
Doctoral Thesis in Computer Science (Robotics and Control)

About Physical Human Robotic  
Interaction for Assistive Exoskeletons
NAUMAN MASUD

Stockholm, Sweden 2021

kth royal institute 
of technology



About Physical Human Robotic  
Interaction for Assistive Exoskeletons
NAUMAN MASUD

 
 
Doctoral Thesis in Computer Science (Robotics and Control)
KTH Royal Institute of Technology
Stockholm, Sweden 2021

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,  
is submitted for public defence for the Degree of Doctor of Philosophy on Wednesday the 20th 
October 2021, at 1:00 p.m. in 13:302, Kungsbäckvägen 47, SE-80176, Sweden.



© Nauman Masud
 
ISBN 978-91-7873-990-5
TRITA-EECS-AVL-2021:58 
 
Printed by: Universitetsservice US-AB, Sweden 2021



i

Abstract

The thesis work has contributed to the field of assistive robotics. The physical
interaction between the exoskeleton and human has been studied by consider-
ing performance both at the joint as well as task space level of the exoskeleton.
For ensuring safe and enhancing physical human interactions for elderly per-
sons, special consideration has been given to problems due to the weight and
number of actuators of the exoskeleton. Specific scenarios have been formu-
lated to investigate fundamental requirements and where innovations have
been developed for originality and academic content after the initial phases
of the investigations.

Research on the lower active degree of freedom serial robotic manipula-
tors has hence gained importance from the perspective of developing assistive
exoskeletons that are light and can provide effective assistance to the user
despite being less dexterous as compared to the high degree of freedom coun-
terparts. Control methodologies have been investigated and developed for low
active degree of freedom exoskeleton that can ensure stable and safe human
interaction. With this focus in mind, a specific strategy has been proposed
to compensate the nonlinear dynamics of the human exoskeleton system at
the joint level. Furthermore, active compliance through impedance control in
conjunction with passive compliance has been proposed to provide safe human
interaction. The interactive human-machine-impedance-loop with a human
as a dynamic environment (which contrasts with the existing approaches) and
exoskeleton as a controlled impedance has also been investigated for stabil-
ity and performance. This, in turn, has provided the sound-realistic basis
for the development of cascaded strategies to ensure safe interaction between
human and the exoskeleton. A Hybrid switching control strategy has also
been developed to simultaneously improve the load torque compensation per-
formance as well as the stability of the human-exoskeleton system in case
of actuator saturation. Methodology for proper selection of joint actuators
along with framework for finding the desired assistive forces based on the ac-
tual end user group data have also been developed. A distributive controller
area network based control architecture has also been proposed for a lower-
body exoskeleton. Lower and upper body exoskeleton test rigs and prototypes
along with the associated hardware have been developed in tandem to verify
the proposed strategies both at the joint and task space level. A new control
strategy capable of imparting simultaneous impedance-based force tracking
control for both the compliant contact supports of the lower-body exoskele-
ton(in task-space) using DOB-based-DLTC (at joint-space) has also has also
been proposed.

Keywords: pHRI, Assistive exoskeleton, Design, Control, Assistive devices
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Sammanfattning

Avhandlingen handlar om omr̊adet för assisterande robotik. Den fysiska in-
teraktionen mellan s̊a kallade exoskelett och människa har studerats genom
att titta p̊a prestanda kring exoskelettets leder (knutpunkter) men ocks̊a p̊a
mängden möjliga arbetsuppgifter. För att säkerställa säkerhet och förbättra
interaktionen mellan äldre personer och robot har särskild hänsyn tagits till
vikt och antalet manöverdon i exoskelettet. Under de första faserna av arbetet
har specifika scenarier formulerats för att undersöka grundläggande krav, för
att sedan utveckla akademiskt innovativa förslag till förbättringar. Det har va-
rit av betydelse att först studera seriella försök med lägre frihetsgrader för att
utveckla exoskelett som är lätta och som kan ge effektiv hjälp till användaren,
trots den lägre komplexiteten jämfört med högre frihetsgrader. Validerings-
metodiker har utvecklats och studerats vid fall för l̊ag aktiv frihetsgrad, för
att säkerställa exoskelett som är stabila och tillförlitliga vid mänsklig inter-
aktion. Under ovanst̊aende fokus har en specifik strategi föreslagits för att
kompensera den icke-linjära dynamiken i det gemensamma systemet robot-
människa. Dessutom har impedanskontroll föreslagits vid aktiv funktionalitet
tillsammans med passiv funktionalitet för att tillhandah̊alla säker interaktion
mellan människa-robot. Under föresatsen att människan är en dynamisk miljö
(till skillnad jämfört med befintliga metoder) har en interaktiv impedans-
loop mellan människa och ett impedansstyrt exoskelett studerats. Detta har
i sin tur gett en god bas för utveckling av ett kaskad-tänkande för att kun-
na säkerställa säkerheten kring interaktion mellan människa och exoskelett.
En reglerstrategi för att förbättra s̊aväl prestanda och stabilitet som lastkom-
pensering av exoskelett vid ställdonsmättnad har utvecklats. Ett ramverk och
metod för att välja ställdon med de önskade assisterande krafterna baserat
p̊a användardata för respektive användargrupp har ocks̊a utvecklats. En dis-
tribuerad nätverksbaserad reglerarkitektur har föreslagits för underkroppens
exoskelett. Testriggar och prototyper för exoskeleton i under- och överkroppen
tillsammans med den tillhörande h̊ardvara har utvecklats tillsammans för att
verifiera de föreslagna strategierna kring exoskelltetts leder, dvs. knutpunk-
ter . En ny kontrollstrategi som kan ge samtidig impedansbaserad kontroll av
styrning av kraften för b̊ade exoskelettets kompatibla kontaktstöd (i uppgifts-
utrymme) med DOB-baserad-DLTC (vid led-utrymme) har ocks̊a utvecklats.
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Chapter 1

Introduction

1.1 Background

Ageing affects both individuals and society as a whole, and age-related issues are
becoming increasingly more pertinent as global population ageing predictions be-
come a reality. At an individual level, degradation in personal mobility/handling
capabilities due to reduced normal daily living activities can hence lead to loss of
independence, decreased engagement in the community, and reductions in quality
of life. According to a recent United Nations study [1], there are approximately
810 million persons aged 60 years or above with the percentages in Europe and
Asia of 20% and 11% respectively. Furthermore, future projections indicate global
elderly population rise of 10% - 20% by 2050 with an overall elderly population
estimate of about 2 billion [2]. European projections provide even more worrying
statistics where the rise in elderly population is estimated to be 30% by 2060 in
EU27 region, resulting in enormous strains on health care resources [3]. Reducing
the need for personal care support for elderly is therefore essential if the countries
are to manage this huge societal issue.

Research shows that the personal-functional ability is very essential for main-
taining good quality of life [4]. The global statistics above indicate growing chal-
lenges in providing personal healthcare, thereby forcing the need to develop af-
fordable and effective assistive solutions to supplement older adults’ diminishing
functional capacity. Thus, enabling them to remain active in their own homes
by facilitating their independence and social participation. What this equates
to is that elderly should be able to perform essential daily living tasks without
personal care support. For most of these activities, personal mobility is essential
but, under normal ageing, this degrades, and some physical assistance is usually
needed as things get unmanageable. One strategy being pursued is how self-help
can be provided to the growing elderly population so as to enable them to live
independently for as long as possible and with a good quality of life. Therefore,
assistive living technologies have a huge socio- techno problem to solve; as the
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6 CHAPTER 1. INTRODUCTION

scenario is getting tougher due to the rise in care costs and fiscal crisis.

Exoskeletons offer potential solutions in this regard and therefore are widely
felt to be one of the key solutions in providing the necessary physical assistance to
the elderly for performing their daily tasks. The primary efforts in the past have
been around developing rehabilitation-exoskeletons focusing on restoring lost mo-
bility of persons due to accidents such as spinal cord injury [5, 6] or around the
power-exoskeletons to assist the soldiers and industrial workers in lifting heavy
loads. The need to develop assistive devices to assist the elderly in their daily ac-
tivities has recently driven strong, active research in the field of assistive robotic
exoskeletons [7–9]. An assistive exoskeleton, in contrast to rehabilitation exoskele-
ton, has to be worn by the user; therefore, its weight is of prime consideration.
Despite the development in actuator technology in recent years, actuators still re-
main the largest contributors to the overall weight of the exoskeleton (more than
50%) [7]. Lower weight, therefore, implies a lower actuator count with lighter and
hence low power actuators, which in turn implies a lower active degree of freedom
(LADOF) for the exoskeleton. A number of upper-limb exoskeletons with a high
active degree of freedom (ADOF) such as 6-ADOF and above have been devel-
oped [7, 8, 10–14], but are generally designed for rehabilitation applications and
are fixed and not meant to be carried by humans because of their considerable
weight. On the other hand, low active degree of freedom exoskeletons (ADOF
less than 6) also exist but are limited in either assisting the human along all the
task-space direction at the point of contact [15–17], or they are cumbersome like
ARMMin-III [18, 19]. Research in the LADOF robotic manipulators has hence
gained importance from the perspective of developing assistive devices, which are
light and can provide adequate assistance to the user in performing their normal
daily activities in spite of being less dexterous as compared to the high degree of
freedom exoskeletons [20,21].

The exoskeleton design involves a complex task of integrating the robotic and
desire human movements to result in seamless overall motion. Since human is in-
timately attached to the exoskeleton at the contact supports, safe physical human
robotic interaction (pHRI) is of prime concern for assistive devices. Safe-pHRI
for the assistive exoskeleton desires lower undesired interactive forces between
the human and the exoskeleton at the contact supports. Ideally, with no assis-
tance provided to the human-arm, exoskeleton should not offer any resistance to
the human movement, i.e., it should be purely transparent to the human with
zero interactive force at the contact points. This in turn implies that all the
undesired interactive forces arising due to uncertain nonlinear dynamics of both
the exoskeleton and the human are fully compensated. For LADOF assistive
exoskeletons with limited power actuators, reducing these undesired interactive
force to improve the pHRI performance is quite a challenge.
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1.2 Thesis contribution

Assistive exoskeletons are to be worn by the elderly; therefore, their weight is
of prime importance. Actuators of the exoskeleton are still one of the biggest
contributors to the net weight of the exoskeleton [7]. Therefore, using a lower
number of actuators with lower weight and hence lower power and gear-ratio is
very much desired. But this must be done in a way so that the overall functionality
and the physical human-robotic interaction performance of the exoskeleton is not
affected.

