% p FHIC=sin data(:,8);

% p_AFHIC=sin data(:,9);

FHC s=1;

FHC Alfa x=0.21;

FHC Beta x=0.2;

FHC Gama x=0.51;

FHC Alfa f=0.21;

FHC Beta f=0.20;

FHC Gama f=0.51;

FHC_Fd=1;
FHC Md=1;
FHC Kd=1;
FHC Bd=1;
FHC I=1;

FHC Kpp=0.4403;
FHC Kvp=0.1524;
FHC Kpf=0.4403;
FHC Kvf=0.1524;

oe

FHC_S=0.5;

FHC Alfa=0.3234;
FHC Beta=0.3834;
FHC Gama=0.5644;
FHC Zeta=0.1079;
FHC_Fd=79.2302;
FHC_Md=93.8535;
FHC_Kd= 64.6219;
FHC Bd=19.6451;
FHC_1=15.224

o o® o° o° o° d° o oo
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ESSS>S>>>>>>>>>>>>RSEA parameter >>>>>>>>>>>>
Ks =64.251;

N=60.333;

Jxm=0.000017; Jxw=0.000623; Ix=JIxm+JIxXW;
Jys=0.00002; Jyw=0.000032; Jy=Jys+Jyw;
SJtot=Jy+N"2*Jx;

Bxm=0.00005; Bx=Bxm;
Byw=0.012; By=Byw;
Btot=By+N"2*Bx;

Jtot=2.3208;
%Btot=0.183;

BJ=Btot/Jtot;
KJ=Ks/Jtot;
KJ2=Ks/Jtot"2;

Cff = 0.28;

’

tim=datal(:,1
pwm=datal (:,2
teta=datal (:,
vel=datal(:,4
trgm=datal (:,
trg=datal(:,6

)

) ;
3);
) ;
5);
)

’

clc
close all
clear all
%% ACO paramters
n _iter=30; %number of iteration
NA=10; % Number of Ants
alpha=0.8; % alpha
beta=0.2; % beta
roh=0.7; % Evaporation rate
n param=3; % Number of paramters
LB=(0.01) .*ones (1,27); % lower bound
UB=30.*ones (1,27); % upper bound
n node=10000; % number of nodes for each param
cost best prev=inf;
%% Generating Nodes
T=ones (n_node,n param) .*eps; % Phormone Matrix
dT=zeros (n_node,n param); % Change of Phormone
for i=1:n param

Nodes (:,1) =linspace(LB(i),UB(i),n node); %
equal spaced points
end
%% Iteration loop
for iter=1l:n iter

for tour i=l:n param

Node generation at

,tour 1))

prob (:,tour i)= (T(:,tour 1) ."alpha) L *
((1./Nodes (:,tour_i)) ."beta);
prob(:,tour_i):prob(:,tour_i)./sum(prob(:
end
for A=1:NA
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for tour i=l:n param
node sel=rand;
node ind=1;
prob sum=0;
for j=1:n node
prob sum=prob_ sum+prob (j,tour 1i);
if prob sum>=node sel
node ind=j;

break
end

end

ant (A, tour_i)=node ind;
end
cost (A)=cost_ func (Nodes (ant (A, :)),0);
clc
disp(['Ant number: ' num2str(A)])
disp(['Ant Cost: ' num2str(cost(A))])
disp(['Ant Paramters: ' num2str (Nodes(ant(A,:)))])
if iter~=1
disp(['iteration: ' num2str(iter)])
disp (' ")
disp(['Best cost: ' num2str(cost best)])
disp(['Best paramters:

num2str (Nodes (ant (cost best ind, :)))])

end

end
[cost best,cost best ind]=min(cost);

% Elitsem

if (cost _best>cost best prev) && (iter~=1)
[cost worst,cost worst ind]=max (cost);
ant (cost_worst ind, :)=best prev_ ant;
cost best=cost best prev;
cost best ind=cost worst ind;

else
cost best prev=cost best;
best prev ant=ant (cost best ind, :)

end
dT=zeros (n_node,n param); % Change of Phormone
for tour i=l:n param

for A=1:NA

dT(ant(A,tour_i),tour_i):dT(ant(A,tour_i),tour_i)+cost_best/cost(A);
end
end

T= roh.*T + dT;

%% Plots , this section will not effect the algorithem

$ you can remove it to speed up the run
cost mat (iter)=cost best;
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figure (1)

plot (cost mat)

figure (2)

cost func (Nodes (ant (cost best ind,:)),1);

param mat (iter, :)=Nodes (ant (cost best ind, :));
save ('ACO data.mat', 'cost mat', 'param mat')
drawnow

end

function cost value=cost func(k,plotfig)

assignin('base', 'P',k(1))
assignin('base', 'I',k(2))
assignin('base', 'D',k(3))

sim('RSEA model control.slx')

err=reference-output;

[n,~]=size (err);

cost value=0;

for i=1:n

% cost value=cost value+(err(i))"2 ; $ ISE
cost value=cost valuetabs(err(i)); % IAE

cost value=cost value+t (i) *abs(err(i)); $ ITAE
cost value=cost value+t (i) * (err(i))"2; % MSE

\

o©

oe

end
% cost value=cost value/t(n); % MSE

if plotfig
figure (3)
plot (t, reference, t,output)
end

end
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