The thesis at hand tries to address the problem of reduced pHRI performance
for robotic assistive exoskeletons primarily because of limitation on the allowed
weight of the exoskeleton which in turn translates into lower actuator count, lower
power and lower gear-ratio for the joint actuators. Lower power in sequence im-
plies lower bandwidth and saturation limits while lower gear-ratio implies larger
output disturbance at the output of the actuator due to lower attenuation of load-
torque. Three main challenges have been identified in this regard (as discussed
in detail in Section 2.2). Two of them are the joint-space level and one is at the
task-space level of the robotic exoskeleton. The main contribution of the thesis is
in finding solution to these challenges in order to improve the pHRI performance
of the low active degree of freedom assistive exoskeletons. An abstract descrip-
tion of the contributions made to address the associated challenges are as follows:-

Proposed solution to uncertain coupled human-exoskeleton dynamics
(at joint-space level)
In assistive robotics applications, the human limb is attached intimately to the
robotic exoskeleton. The coupled dynamics of the human-exoskeleton system are
highly nonlinear and uncertain and effectively appear as uncertain load-torques
at the joint actuators of the exoskeleton. This uncertainty makes the applica-
tion of standard computed torque techniques quite challenging. Furthermore, the
need for safe human interaction severely limits the gear ratio of the actuators.
The uncertain joint load-torques cannot be ignored with small gear ratios and
need to be effectively compensated. A novel disturbance observer-based dynamic
load-torque compensator is proposed in Paper A and analyzed for the current-
controlled DC-drive actuators of the exoskeleton to effectively compensate the
said, uncertain load-torques at the joint level. A feedforward dynamic load-torque
compensator is proposed in Paper A, based on the higher order dynamic model
of the current controlled DC-drive. The dynamic load-torque compensator-based
current-controlled DC-drive is then combined with a tailored feedback distur-
bance observer to improve further the compensation performance in the presence
of drive parametric uncertainty. The proposed compensator structure proposed
in Paper A is shown both theoretically and practically to give significantly im-
proved performance w.r.t disturbance observer compensator alone and classical
static load-torque compensator, for rated load-torque frequencies up to 1.6 Hz,
which is a typical joint frequency bound for normal daily activities for elderly. It
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is also shown theoretically that the proposed compensator achieves the improved
performance with comparable reference current requirement for the current con-
trolled DC-drive. The thesis author’s overall contribution regarding the above-
proposed solution is more than 95%. He is also the first author and drafted the
original manuscript of Paper A.

Proposed solution to limited active compliance performance
(at task-space level)
The active-compliance performance of the exoskeleton at the task space is severely
affected by the limited power actuators with limited bandwidth [22]. Therefore, to
improve the exoskeleton’s active-compliance performance, a novel control strat-
egy is suggested in Paper B for the low active degree of freedom exoskeletons
by combining proposed mechanically decoupled passive-compliant arm-supports
with active compliance to achieve an improved and safer physical-human-robotic-
interaction performance while considering the practical limitations of low-power
actuators. The approach is further improved with a novel vectoral-form of distur-
bance observer-based dynamic load-torque compensator at the joint-space level,
based on the work done in Paper A, to linearize and decouple the nonlinear
human-machine dynamics effectively. The design of a four-degree of freedom ex-
oskeleton test-rig that can assure the implementation of the proposed strategy is
also presented in Paper B. It is shown through simulation and experimentation
in Paper B that the use of the proposed strategy results in an improved and safer
physical human-robotic interaction, for the exoskeletons using limited-power ac-
tuators. It is also shown both through simulation and experimentation that the
proposed vectoral-form of disturbance-based dynamic load-toque compensator
effectively outperforms the other traditional compensators in compensating the
load-torques at the joints of the exoskeleton. The thesis author’s overall contri-
bution regarding the above-proposed solution is more than 92%. He is also the
first author and drafted the original manuscript of Paper B.

Proposed solution to conflicting bandwidth requirement for compen-
sated actuators (at joint-space level)
A disturbance observer-based-dynamic load-torque compensator for current-controlled
DC drive has been proposed in Paper A to effectively linearize and decouple the
coupled nonlinear dynamics of the human-exoskeleton system by compensating
the associated nonlinear load-torques of the exoskeleton at the joint-space level.
A detailed analysis of the current controlled DC drive-servo system using the said
compensator concerning performance and stability is then presented in Paper C,
highlighting the key factors and considerations affecting both the stability and
performance of the compensated servo system. It is shown both theoretically and
through simulation results in Paper C that the stability of the compensated servo
system is compromised as performance is increased and vice-versa. Based on the
saturation state of the servo system, a new hybrid switching control strategy is
then proposed in Paper C to select stability or performance-based compensator
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and controller optimally. The strategy is then experimentally verified both at the
joint and task space level by using the developed four active-degree of freedom
exoskeleton test rig. The thesis author’s overall contribution regarding the above-
proposed solution is more than 93%. He is also the first author and drafted the
original manuscript of Paper C.

Exoskeleton prototypes
To practically verify and compare the performance of the proposed techniques
two lower-body assistive exoskeleton prototypes have also been designed. A lower-
body exoskeleton with rigid contact supports was initially designed using classical
pattern-based control methodology to evaluate and gauge the physical human-
robotic interactions performance using the classical methods and approaches. The
design detail of the exoskeleton is presented in Paper D. The overall thesis author’s
contribution regarding design and realization of the above-mentioned exoskeleton
prototype is 40%. Effective practical implementation of techniques proposed in
Paper A, Paper B, and Paper C require special hardware and software design
considerations for their implementation. Therefore, based on the findings from
the first prototype and the design requirements a second exoskeleton prototype
was then designed with passive-compliant supports. The detailed design of the
proposed lower-body exoskeleton is presented in Paper E to support the appli-
cation of the developed techniques so as to improve the physical human-robotic
interaction performance of the exoskeleton. The design presented in Paper E
includes the exoskeleton’s structural design, new joint assemblies design, and the
design of novel 3-D passive-compliant supports. A methodology for selecting
and verifying the joint-actuators based on human joint torque requirements and
the degree of assistance is also thoroughly presented in Paper E. A new CAN-
based master-slave control architecture capable of supporting the implementation
of recent desired techniques for improved physical human-robotic interaction is
also fully presented. A new control strategy capable of imparting simultaneous
impedance-based force tracking control of the exoskeleton (in task-space) while
using DOB-based-DLTC at (joint-space) is also thoroughly presented. Results
justifying the use of proposed passive-compliant supports in combination with
DOB-based-DLTC for assistive exoskeletons while employing the proposed strat-
egy are lastly presented. The overall thesis author’s contribution regarding design,
control, and realization of the above-mentioned exoskeleton-prototypes is more
than 90%. He is also the first author and drafted the original manuscript of Paper
E.

1.3 Thesis outline

The problem statement regarding pHRI performance for LADOF exoskeletons
and the details of identified key challenges is presented in Chapter 2. Proposed
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solutions to the identified key challenges are presented in Chapter 3 as detailed
summaries. A proposed solution to the first key challenge regarding uncertain
coupled nonlinear human-exoskeleton dynamics is presented in Section 3.1 as a
detailed summary of Paper A. Proposed solution to the second key challenge
regarding limited compliance performance of assistive exoskeleton is presented in
Section 3.2 as a detailed summary of Paper B. Detail summary of Paper C is
presented in Section 3.3 as a proposed solution to third key challenge regarding
conflicting bandwidth requirements for compensated actuators. The design of
a basic lower-body exoskeleton using rigid contact is presented in Section 3.4
as a summary of Paper D. The design of an advanced lower-body exoskeleton
employing passive-compliant supports and capable of implementing the developed
techniques in Paper A, Paper B, and Paper C is presented in Section 3.5 as a
summary of Paper E. Finally conclusion and future challenges are presented in
Chapter 4.1.



Chapter 2

About pHRI for assistive
exoskeletons

2.1 Problem statement

Assistive exoskeletons have to be worn by the user; therefore, their weight is of
prime consideration. This hence limits the size and number of the joint actuators
to be used. This limitation in weight and size, in turn, limits the power and
bandwidth of the joint-actuators, which strongly affects the tracking performance
of the actuators. Where as the limited size of the gear-head cause poor load-torque
compensation performance of the actuator. This causes undesired interactive-
force to be produced at the exoskeleton’s end-effector supports, resulting in poor
physical-human robot interaction (pHRI) performance, as illustrated in Figure
2.1. On the other hand, limited actuator count implies a lower active degree of
freedom (LADOF) for the exoskeleton, i.e., the degree of freedom (DOF) along
which the exoskeleton can assist the human-limb is reduced. A low active degree
of freedom (LADOF) exoskeleton is not only a requirement for reduced weight
but also for a longer battery life of the mobile assistive exoskeleton devices. It is
therefore desired that both the design and control methodologies be investigated
and analyzed for LADOF exoskeletons, which can not only assist the human
in the same way as their higher DOF counterparts but also ensure stable, safe
and harmonious physical-human robot interaction pHRI. These techniques need
to be investigated and analyzed at the joint-space and task-space level while
considering the limitations imposed on the number, power, and bandwidth of
LADOF exoskeleton actuators, as illustrated in Figure 2.2. Proper experimental
platforms then need to be developed in tandem to validate the proposed strategies.

11
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Figure 2.1: Effect of actuator limitation on pHRI of an assistive exoskeleton.

2.2 Challenges

To achieve the overall research objective as outlined in Section 2.1 three main chal-
lenges are identified to improve the pHRI performance of the LADOF-exoskeletons.
Two of the challenges are at the joint space level, while one is at the exoskele-
ton’s task space level,as shown and illustrated in Figure 2.2. These challenges are
discussed in detail as follows.

2.2.1 Uncertain coupled human-exoskeleton dynamics

Human-exoskeleton coupled dynamics is a key consideration in developing and
realizing effective control methodologies for the needed body-worn devices. The
human limb is mostly physically attached to an exoskeleton at the point of sup-
port. Human non-linear-dynamics is, therefore, coupled with the dynamics of the
exoskeleton at the point of interaction (contact), as pointed out by Hogan and
Colgate [23,24]. The dynamics of human limbs are not only non-linear but uncer-
tain as well, as humans tend to change their dynamics rapidly while performing
their daily tasks [25–28]. Furthermore, the dynamics of the exoskeleton (which
are essentially the dynamics of a serial manipulator) are also very non-linear and
generally have some associated uncertainty [29, 30]. Therefore, this uncertainty
in human-dynamics, coupled with the uncertainty of the exoskeleton-dynamics,
makes the human-exoskeleton a highly non-linear and uncertain system. Fur-
thermore, any uncertainty in exoskeleton kinematics and misalignment of the
joint axis between the human and the exoskeleton adds to the uncertainty of
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Figure 2.2: Problem statement along with key challenges regarding the pHRI per-
formance of LADOF exoskeletons due to actuator limitations.

these joint load-torques. This coupled uncertainty in joint load torques through
different sources is illustrated in Figure 2.3.

DC-drives are generally selected as the joint actuators for the assistive ex-
oskeletons for their high controllability, efficiency, and range of motion [31–33].
High-performance exoskeletons for effective assistance require actuators with high
torque at considerably high speeds [34]. This torque-speed requirement should
be met with minimum possible weight, backlash, and friction. Furthermore, to
ensure human safety, the exoskeleton joints need to be back drivable with low
reflected inertia [35, 36]. All these requirements, in turn, require the gear ratio
of the joint actuators to be small. Therefore, for exoskeletons with small gear
ratios, the effect of load-torques containing the uncertain human dynamics on
the actuator motors cannot be ignored. The standard computed torque control
techniques for robotic manipulators [37–39], which inherently rely on an accu-
rate inverse-dynamic model of the system, can therefore not be used for task
space control of lower gear ratio exoskeleton systems. The coupled dynamics
of the human-exoskeleton system effectively appear as uncertain load-torques at
the joint actuators of the exoskeleton to deteriorate their tracking performance.
This hence deteriorates both the stability as well as the performance of pHRI
at the end-effector supports of the assistive device. The human-exoskeleton sys-
tem’s coupled dynamics effectively appear as uncertain load-torques at the joint
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Figure 2.3: Illustration of coupled uncertainty in joint load torques.

actuators of the exoskeleton to deteriorate their tracking performance. Hence,
this deteriorates both the stability and the performance of pHRI at the end-
effector supports of the assistive device. The limitations of current techniques
for the LADOF exoskeletons using limited power actuators, as discussed above,
are shown graphically in Figure 2.4. Therefore, in order to improve the pHRI

Figure 2.4: Limitations of state-of-the-art techniques due to limited power actua-
tors.
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stability and performance and to effectively linearize the dynamics of the human-
exoskeleton system, it is very much desired that proper techniques and methods
be investigated and analyzed to adequately compensate the uncertain-nonlinear
load-torque at each active joint of the exoskeleton.

A practically feasible solution in this regard has been suggested in Paper A
(with summary in Section 3.1). Where it is suggested to first sense the load torque
for all the exoskeleton’s active joints and then to use a novel DOB-based-DLTC
to effectively compensate this uncertain joint load-torque for linearizing and de-
coupling the human-exoskeleton system dynamics effectively; this, in turn, results
in improved joints space performance of the LADOF exoskeleton in terms of re-
duced joint ripple and better position/velocity tracking. The associated problems
and the proposed solution for better joint load torque compensation is illustrated
graphically in Figure 2.5. The proposed compensator structure is analyzed in
detail in Paper A and is shown both theoretically and practically to give sig-
nificantly improved performance w.r.t classical static load-torque compensator,
for rated load-torque frequencies up to 1.6 Hz, which is a typical joint frequency
bound for normal daily activities for elderly.

Figure 2.5: Proposed solution for better load-torque compensation.

2.2.2 Limited active compliance performance

The limited power actuators used in wearable exoskeletons suffer from high impedance
due to the reflected moment of inertia and low force tracking bandwidth. There-
fore, these actuators act as poor force sources and hence are not safe to be used
in pHRI based assistive applications as such [40,41]. The limitation of actuators
as a poor source of force can be mitigated by using rotary series elastic actua-
tors (RSEAs) [42–44]. The RSEAs are generally used under active force feedback
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control at the joint level. The serial compliant element in the RSEAs can ef-
fectively decouple the actuator’s dynamics from that of the load, allowing for
much better control of the actuator [35]. In exoskeleton applications, where the
exoskeleton acts as a serial manipulator, RSEAs have their limitations. Firstly,
the joint stiffness of the RSEAs cannot be increased beyond the stiffness of the
series compliant spring without compromising the passive stability of the respec-
tive RSEA [35]. Secondly, the exoskeleton’s reflected mass could severely limit
the achievable bandwidth of the RSEAs [35]. Lastly, controlling the impedance
of the RSEAs as in [35, 45] at each joint does not straightforwardly imply con-
trolling the end-point task-space impedance of the exoskeleton. Though this can
be done but would require additional complex control structures, therefore, safe
end-point pHRI performance cannot be assured by RSEAs alone at the joint-level.
The task-space pHRI, on the other hand, can also be made safe by the use of ac-

Figure 2.6: Limitations and benefits of different techniques in reducing apparent
impedance of the exoskeleton due to limited power joint actuators.

tive compliance techniques such as impedance control [24, 46]. Impedance-based
control [47], has extensively been applied in the field of serial robotics, especially
for ensuring safe-pHRI in industrial applications [48–50]. Assistive exoskeletons
have also recently seen the implementation of impedance-based control strategies
to ensure intrinsically safe human-exoskeleton interactions [51–55]. Limitations
of the above-mentioned different techniques in reducing the apparent impedance
of the exoskeleton are shown graphically in Figure 2.6.

Active compliance techniques are adaptive, and the impedance of the device
can easily be changed online, which is a very desirable feature for assistive devices.
Nonetheless, as shown in [22] and in Figure 2.7 because of the rigid off-the-shelf
force sensors, along with the high structural rigidity of the exoskeleton mechanical
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structure, the high pHRI performance of the exoskeleton requires low undesired
interactive forces and hence low desired impedance values for the contact support.
This therefore demands large reference task-space and hence in-turn large joint
space reference values to be tracked. Due to actuator limitations, these reference
quantities cannot be properly tracked. Therefore, it is quite challenging for the
exoskeleton system using low-power actuators (with limited bandwidth) to impose
the desired value of low impedance. This can then cause stability issues and hence,
an unsafe-pHRI. It is therefore desired that new design and control methodologies

Figure 2.7: Active compliance limitation due to limited power actuators for
LADOF-exoskeletons.

be investigated and analyzed at the task-space level to allow a better realization
of active-compliance techniques for the LADOF-exoskeletons. These techniques
should be so developed so that they could work in tandem with the techniques
developed for effective load-torque compensation at the joint-space level in Paper
A, so as to improve the overall pHRI performance of the LADOF-exoskeleton. To
achieve the above objectives and to practically improve the pHRI of the assistive
exoskeleton a novel control strategy has been suggested in Paper B (with summary
in Section 3.2. Where mechanically decoupled passive-compliance of the arm-
supports is combined with active compliance, to effectively reduce the reference
task-space and in turn the reference joint space values. This combined with DOB-
based-DLTC strategy, proposed in Paper A results in an improved and safer pHRI
performance, while considering the practical limitations of low-power actuators.
The proposed strategy is illustrated graphically in Figure 2.8. The design of a
4-ADOF exoskeleton test-rig that can assure the implementation of the proposed
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Figure 2.8: Proposed solution to limited active-compliance performance of LADOF-
exoskeletons.

strategy is also presented in Paper B.

2.2.3 Conflicting bandwidth requirements for compensated
actuators

The power limitation on the actuators of the exoskeleton limits the bandwidth and
control input of the actuators. The high task space performance of the exoskeleton
using resolved acceleration control techniques require accurate tracking of large
reference accelerations in task space [29]. These large task space accelerations
may be desired by a task space impedance control law, trying to impose a desired
impedance on the end-effector support of the exoskeleton [23,24] or by a control
law, trying to impose a desired zero error task space dynamics on the end-effector
of the exoskeleton, to accurately track a desired task space trajectory [56,57]. Due
to limited bandwidth and limited control-input span, the joint actuators of the
exoskeleton using load-torque compensation strategies (as mentioned in Section
2.2.1), tend to get saturated. This, in turn, confines both the performance and
stability of the exoskeleton system at the joint and task space level. Furthermore,
to further improve the tracking performance of the joint actuator, the loop-gain
of the joint-servo system needs to be increased [58]. High loop-gain invariably
requires large joint controller gains, which in turn can severely affect the quality
of the system response as saturation based nonlinearities can be introduced into
the system [59–61]. The conflicting gain and bandwidth requirements of compen-
sated joint servo system are shown in detail in Figure 2.9. Therefore, in order to
completely characterize the stability and performance of the compensated servo-
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Figure 2.9: Conflicting gain and bandwidth requirements of compensated joint
servo system.

system for the LADOF exoskeleton, a detailed analysis of the load-torque com-
pensation technique (presented in Paper A) needs to be performed w.r.t band-
width of the system. Furthermore, control strategies need to be developed to
optimally select the best controllers/compensators for stability and performance
during saturation and non-saturation states of the joint actuator while using the
strategies developed in Paper A and Paper B. Different hybrid switching strate-

Figure 2.10: Limitations of using piece-wise-continuous switching signal for load
torque compensated joint servo actuators.
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Figure 2.11: Proposed solution for conflicting gain and bandwidth requirements for
load torque compensated joint actuators of LADOF exoskeleton.

gies using piece-wise constant switching signals do exist that optimally improve
the speed of the response and robustness of the control system signals [62–66].
But piece-wise constant signals suffer from finite discontinuities and therefore re-
duce the performance of hybrid system [67]. Problems allied with non-smooth
switching strategies are mostly related to reduced stability and are highlighted
in detail in [68, 69]. Hence, this discontinuous signal cannot be used to simulta-
neously switch the joint controller, joint disturbance observer, and joint dynamic
load torque compensator. As this would significantly increase the control input
chatter [67,70] and, in turn, would reduce the stability of the compensated joint
servo system of the exoskeleton. These limitations are highlighted graphically in
Figure 2.10. In order to full-fill the above objectives a detail analysis of the com-
pensated joint servo system is presented in Paper C (with summary in Section
3.3) using the compensation scheme developed in Paper A. The reference task
space acceleration is reduced by using mechanically decoupled passive compliant
arm supports along with the active impedance control as suggested in Paper B.
A hybrid switching control strategy based on smooth weighting functions is then
proposed in Paper C to select stability or performance-based compensator and
controller optimally depending on the saturation state of the actuator. This re-
sults in an improved and stable impedance control performance at the respective
arm-supports and in turn provide an improved and stable pHRI performance for
LADOF exoskeleton. The strategy is then experimentally verified both at the
joint and task space level in Paper C by using the developed four active-degree
of freedom exoskeleton test rig as presented in Paper B. This proposed strategy
is graphically illustrated in Figure 2.11.
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2.2.4 Designed exoskeleton prototypes

To practically test and evaluate the proposed control methodologies, two lower-
body exoskeleton prototypes were designed. One with rigid contact-supports
using the classical control approaches with no active or passive compliance and
the other using proposed passive compliant contact supports; so that the proposed
control and compensation techniques, verified at the upper body exoskeleton test-
rig and presented in Paper A, Paper B and Paper C could be extended to be tested
on the lower-body exoskeletons as well.

2.2.4.1 Lower-body exoskeleton with rigid contact supports.

A 12-DOF lower body exoskeleton prototype with 3-active-DOF per leg (hip,
knee and ankle) was initially designed using rigid fixed supports to help the
elderly in their daily activities such as walking, standing and sit to stand. The
key components needed were realized using mobility requirements based on the
design preferences provided by an end user group, comprising of 117 members,
via 5 surveys. Based upon these preferences, three primary lower limb joints
hip, knee, and ankle are supported by the worn exoskeleton. A modular joint
based approach is selected to independently control and monitor each joint of the
exoskeleton. Modular human-centric concepts are followed for mechanical design,
sensing and actuation, system integration, etc., to realize a BASIC exoskeleton
prototype able to provide up to 30 percent power to assistance to the human. The
mechanical design of the said exoskeleton along with proposed system architecture
is presented in detail in Paper D with summary in Section 3.4.

A classical central pattern based control methodology [57] is used to control
the exoskeleton where each slave-joint of the exoskeleton is controlled to track
a certain desired trajectory generated by the central pattern generator at the
master controller level. Two ethical approvals were also obtained to involve the
end users in the research, development, and test phases of the work.

2.2.4.2 Design of lower-body exoskeleton with passive contact
supports

The exoskeleton initially developed in Paper D is designed to follow particular
defined desired trajectories in joint-space. This, coupled with the exoskeleton’s
rigid contact supports with no active or passive compliance, resulted in strong
undesired interactive forces between human test subjects and the exoskeleton.
Furthermore, because of the large weight of the exoskeleton and uncompensated
coupled dynamics of the exoskeleton, it was impossible for the joint actuators to
properly track the desired joint trajectories that further deteriorated the pHRI
performance of the exoskeleton. Therefore, to achieve an improved pHRI perfor-
mance, a novel wearable lower-body exoskeleton with 3-D mechanically decoupled
passive-compliant supports is designed and presented in Paper E (with summary
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in Section 3.5). The motivation for this work was to design and develop a lower-
body exoskeleton so that the improved task-space impedance control techniques
as proposed in Paper B, in conjunction with the new joint-space load-torque com-
pensation techniques as proposed in Paper A and Paper C could be extended for
application on the lower-body exoskeleton as well to improve its pHRI perfor-
mance.

To ensure lower weight the lower-body exoskeleton is designed as a LADOF
assistive device with two active degree of freedom (2-ADOF) and four passive
degree of freedom (4-PDOF) per leg. Apart from reducing the ADOF for the ex-
oskeleton, special design considerations are considered to reduce the exoskeleton’s
overall weight to 16 kg. To ensure that the designed exoskeleton complies with
low-risk physical assistance robot standard, namely EN-ISO 13482, the exoskele-
ton is designed to provide a maximum of 50 percent assistance to the human-users
weighing 70 kg - 110 kg and having a height from 1.5 m -1.8 m. The load torque
compensation techniques proposed in Paper A and Paper C require accurate sens-
ing of the joint load-torques; therefore, innovative compact joint assemblies have
been designed with integrated torque sensor to not only correctly sense the joint
load torques but also to acurately sense the joint positions and velocities as well.
Novel contact supports for thigh and shank have also been designed, with me-
chanically decoupled 3-D passive compliance to allow the implementation of the
improved impedance control techniques as proposed in Paper B. Special design
considerations have been considered to reduce the undesired interactive forces
between the human and assistive device.

A requirements-based methodology (based on 18-elderly-people end-user group-
data) has been developed to select and evaluate the exoskeleton’s actuators prop-
erly and to estimate the desired-assistive force for both the compliant-supports. A
CAN-based distributed master-slave control architecture is also suggested in de-
tail for scalability and reliability. Local CAN-based motor drivers have been sug-
gested to reduce wiring and improve the controllability of the system. Detailed op-
erational flow-charts for master and slave controllers have been presented, show-
ing the steps and methodology involved in implementing the proposed techniques
(presented in Paper A, Paper B, Paper C) and using the proposed CAN-based dis-
tributed control-architecture. The salient features and concept of the developed
embedded control-card (used as slave/master controller ) and the control box
are also presented to explain the hardware capabilities and its interfacing topol-
ogy. A new control strategy capable of imparting simultaneous impedance-based
force tracking control at both the passive, compliant supports of the exoskele-
ton while using DOB-based-DLTC at the joint-space is also suggested. Results
justifying the use of passive, compliant arm supports in combination with DOB-
based-DLTC for assistive exoskeletons, employing the proposed control strategy,
are then finally presented.



Chapter 3

Summary of the included papers

3.1 Paper A - DOB-based-DLTC for assistive exoskeletons

To compensate for the uncertain nonlinear torque at all the active joint of the
exoskeleton so as to effectively linearize the non-linear joint dynamics of human
exoskeleton system, a DOB-based-DLTC is suggested. A current controlled direct
current drive (CCDC-drive) is selected as the joint actuator due to its superior
transient response and its ability to directly control the generated joint torque
[31–33]. The conceptual overview of the suggested compensator for the CCDC-
drive is shown in Figure 3.1. A high frequency nominal model of the CCDC-drive

Figure 3.1: DOB-based-DLTC conceptual overview for CCDC-drive as joint actu-
ator.

23
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is first obtained using the nominal parameters of the drive. A dynamic load torque
compensator (DLTC) in feedforward is then suggested using this high frequency
nominal model. By using the sensed joint load torque as input for this DLTC,
the reference current i∗as for the actual CCDC-drive is modulated to compensate
for the load torque disturbance τLo due to human exoskeleton dynamics and
interaction as show in Figure 3.1. But it so happens that the performance of
the DLTC suffers due to parametric uncertainties in drive nominal parameters.
Therefore, a disturbance observer is suggested in feedback that also modulates
the reference current i∗as to cancel the effect of these parametric uncertainties, so
as to make the dynamic response of the actual CCDC-drive same as that of the
nominal model. This in turn (as shown in Paper A) significantly improves the
load torque compensation performance of the DLTC in the presence of modeling
uncertainties for the CCDC-drive.

3.1.1 Human-exoskeleton dynamics

An upper-body 4-ADOF human-exoskeleton model is shown in the Figure 3.2.
To effectively analyze the human-exoskeleton system, the dynamic model of the
complete system needs to be first derived. The exoskeleton itself can be is modeled
as an n-DOF serial manipulator. If the exoskeleton is assumed to be sufficiently
stiff, then the DOF of human-limb being assisted is also effectively n. Therefore,
for a completely assisted human-limb the net torque requirement τLo ∈ Rn for
the exoskeleton’s actuators can be shown to be given by the coupled-nonlinear
dynamic equation of the human-exoskeleton system as [71]

Figure 3.2: A 4-DOF upper body exoskeleton model with human-limb.
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Mnet(q)q̈ +Cnet(q, q̇)q̇ + gnet(q) +Khv (q − qo)− τhv = τexo + τh = τLo , (3.1)

where

Mnet(q) = Mexo(q) +Mh(q),

Cnet(q, q̇) = Cexo(q, q̇) +Ch(q, q̇) +Bhv ,

gnet(q) = gexo(q) + gh(q).

Here Mexo(q),Cexo(q, q̇) ∈ Rnxn are the mass and the Coriolis’s matrix while
gexo(q) ∈Rn is the gravity vector of the exoskeleton. Mh(q),Ch(q, q̇) ∈Rn×n

are the corresponding mass, and Coriolis’s matrices for the human-limb while
gh(q)(q) ∈ Rn is the gravity vector for the human-limb. Matrices Bhv and
Khv ∈Rn×n in (3.1) represent the diagonal voluntary damping and stiffness ma-
trix of the human while τhv ∈ Rn represents the voluntary human-torque [72,73]
exerted by the human. Vectors τexo, τh ∈Rn in (3.1) respectively represent the
torque requirement for the exoskeleton and human alone. The uncertain variation
in τhv ,Bhv and Khv by the humans therefore introduce a significant amount of
uncertainty in estimation of τh [72] and hence τLo . Furthermore, any misalign-
ment between human and exoskeleton axes of rotation (which would always be
there) would result in additional uncertain human torques, which would further
increase the uncertainty in τLo . The block diagram for the CCDC as a joint-

Figure 3.3: Block diagram of a joint-actuator as CCDC-drive.

actuator is shown in Figure 3.3. For this drive, the approximate dynamic model
is derived in detail in Paper A. The overall joint level nonlinear dynamics for an
n-DOF human-exoskeleton system with actuator dynamics therefore follows from
(3.1) and [71] as

H2MDq̈ +H2BDq̇ = Hi∗as − fn, (3.2)
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where

H = diag {ηj} ∈Rn×n, MD = diag

{(
τA
KA

)
j

}
∈Rn×n,

BD = diag

{(
1

KA

)
j

}
∈Rn×n, i∗as = vec

(
i∗asj

)
,

fn = diag

{(
KB

ηKA

)
j

}
τLo ∈Rn×n.

HereH represents the diagonal gear ratio matrix of the joint actuators. The term
fn in (3.2) represents the net uncertainty and non-linearity in the overall system.
It is clearly seen in (3.2) that the net uncertainty and non-linearity appears as
uncertain load torque τLo for the joint actuators. The effect of this term can be
minimized by making the matrix H large i.e. by increasing the gear ratio of all
the n-actuators. Increase in H apart from increasing the weight and size of the
actuators increases both the apparent mass matrix MD and damping matrix BD

of the actuators by H2. Therefore, a decrease in non-linearity is achieved at the
expense of increase in weight, size and apparent impedance of the exoskeleton.
An increased apparent impedance of the exoskeleton can cause large human-
exoskeleton interactive forces which can make the overall system unsafe for close
human interaction [23, 24]. The dynamics of the human-exoskeleton system is
therefore not only nonlinear and coupled but it is also very uncertain and hence
the standard computed torque control strategies for serial robotic manipulators
[37, 38, 74] cannot be used. Hence, in order to effectively linearize and decouple
the human-exoskeleton system in (3.2), the uncertain load torque vector τLo need
to be properly sensed and effectively compensated. This requirement hence sets
the basis to develop and evaluate effective joint-level compensation techniques for
decoupling and linearization of overall human-exoskeleton system with small or
unity gear ratio actuators.

3.1.2 Modelling of CCDC-drive joint actuator

The ability of the CCDC-drives to reliably and efficiently generate and control the
desired torque makes them the best actuator to use for serial manipulators, as the
desired torque can be explicitly modulated to reject the load-torque disturbances.
Generally, in the literature, first order models of the CCDC-drive have been
considered [75, 76] with little attention paid to higher order models. A detailed
frequency domain higher order model for the CCDC-drive as joint actuator is
derived in detail in Paper A, by considering the dynamics of all the constituting
components as shown in Figure 3.3. The model of the CCDC-drive is hence given
as

ωo =
1

η
GA(s)i∗as −

1

η2
GB(s)τLo , (3.3)
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where i∗as is the armature current reference in volts, τLo is the load-torque at the
output shaft, η is the gear-ratio and ωo is the output angular velocity. Equation
(3.3) gives the actual model of the drive (i.e, model with parametric uncertainty).
The nominal model of the drive using the nominal parameters (i.e, without para-
metric uncertainty) is therefore similarly given as

ωo =
1

η
GAn(s)i∗as −

1

η2
GBn(s)τLo , (3.4)

All the transfer functions defining GA(s), GAn(s), GB(s) and GBn(s) in (3.3) and
(3.4) are defined in detail in Appendix A of Paper A.

3.1.3 Dynamic load torque compensator for CCDC-drive

To effectively compensate the effect of load-torque, a concept of a new feed-
forward dynamic load-torque compensator (DLTC), using the derived higher or-
der model of the CCDC-drive in (3.3), is shown in Figure 3.4. The concept is
to sense the joint load-torque τLo on the drive and then to modulate the desired
current i∗as, to not only compensate the effect of τLo on ωo but also to ensure
that the i∗as based velocity control of the drive is not effected in anyway. It is
hence proposed to decompose i∗as as i∗as = i∗as1 + i∗as2 . Where i∗as1 represents the
part of the desired current to be modulated for control, while i∗as2 is the part of
desired current to be modulated, to cancel the effect of load-torque disturbance.
It is suggested that i∗as2 can be designed to be given in terms of the dynamic
load-torque compensator NDc(s), defined as

NDc(s) =
i∗as2
τL

=
GBn(s)

GAn(s)
, i∗as2 = NDc(s)τL. (3.5)

Where τL is the load-torque at the motor shaft and is given by τL =
τLo
η . To

facilitate the implementation of the DLTC an explicit expression for NDc(s) is
found in terms of nominal motor parameters and is given in Paper A. The DLTC
NDc(s) proposed in (3.5) is improper and hence needs a series low pass filter
QDc(s) of order greater than or equal to four for its implementation. A realizable
DLTC as NDcf (s) is hence suggested to be given as

NDcf (s) =
i∗as2
τL

= NDc(s)QDc(s) =
GBn(s)

GAn(s)
QDc(s), (3.6)

where QDc(s) =
( 1

0.98ωc
s+1)

( 1
ωc
s+1)

6 . It is imperative that the cut off frequency ωc for

the low pass filter is properly selected for proper realization of the DLTC in (3.6).
The considerations for selection of ωc are discussed in detail in Paper A. With
this definition of DLTC in (3.6), the actual dynamic of the CCDC-drive (i.e.,
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Figure 3.4: Proposed DOB-based-DLTC scheme for the CCDC-drive.

with parametric uncertainty) including a feed-forward DLTC can then be written
from (3.4) as

ωo =
1

η
GA(s)i∗as1 −

1

η2
Guc(s)dltcτLo , (3.7)

where

Guc(s)dltc =

(
GA(s)

GBn(s)

GAn(s)
QDc(s)−GB(s)

)
The magnitude

∣∣Guc(s)dltc ∣∣ in (3.7) represents the frequency-dependent uncom-
pensated gain left by the feed-forward-DLTC due to modeling inaccuracy and
therefore is a measure of the ability of the DLTC in canceling the load-torque
disturbance τLo .

3.1.4 Static load torque compensator

For the DC-drive system, whose actual dynamics are given by (3.3), the tradi-
tional feed-forward compensator can also be derived using the approximate model
of CCDC-drive (given in Appendix A of Paper A) on the same footing as that
of DLTC. The feed-forward compensator NSc(s) for this case is referred as the
static load-torque compensator (SLTC) and is defined from (3.4) as

NSc(s) =
i∗as2
τL

=
G

′

Bn
(s)

G
′
An

(s)
=
Hc

ktn
. (3.8)
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It is hence seen from (3.8) that when the CCDC-drive is modeled as a first order
system by ignoring the higher order dynamics, the feed-forward compensator
comes out to be a static constant. The output-velocity ωo for a CCDC-drive
using SLTC in (3.8) is then given from (3.3) as

ωo =
1

η
GA(s)i∗as1 −

1

η2
Guc(s)sltcτLo , (3.9)

where Guc(s)sltc is given in terms of NSc(s) as

Guc(s)sltc =
(
GA(s)NSc(s)−GB(s)

)
.

The actual transfer functionsGA(s), GB(s), the nominal transfer functionsGAn(s),
GBn(s), the approximate nominal transfer functions G

′

An
(s), G

′

Bn
(s) and the

drive parameters Hc, ktn in equations (3.6), (3.8)and (3.9) defining the DLTC
NDcf and the SLTC NSc(s) are defined in detail in Paper A.

3.1.5 Un-compensated gain comparison for DLTC and SLTC

Figure 3.5: Magnitude plots of
∣∣Guc(s)sltc ∣∣ and

∣∣Guc(s)dltc ∣∣ for nominal and per-
turbed cases for the drive parameters listed in Paper A, along with the case when
no compensator is used.

In order to validate and compare the effectiveness of DLTC and SLTC in compen-
sating for the load-torque disturbance, the uncompensated frequency dependent
gains

∣∣Guc(s)dltc ∣∣ given by (3.7) and
∣∣Guc(s)sltc ∣∣ given by (3.9) are plotted vs

frequency for comparison in Figure 3.5. The higher the uncompensated gain
magnitude is at a frequency, the higher the expected load-torque disturbance is
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for that frequency. It is seen from Figure 3.5 that for the ideal modeling case i.e.
when GA(s) ≈ GAn(s) and GB(s) ≈ GBn(s), the response of

∣∣Guc(s)dltc(nominal) ∣∣
is 30 dB less than that of

∣∣Guc(s)sltc(nominal) ∣∣ over the whole of the bandwidth of
the filter QDc(s). Therefore, for an accurate nominal model of the CCDC-drive,
the DLTC is expected to have a superior performance in rejecting the load-torque
disturbance as compared to classical SLTC. If the dominant parameters of the
CCDC-drive (as defined in Paper A) are perturbed at the most by pmax then the
performance of perturbed-DLTC for low frequencies (≤ 36 Hz) deteriorates to
that of unperturbed-SLTC. For frequencies greater than 36 Hz, perturbed-DLTC
outperforms unperturbed-SLTC in rejecting the load-torque disturbance.

3.1.6 Disturbance observer based dynamic load-torque
compensator

Even though DLTC is expected to give a good performance in compensating the
load-torque in medium to high frequency range, its low frequency performance is
seen to be effected by the drive’s parametric uncertainties. To further improve
the performance of DLTC in the presence of uncertainties, a novel compensator
structure is suggested that uses the proposed DLTC as a feed-forward compen-
sator in conjunction with a feedback disturbance observer (DOB) for the DLTC
compensated CCDC-drive. If ω is the motor-shaft velocity, then ωo = ω

η . There-

fore, for CCDC-drive with feedforward DLTC given by (3.6), ω can be written
from (3.7) as

ω = GT (s)τ∗e +
1

η
Guc(s)dltcτLo , (3.10)

Where GT (s) = GA(s) Hcktn
. If GTn(s) represents the nominal forward torque

dynamics of the CCDC-drive then the actual forward torque dynamics GT (s) of
the drive is represented as a multiplicative uncertainty model as [77] GT (s) =
(1 + ∆(s))GTn(s), for ‖∆‖∞ ≤ 1, where GTn(s) = G

′

An
(s) Hcktn

. The gains GA(s)

and G
′

An
(s) are derived in detail in Appendix A of Paper A. The motor-shaft

velocity ω can then be written in terms of GTn(s) and disturbance do from (3.10)
as

ω = GTn(s)τ∗e + do. (3.11)

Since the output disturbance do should be compensated by manipulating the
torque input τ∗e , the corresponding input disturbance di is hence given from (3.11)

in terms of do as di = do
GT (s) = ω

GT (s) −
GTn (s)
GT (s τ

∗
e . Since GTn(s) is always proper,

1
GTn (s) is not realizable. A cascaded low pass filter Qo(s) is hence required for

its proper implementation. A realizable disturbance observer that can give an
estimate of the input disturbance d̂i hence follows from (3.11) as

d̂i = Go(s)ω −Qo(s)τ∗e , (3.12)
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Figure 3.6: Detailed structure of the proposed DOB-based-DLTC for the CCDC-
drive.

where Go(s) = Qo(s)
GTn (s) . This formulation of DOB along with DLTC for the CCDC-

drive is given by (3.11) and (3.12) and is shown in detail in Figure 3.6. For the
closed-loop system shown in Figure 3.6 to be internally stable it is required that
the magnitude of the filter Qo(s) is bounded as

∣∣Qo(s)∣∣ =
∣∣ 1

∆s

∣∣, whereas for good

tracking response of the system it is required that
∣∣Qo(s)∣∣ ≈ 1. Therefore to

ensure both the stability and performance requirements the filter Qo(s) in (3.11)

is chosen to be of the form Qo(s) = 1.1ω2
oc

(s+0.9ωoc )

(s+ωoc )3
, where ωoc is the cutoff

frequency of the filter Qo(s) . The motor-shaft velocity ω of the CCDC-drive,
in terms of GT (s) and Guc(s)dltc is given by (3.10). This in-turn is used to
simplify the DOB-based-DLTC structure of Figure 3.6 to be as shown in Figure
3.7. Output angular velocity ωo of the complete closed-loop compensated system
of Figure 3.7, can then be written from (3.10) in terms of the inputs τ∗a and τLo
as

ω = GT (s)
net
τ∗a +

1

η2
Guc(s)netτLo , (3.13)

where

GT (s)
net

= GT (s)
GTn(s)

D(s)net
,

Guc(s)net =
GTn(s)

(
1−Qo(s)

)
Guc(s)dltc

D(s)net
,

D(s)net = GTn(s)
(
1−Qo(s)

)
+Qo(s)GT (s).
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Figure 3.7: Simplified structure for proposed DOB-based-DLTC for CCDC-drive
in terms of GT (s) and Guc(s)dltc.

3.1.7 Un-compensated gain of DOB-based-DLTC

Since
∣∣Guc(s)dltc ∣∣ in (3.7) is always significantly less than that of

∣∣GB(s)
∣∣ in

(3.3), the use of DLTC in conjunction with DOB significantly reduces the net
uncompensated gain Guc(s)net for the load-torque in (3.13). The

∣∣Guc(s)net ∣∣ for
the DOB-based-DLTC is plotted vs frequency in Figure 3.8 in comparison with
the

∣∣Guc(s)dltc ∣∣, ∣∣Guc(s)sltc ∣∣ and
∣∣Guc(s)dob ∣∣. It is seen from Figure 3.8 that for

actual-parameters of the CCDC-drives randomly perturbed at the most by pmax,
the

∣∣Guc(s)net ∣∣ in contrast to SLTC-alone and DLTC-alone gives a uniform im-
proved compensation performance for all practical load-torque frequencies. The
reduction in

∣∣Guc(s)net ∣∣ in comparison with
∣∣Guc(s)sltc ∣∣ is seen to be more than

25-dB for the load-torque at low frequencies (less than 5 Hz). This significant
reduction in the un-compensated gain for the DOB-based-DLTC is expected to
cause a significant improvement in compensating the load-torque disturbance τLo
in the low frequency range with low gear ratios.

3.1.8 Joint-level servo control of CCDC-drive with
DOB-based-DLTC

The task space performance of the exoskeleton is invariable dependent on the
tracking performance of the respective joint actuators in the presence of load
torque disturbances. Therefore, the proposed compensated CCDC-drive system
in (3.13) is analyzed for position servo closed loop tracking performance and is

shown in Figure 3.9. For a standard PD controller of the form C(s) =
(
Kd

τ1s+1
τ2s+1

)
the output-angular position θo for the servo-system in Figure 3.9 can therefore
be given from (3.13) in terms of sensitivity S(s) and complementary sensitivity
T (s) as
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Figure 3.8: Shows the magnitude plot of the net un-compensated gain —
∣∣Guc(s)net ∣∣

vs frequency for the proposed DOB-based-DLTC in comparison with un-
compensated magnitude gains

∣∣Guc(s)dltc ∣∣, ∣∣Guc(s)sltc ∣∣, ∣∣Guc(s)dob ∣∣ and no com-
pensator, with the maximum uncertainty in actual motor parameters of the drive
limited by pmax, for the drive parameters listed in Paper A.

θo = T (s)θ∗o +
1

η2
S(s)Guc(s)netτLo (3.14)

where

L(s) = C(s)
GT (s)

net

s
, S(s) =

(
1 + L(s)

)−1
, T (s) = L(s)

(
1 + L(s)

)−1
.

The output angular velocity ωo can then be given in terms of S(s) and T (s) from
(3.14) as

ωo =
dθo
dt

= sθo = sT (s)θ∗o +
1

η2
sS(s)Guc(s)netτLo . (3.15)

A closed form expression for the armature current reference signal i∗as (in volts)
can then be found for the position servo-controlled DOB-based-DLTC CCDC-
drive from (3.6) and (3.15), in terms of the two inputs θ∗o and τLo as

i∗as = ηGiθ (s)θ
∗
o +

1

η
GiτL (s)τLo . (3.16)
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where

Giθ (s) =
Hc

ktn
(
1−Qo(s)

) (C(s)S(s)− sT (s)Qo(s)

GTn(s)

)
,

GiτL (s) = NDcf (s)−
sHcGuc(s)dltc

(
C(s) + sQo(s)

)
ktn
(
sD(s)net + C(s)GT (s)GTn(s)

) .
Improvement offered by the proposed DOB-based DLTC for the reference arma-
ture current i∗as is shown in Figure 3.10. The load torque gain

∣∣GiτL(s)
∣∣ defined in

(3.16) is plotted as a surface vs load-torque frequency and the allowed closed-loop-
bandwidth for different compensators. It is seen that

∣∣GiτL(s)
∣∣ for the proposed

DOB-based-DLTC is the least over nearly all the practical load-torque frequen-
cies (≤ 10 Hz) and allowed closed-loop-bandwidths (≤ 256 rad/s) and hence is
expected to require the least i∗as as compared to DOB and SLTC-alone, in com-
pensating the load-torque disturbances.

3.1.9 Simulation results

For the dependent and independent parameters of the CCDC drive given in Paper
A, the closed-loop system in Figure 3.9. is simulated using the proposed DOB-
based-DLTC, in comparison with SLTC-alone, DLTC-alone and DOB-alone with
maximum parametric uncertainty limited by pmax. The simulated results are
shown in Figure 3.11a. A rated 2.5 Nm sinusoidal load-torque disturbance at 5
Hz was given in all the cases to evaluate the compensation performance. It is
seen from Figure 3.11bthat the proposed DOB-based-DLTC in comparison with
the other compensators, gives the least tracking error for the given reference
trajectory, under rated load-torque disturbance and is able to more effectively

Figure 3.9: A joint level position servo feedback control of DOB-based-DLTC
CCDC-drive.
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(a) For No-Compensator and SLTC-alone. (b) For DOB-alone and DOB-based-DLTC.

Figure 3.10: Surface plot of
∣∣GiτL (s)

∣∣ for the servo-system in Figure 3.9, plotted vs
load-torque frequency and closed-loop-bandwidth.

(a) Comparative tracking response

(b) Comparative root-square tracking-error

Figure 3.11: Simulated comparative tracking response of the servo-system in Figure
3.9 for different compensators with a 2.5 Nm load-torque disturbance at 5 Hz.
Additive uncertainty in actual parameters is limited by pmax.
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(a) Experimental setup overview.

(b) Component level detail of load-torque testing rig

Figure 3.12: Experimental setup for evaluating the torque compensation perfor-
mance of a joint level CCDC-drive using the proposed compensator.

compensate the load torque disturbance in the presence of drive parametric un-
certainty.

3.1.10 Experimental setup

To experimentally evaluate and compare the compensation performance of the
proposed compensator scheme for a joint level CCDC-drive, an xPC-TargetTM
based torque test rig is designed to ensures both real-time performance and Mat-
lab/SimulinkTM compatibility. The designed experimental setup is shown in
Figure 3.12. xPC-Host computer not only generates and downloads the real-time
code to the xPC-Target but also is used to control the x-PC target properties,
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(a) (b)

(c) (d)

Figure 3.13: Experimental results of CCDC-drive for different compensator
schemes. (a) Load-torque applied by the load-torque generator. (b) CCDC-drive
output shaft deviation from the nominal position, under respective experimental
load-torques shown in (a). (c) Practical instantaneous improvement offered by the
proposed DOB-DLTC in compensating the load torques as compared to DOB-alone
and SLTC-alone for results shown in (b). (d) Trajectory tracking results for exper-
imental load-torques shown in (a).

display and data-logging in real time. xPC-Target computer on the other hand
not only implements the code for different torque compensator schemes for the
CCDC-drive in real time but also generates a rated sinusoidal load-torque at 1.6
Hz, by controlling a separate DC motor acting as load-torque generator.

3.1.11 Experimental results

The CCDC-drive (whose parameters are listed in Paper A) is first held at a con-
stant fixed angular position while a variable load-torque is applied by the load-
torque generator at the output shaft of the CCDC-drive. These load torques are
then sensed by the load torque sensor and shown in Figure 3.13a. The compen-
sation improvement afforded by the different load-torque compensators is then
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measured as deviation of the angular position from the nominal shaft position.
This deviation under respective rated load torques is shown in Figure 3.13b. The
corresponding practical instantaneous improvement in compensating the load-
torque offered by the proposed compensator w.r.t to DOB-alone and SLTC-alone
is shown in Figure 3.13c. This in turn gives a mean improvement in compensa-
tion of 5-dB w.r.t DOB-Alone and 12-dB w.r.t SLTC-Alone. The tracking results
are shown in Figure 3.13d. It is seen that the CCDC-drive tracks the desired
trajectory very closely for the proposed compensator.
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3.2 Paper B - Modeling and control of a 4-ADOF
UB-exoskeleton with 3-D PCAS for improved-pHRI

Limited weight requirement of the exoskeleton implies critical restrictions on the
size and number of actuators to be used. Lower actuator size limits the band-
width and power of the actuators while lower actuator counts result in low active
degree of freedom (LADOF) for an exoskeleton. These actuators, therefore, act
as poor force sources and hence are not safe to be used in pHRI based assistive ap-
plications as such [40,41]. The limitation of the actuators as poor sources of force
can be best mitigated by using active impedance control techniques as argued in
detail in Section 2.2.2. Nonetheless because of the rigid off-the-shelf force sensors,
along with the high structural rigidity of the exoskeleton mechanical structure, it
is challenging for a LADOF exoskeleton system using low-power actuators (with
limited bandwidth) to impose the desired value of low impedance. This can then
cause stability issues and hence, an unsafe-pHRI. Furthermore, as discussed in
Section 2.2.1 the human limb is intimately attached to the exoskeleton at the
contact supports. Therefore, the nonlinear dynamics of the human is coupled to
the nonlinear dynamics of an exoskeleton at the point of contact which in turn
effectively appear as uncertain-nonlinear load-torque at each joint actuator of the
exoskeleton as shown in (3.1). A novel combinational approach is suggested in
Paper B to achieve an improved and safer task-space pHRI performance. The
strategy proposes to use two passive-compliant supports in combination with ac-
tive impedance control for a 4-ADOF exoskeleton shown in Figure 3.14. The
proposed control approach is further combined with the proposed vectoral-form
of disturbance observer-based dynamic load torque compensator (DOB-based-
DLTC) as discussed in detail in Section 2.2.1 to further improve the pHRI per-
formance, so as to effectively compensate the undesired nonlinear load-torques at
all the joint-actuators of the exoskeleton due to human-machine interaction .

3.2.1 Limitations of single support LADOF-exoskeleton

In order to appreciate the improved pHRI performance by the suggested two
passive-compliant-arm-supports for an active impedance controlled LADOF ex-
oskeleton, the limitations of a single support LADOF-exoskeleton using tradi-
tional 6-D rigid force sensor at the wrist, first need to be highlighted. An
impedance controlled LADOF exoskeleton using a traditional six-dimensional (6-
D) force sensor at the lower-arm wrist support alone suffers from several aspects.
To ascertain these limitations, an impedance control law for the 4-ADOF exoskele-
ton is derived in Appendix B of Paper B, and it is seen from that the angular
task-space position error eωla and its derivatives ėωla , ëωla are not straight for-
ward to compute. The singularity condition for matrix L ( defined in Appendix B
of Paper B) must always be met to avoid computational singularity in computing
ėωla and ëωla . Furthermore, it is shown in Appendix B of Paper B that the refer-
ence joint-space acceleration q̈r, is only available as a least square solution. This
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Figure 3.14: Developed 4-ADOF arm-exoskeleton with test-rig.

can affect the accurate tracking of reference task-space acceleration of the arm
support ẍrla and hence, can limit the accuracy of achievable desired-impedance
(defined in Appendix B of Paper B) of the exoskeleton. Also, the sensed forces
along different directions from a 6-D sensor must be decoupled using calibration
and the decoupling matrix, each time after sensing, which in turn increases the
computational load.

Lastly, the available 6-D sensors are very rigid. With a rigid exoskeleton me-
chanical structure and the human arm intimately attached to the exoskeleton at
the contact support, any small misalignment between the human arm and the
exoskeleton over the course of movement would result in large interactive forces.
This consequently would require huge reference accelerations (ẍrla) in task-space
and therefore in joint-space (q̈r), to impose the desired end-point impedance at
the lower-arm support. These accelerations would be very difficult to track in
practice due to saturation and bandwidth limitation of the exoskeleton actua-
tors with limited power, size, and weight. This sequentially would result, in a
poor desired-impedance tracking at the contact support of the exoskeleton, which
would further increase the interactive forces and create stability problems. It is,
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Figure 3.15: Frame definition for the 4-ADOF arm exoskeleton.

therefore, challenging to ensure a safe-pHRI for an impedance controlled LADOF
arm-exoskeleton, using a rigid 6-D force sensor at the lower-arm support alone
with limited power actuators.

3.2.2 Exoskeleton modeling

The human-arm interacts intimately with the exoskeleton at the arm-supports.
Therefore, kinematics for both upper and lower-arm supports need to be accu-
rately found for correct estimation of their respective task-space positions, veloc-
ities, and accelerations. The designed arm-exoskeleton, along with the defined
reference-frames (as per Denavit Hartenberg (D-H) convention), is shown in Fig-
ure 3.15. Reference-frames and the associated joint angles are described in Table
1 of Paper B, while the corresponding D-H parameters are listed in Appendix A
of Paper B.

With joint angle vector q ∈ Rn defined as q = [q1, q2, q3, q4]T , the two arm-
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supports of the exoskeleton, i.e., the upper-arm support and the lower-arm sup-
port can be considered as two end-effectors of a serial manipulator having 3-DOF
and 4-DOF respectively. Therefore, homogenous transformations Tua(q), Tla(q)
∈ R4×4 and Jacobian matrices Jua(q), Jla(q) ∈ R6×4 for respective upper and
lower-arm supports, are found with respect to (w.r.t) base-frame Σ0. The inter-
active forces fehua , fehla at the two arm supports are measured in their respec-
tive support frames; therefore, the end-effector Jacobian matrices Jeua(q), Jela(q)
∈R6×4 w.r.t to respective frames Σua and Σla have also been found. This allows
for a direct transformation between the measured forces on the human-arm fehua ,
fehla and the corresponding interactive torques τhua , τhla , produced at the joints
of the exoskeleton as shown in Appendix A of Paper B.

Human and exoskeleton interact with each other at the two arm-supports,
therefore, the joint load-torque τL ∈R4 for the 4-ADOF exoskeleton is given by
the forward dynamic equation of the human-exoskeleton system as [71]

τL = Mla(q)q̈ +Cla(q, q̇)q̇ + gla(q) + τhua + τhla , (3.17)

where Mla(q), Cla(q, q̇) ∈ R4×4 are the respective Mass and Coriolis matrices
at the lower-arm support and gla(q) ∈ R4 is the gravity vector found using the
respective transformations and the inertial-parameters listed in Appendix A of
Paper B. The torques τhua , τhla in (3.17) are the interactive joint torques due
to corresponding forces on the human-arm at the upper and lower-arm supports.
It is therefore seem from (3.17)that the uncertain non-linear dynamics of the
human-arm is linked to the dynamics of the exoskeleton, through the interactive
forces fehua , fehla at the two arm-supports.

3.2.3 Control strategy

The pHRI of an exoskeleton can be improved by the use of passive-compliant
elements alone at the arm supports [40, 78] but this would then fix the apparent
impedance of the exoskeleton that cannot be changed or controlled. However,
for an exoskeleton under active impedance control, the use of a serial passive
compliance element in combination can improve not only the system stability but
also the fidelity of the force feedback system [79]. This results in lower interactive
forces and hence a better pHRI.

To improve the performance, two novel passive-compliant arm supports (PCAS)
are suggested. These supports are suggested to be at the upper and lower-arm
positions, as shown in Figure 3.15. Both the arm-supports, in contrast to the
rigid traditional 6-D force sensor, are designed to not only offer a mechanically
decoupled 3-D passive-compliance but also be able to sense each component of 3-
D interactive forces independently. The suggested supports are shown in detail in
Figure 3.16. Since each component of interactive forces is independently sensed,
no software decoupling is required. As the sensed forces on the human at the
respective arm-supports fehua , fehla are only three dimensional (with no moment
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Figure 3.16: Mechanically decoupled 3-D passive compliant arm support(PCAS)
with force sensors.

sensing), only the linear components of task-space positions, velocities, and accel-
erations (∈ R3) of the arm supports can be controlled. The desired-impedance
for the lower-arm support can hence only be linear as defined in Appendix B
of Paper B. Therefore, the reference task-space acceleration required to ensure
the desired-impedance is also linear i.e. ẍla = ẍrvla ∈ R3 and is given (from
Appendix B of Paper B) as

ẍrla = ẍdla −M
−1
dv

(
fhla −Bdv ėla −Kdvela

)
. (3.18)

Where Matrices Mdv , Bdv , Kdv are the desired linear impedance matrices as
defined in Appendix B of Paper B. Here j=1 to 3 and mvdj

, bvdj and kvdj are the

respective linear desired task-space parameters for mass, damping, and stiffness
for the lower-arm-support.

3.2.3.1 Impedance control of a 4-ADOF arm-exoskeleton with 3-D
PCAS using resolved acceleration control, and its limitations

For lower-arm-support of the LADOF-exoskeleton under impedance control, the
upper-arm-support is suggested to be controlled using the null-space force control,
as simultaneous control of both the task-space position and orientation of the
lower-arm support for a 4-ADOF exoskeleton with 3-D force sensor is not possible
[22]. Therefore, the control law (for the 4-ADOF exoskeleton in Figure 3.15),
using the resolved acceleration-based impedance control for the lower-arm support
and null space force control for the upper-arm-support is then suggested to be
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given as

τr = M̂la(q)q̈r + Ĉla(q, q̇)q̇ + ĝla(q) + τhla + τhua (3.19)

where

q̈r = Jvla(q)†
(
ẍrla − J̇vla(q)q̇

)
+
(
I − Jvla(q)†Jvla(q)

)
ξ,

ξ = M−1
ξua

(
τξua −Bξua q̇

)
,

τξua = Jevua(q)Tfeξua = Jevua(q)TKf

(
fehdua − f

e
hua

)
.

Here, reference torque τr ∈ R4 is the reference torque
(
required to compen-

sate the human-exoskeleton dynamics in (3.17)
)
, Kf ∈ R4×4 is the diagonal

null-space force controller matrix, ξ ∈ R4 is the null-space acceleration vector,
Mξua and Bξua ∈R4×4 are the diagonal mass and damping matrices (dictating

the null space dynamics), while matrices M̂la(q), Ĉla(q, q̇) and ĝla(q) are the re-
spective estimates ofMla(q), Cla(q, q̇) and gla(q) in (3.17). The null-space based
impedance control strategy for two compliant supports under ideal load-torque
compensation is shown in Figure 3.17.

Though, the impedance control strategy shown in Figure 3.17 for the 4-ADOF
arm-exoskeleton using resolved acceleration control looks promising; it has cer-
tain practical shortcomings. Firstly, due to the relatively large size of the forward
dynamics matrix estimates M̂la(q), Ĉla(q, q̇) and ĝla(q) in (3.19), with multi-
plicative sinusoidal terms of q, the computation of these matrices is time-intensive.
Therefore, it can significantly increase the sample-time in real-time application.
Secondly, due to inevitable errors in these matrix estimates, the computed ref-
erence torque τr in (3.19) would differ from the actual torque τr. Therefore,
the exoskeleton system in (3.17) would not be fully linearized. Thirdly, the task

Figure 3.17: Lower-arm support impedance control strategy for 4-ADOF arm-
exoskeleton with null space force control of upper-arm support using resolved ac-
celeration control.
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and joint-space control laws, given in (3.19) suffer from lack of initial conditions.
Hence, any error in position or velocities due to their initial values in task-space
or joint-space would never be compensated. Furthermore, it is imperative for the
proper estimation of the gravity vector ĝla(q) in (3.19), to accurately know the
angle the gravity plane makes with the base-frame Σ0. With a fixed base-frame,
as shown in Figure 3.15 this angle is zero, but it is not always the case for worn
exoskeleton as this angle would vary with the human spine and torso movement.
Additional sensors are hence required to estimate this angle. Without proper
sensing of this angle, the estimate ĝla(q) can give very erroneous results for worn
exoskeletons.

3.2.3.2 Proposed control strategy with two PCAS using
DOB-based-DLTC

To further improve the impedance control performance and hence in turn the
pHRI performance of the exoskeleton, it is suggested firstly, to sense the joint
load-torques τL directly for all the active joints of the exoskeleton using joint
torque sensors. Secondly, to use current-controlled DC-drives (CCDC-drives) as
joint-actuators for their inherent superior torque performance [31,80]. Thirdly, to
employ the proposed vectoral-form of disturbance observer-based dynamic load
torque compensator (DOB-based-DLTC) technique to effectively compensate the
uncertain load-torques τL so as to linearize and decouple the joint-space dynamics
of the human-arm-exoskeleton system in (3.17). The proposed control strategy

Figure 3.18: Impedance control strategy for a 4-ADOF-LADOF arm-exoskeleton
with two passive-compliant arm-supports (PCAS) using CCDC drives with DOB-
based-DLTC at joint level.
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is shown in Figure 3.18. The strategy mainly consists of a task-space impedance
control law for the lower-arm support as given by (3.18), a joint-space control law
with null-space force control for the upper-arm support as given by (3.19), a joint-
level position controller, and the proposed vectoral form of DOB-based-DLTC for
the four CCDC-drives of the exoskeleton. Because of the stability vs. accuracy
dilemma in implementation of the impedance control law as pointed out in [81].
A position form of impedance control is therefore selected for implementation
for maximum stability [46, 82], and it is investigated as to how well the PCAS
at the lower-arm can mitigate the effect of this lag and reduce the undesired
human-interactive force. An accurate frequency domain vectoral model for the
n-CCDC-drives can be derived in terms of its inputs ir and τL from the joint
based model in (3.4) as [22]

q̇ = η−1GAn(s)ir −
(
η2
)−1

GBn(s)τL, (3.20)

where GAn(s) = diag {gAn(s)j}, GBn(s) = diag {gBn(s)j}, are respectively the
transfer function matrices defining the nominal dynamics from ir to q̇ and τL to q̇
while η = diag {ηj} is the gear-ratio matrix for the n-CCDC-drives. The nominal
drive parameters for these transfer functions are defined in detail in Appendix C
of Paper B for j=1 to 4. Using the vectoral model of the n-CCDC-drives in (3.20)
a vectoral form of DOB-based-DLTC (shown in Figure 3.18) is then proposed to
be given from (3.6) and (3.12) as [22]

Figure 3.19: Detailed structure of the proposed DOB-based-DLTC in vectoral form
for n-CCDC-drives.
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NDcf (s) = NDc(s)QDc(s) = diag {nDc(s)j qDc(s)j} ,
d̂i = Go(s)η q̇ −Qo(s) τ̂

∗
e ,

(3.21)

where

Go(s) = Qo(s)G
−1
Tn

(s), GTn(s) = diag {gTn(s)j} , Qo(s) = diag {qo(s)j} ,

QDc(s) = diag {qDc(s)j} , nDc(s)j =
ir2j
τLmj

=
gBn(s)j
gAn(s)j

, qDc(s)j =

(
1

0.98ωcj
s+ 1

)
(

1
ωcj

s+ 1
)6 ,

gTn(s)j =
hcj kAj

ktj
(
1 + τAjs

) , qo(s)j =

(
ωocj

)k(
s+ ωocj

)k , for j = 1 to 4.

Here NDcf (s) is the feed-forward vectoral-DLTC, d̂i is the disturbance vector
estimated by the vectoral-DOB, Go(s), GTn(s) represent the nominal forward
torque dynamics from τ̂ ∗e to q̇, while Qo(s) (with k as its order) and QDc(s)
are the realizing low-pass filters for vectoral-DOB and DLTC-respectively. The
joint level transfer functions gTn(s)j , gAn(s)j and gBn(s)j in (3.21) are defined
in detailed in Appendix C of Paper B while using the nominal parameters of
the CCDC-drives. Detailed structure of the proposed DOB-based-DLTC in its
vectoral form is shown in Figure 3.19.

The joint-space position feedback control loop in Figure 3.18 is required to
ensure system robustness against initial value errors due to initial joint posi-
tions. If the load torque τL is accurately sensed, and the DOB-based-DLTC in
(3.21) is properly implemented, the human-exoskeleton system in (3.17) would be
effectively linearized and would only contain decoupled and well-defined linear-
actuator-dynamics. This, in turn, would then allow for n=4 independent linear
joint-space position controllers to be designed for desired stability and robustness
for the human-exoskeleton system [71]. The joint-space position controller C(s)
∈ R4×4 in Figure 3.18 is, therefore, suggested to be given as C(s) = diag {c(s)j},

where c(s)j =
kdj (τ1j s+1)

(τ2j s+1)
, for j=1 to 4. Each of the joint controller c(s)j is de-

signed using the corresponding nominal feedforward transfer function gfn(s)j =
gTn (s)j

s .

Therefore, for a given desired external acceleration ´̈xdla and measured forces
fehla , fehua at the lower and upper arm supports, the control law giving the refer-
ence joint-space acceleration q̈r (for the impedance controlled lower-arm support
with null-space controlled upper-arm support in Figure 3.18), is suggested to be
given from (3.18) and (3.19) as [22]

q̈r = Jvla(q)†
(
ẍrla − J̇vla(q)q̇

)
+
(
I − Jvla(q)† + Jvla(q)

)
ξ, (3.22)
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where

ẍrla = ´̈xdla + ˆ̈xhla −M−1
vd

(
R
la
fehla −Bvd ėla −Kvdela

)
,

x̂hla = xla − K̂−1
sla
R
la
fehla ,

K̂sla = diag{k̂slai },
ξ = M−1

ξua
τξua −Bξua q̇,

τξua = Jevua(q)T Kf

(
fehdua − f

e
hua

)
.

Here k̂slai is the estimated stiffness of the ith compliant element of arm support,
Rla is the rotation matrix for the lower-arm support, xhla is the estimated human
position while xdla is the desired position of the exoskeleton at lower-arm-support.
The reduced stiffness of the arm-supports allows for fairly accurate estimation of
human arm position xdla from measured task space position of lower-arm-support
xla which is otherwise not possible accurately due to large stiffness of the support.
As a small estimation error in the support stiffness would result in a large error
estimation error in xdla .

The reference position qr for the joint-space position controller C(s) is then
obtained from (3.22) as qr =

∫ ∫
q̈r. The reference-current-control-input ir for n-

CCDC-drives is generated by the vectoral DOB-based-DLTC as shown in Figure
3.18 and follows from (3.21) as

ir = NDcf (s)η−1τL +HcK
−1
tn τ

∗
e , (3.23)

where

τ ∗e =
(
I −Qo(s)

)−1(
τr −Qo(s)G

−1
Tn

(s)η q̇
)
, τr = C(s)η

(
qr − q

)
.

Here Hc = diag{hcj} is the current feedback gain matrix while Ktn = diag{ktj}
is the torque-constant matrix for the CCDC-drives of the exoskeleton with j=1
to 4 while the parameters hcj and ktj are defined in Appendix C of Paper B.

3.2.4 Simulation results

To validate the performance of the proposed strategy, a dynamic simulation model
of the human-arm-exoskeleton system is first developed. The forward-dynamics
of the exoskeleton are modeled using (3.17) while the forward-kinematics of the
exoskeleton

(
xla, ẋla, ẍla, xua, ẋua, ẍua

)
are modeled using transformations

and equations defined in Appendix A of Paper B. The actuators for the exoskele-
ton as CCDC-drives are modeled using equations (3.20), whereas the compliant
arm-supports of the exoskeleton are modeled as pure stiffness matrices Ksua and
Ksla as defined in (3.22). A kinematic model of the human-arm is developed
using the standard parameters of the human-arm for a 75 Kg man [83] w.r.t the
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Figure 3.20: Interactive forces at arm supports of exoskeleton as measuring index
of pHRI performance under no assistance provided to human condition.

base-frame Σ0 of the exoskeleton. The human-arm kinematics is then used to
find the human task-space positions xhla and xhua for given human-arm joints
angle qh1

, qh2
, qh3

and qh4
while the interactive forces fhla , fhua on the human-

arm are, in turn, found as fhla = Ksla

(
xla − xhla

)
, fhua = Ksua

(
xua − xhua

)
.

The kinematics and dynamics of both the human-arm and the exoskeleton are
then used to model the dynamics of the human-arm-exoskeleton system. Ideally,
with no assistance provided to the human-arm, exoskeleton should not offer any
resistance to the human movement, i.e., it should be purely transparent to the
human with zero interactive force at the contact points. It is therefore proposed
that the pHRI performance be evaluated in terms of the level of transparency of
the exoskeleton, i.e., in terms of the magnitude of undesired interactive forces at
the arm-supports. This concept of measuring pHRI for an exoskeleton is shown
in Figure 3.20. The developed model of the human-arm-exoskeleton system is,
therefore simulated for the proposed control strategy in Figure 3.18 to analyze the
amount of transparency afforded by the exoskeleton under zero human assistance
condition (i.e., with external desired acceleration (´̈xdla = 0). The transparency at
the two arm-supports is analyzed w.r.t different stiffnesses of passive-compliant
elements for different values of desired-impedance. That is for given support-
stiffnesses kslai , ksuai in (3.22) and desired-impedance values in (3.18), the pHRI
performance is validated in terms of least interactive forces fhla , fhua at the re-
spective arm-supports in the frame Σo. This analysis is performed by simulating
the human-exoskeleton system for a 20o step-change in the human-arm joints
angle qh1 , qh2 , qh3 and qh4 . Furthermore, to affirm the pHRI performance for
a worst-case scenario, the human-arm is presumed to be infinitely stiff, i.e., it
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Figure 3.21: Magnitude of human-interactive forces |fhla | for different stiffness of
compliant element kslai , plotted for increasing desired-impedance mass parameter
mvdi

(for i =1 to 3).

is assumed that there is no effect on the task-space motion and position of the
human-arm due to the interactive forces and all the effect is left to be mitigated
by the exoskeleton alone. The frequency content in the step change for the hu-
man joints is limited to 5 Hz, which is more than twice the maximum expected
joint-frequency of humans for normal daily activities [26].For the given desired
acceleration ´̈xdla (which is zero in our case), and estimated forces fhla , fhua , the
reference joint-space acceleration q̈r is found using the proposed control law in
(3.22), whereas the reference-current-control-input ir for CCDC-drive actuators
is found using (3.23). The desired-impedance is varied by varying the mass pa-
rameter mvdi

while keeping the damping parameter bvdi to be forty times mvdi
,

to have an over damped error-response of the impedance control law in (3.17), so
as to ensure stability.

The interactive force magnitude |fhla | for increasing values of lower-arm sup-
port arm stiffness kslai and desired-impedance values are shown in Figure 3.21.
It is noted that |fhla | decreases with a decrease in both kslai and mvdi

. It is ob-
served that because of the finite dynamics of the limited-power-actuators along
with the associated delay due to position control, the reference acceleration ẍrla
dictated by the impedance control law in (3.18) is not precisely tracked. There-
fore, for a given desired-impedance, the passive stiffness of compliant elements
at the lower-arm support is observed to have a significant effect in reducing the
magnitude of the undesired interactive force fhla . This hence improves the trans-
parency and, in turn, the pHRI performance of the exoskeleton at the lower-arm.
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Figure 3.22: Magnitude of human-interactive forces |fhua | for different stiffness of
compliant element ksuai , plotted for increasing desired-impedance mass parameter
mvdi

(for i =1 to 3).

The upper-arm support, on the other hand, is controlled in the null space of the
lower-arm support Jacobian Jvla(q). The effect on |fhua | for increasing value
of ksuai and mvdi

is shown in Figure 3.22 and it is observed that for a given
force controller gain Kf in (3.19), the interactive force |fhua | at the upper-arm
is not effected by the desired-impedance values. The support-stiffness ksuai at
the upper-arm therefore has a much stronger effect on |fhua | and hence on the
pHRI performance of the exoskeleton. The relatively large interactive forces at
the upper-arm support as shown in Figure 3.22 can be significantly reduced by
proper selection of the force controller gain kfi . The effect of kfi on |fhua | for
different values of ksuai is shown in Figure 3.23. It is therefore seen from Figure
3.23 that for a given value of kfi , lower values of support-stiffness ksuai can sig-
nificantly reduce the undesirable interactive forces at the upper-arm support and
can hence meaningfully improve the transparency and, in turn, the pHRI per-
formance at the upper-arm support of the exoskeleton. The load-torques for the
four joints of the exoskeleton are plotted in Figure 3.24 vs kslai for the proposed
control strategy in Figure 3.18 to not only validate the choice of selected joint
actuators but also to ascertain the amount of variation in the joint load-torques
due to variation is stiffness kslai . It is seen from Figure 3.24 that the load-torques
for all the joints are sufficiently less than the rated torques for the selected actu-
ators shown in Appendix C of Paper B, over a range of support-stiffness values.
Therefore, the results in Figure 3.24 validate the choice of selected joint actua-
tors for proper empirical testing of the proposed control strategy, over a range of
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Figure 3.23: Magnitude of human-interactive force |fhua | for different stiffness of
compliant element ksuai , plotted for increasing force controller gain kfi (for i =1 to
3).

support-stiffness values. To compare the task-space performance of the proposed
load-torque compensator (DOB-based-DLTC) for the control strategy in Figure
3.18, the modeled human- exoskeleton system is also simulated for different load-
torque compensators over a range of stiffness values. The performance of these
load-torque compensators for a single joint has been discussed in detail in Paper
A. The interactive force |fhla | for different load-torque compensators, plotted for
increasing support-stiffness kslai is shown in Figure 3.25.

The comparative results in Figure 3.25 are obtained for a low desired-impedance
value without saturating the joint-actuators. It is seen from Figure 3.25 that the
modelled human-exoskeleton system using the proposed DOB-based-DLTC gives
the least undesired interactive force |fhla | as compared to when simulated with
standard Static Load-Torque Compensator (SLTC) or No-Compensator over a
range of support-stiffness values. Thus, the proposed compensator outperforms
the other compensators in improving the transparency and hence ensures an im-
proved pHRI performance for the exoskeleton.

3.2.5 4-ADOF arm-exoskeleton test-rig

In order to practically verify the proposed strategy for improved pHRI perfor-
mance, a specific arm-exoskeleton test-rig is developed, as shown in Figure 3.26.
This rig broadly compromises of a 4-ADOF exoskeleton with an adjustable sup-
port base. Unique four actuator-assemblies were designed for each joint of the
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Figure 3.24: Joint load-torques of 4-ADOF arm-exoskeleton, plotted for increasing
support-stiffness kslai (for i =1 to 3).

proposed exoskeleton with integrated torques-sensors, absolute/incremental en-
coders, CCDC-drives, locking disks, and torque-signal conditioners. A close-up
view of one such assembly is shown in Figure 3.26c. Specifications of the selected
actuators are listed in Paper B, along with the allowed range of motion for each
joint as per DH-convention. To ensure accurate sensing of the axial joint load-
torques by the torque sensors, the joint assemblies are specially designed so that
all the radial structural-loads on the joint shafts are transmitted to the respective
joint assemblies and not to the coupled load-torque sensors. This approach in-
turn protects the joint torque sensor from sensing unwanted radial torques arising
due to the structural load of the exoskeleton. Two novel mechanically-decoupled
3-D compliant arm-supports with integrated force-sensors are also designed for
the exoskeleton, as shown in Figure 3.26b. To ensure decoupled force sensing, the
interactive-force component along a particular spatial axis (in the local-frame Σua
or Σla) is independently sensed by the respective force sensor on the individual
compliant element. A passive degree of freedom using miniature roller bearings
is provided for the wrist movement at the lower-arm support to provide comfort
to the user, as shown in Figure 3.26b.

3.2.6 Experimental results

To experimentally validate the pHRI performance afforded by the proposed con-
trol strategy, it is proposed that the exoskeleton should be practically analyzed
for transparency with no assistance offered to the human, as discussed in detail
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Figure 3.25: Magnitude of human-interactive forces |fhua | for different load-torque
compensators, plotted for increasing support-stiffness kslai (for i =1 to 3).

in Section 3.2.4. That is a desired-trajectory be generated by an external sys-
tem coupled to the exoskeleton, and the exoskeleton tries to follow the desired-
trajectory with the least possible interactive-forces at the point of contact. For
the analysis to be scientifically viable, it is required that all other variables affect-
ing the interactive-forces (i.e., contact-point impedance of the externally coupled
system, path, and speed of the desired trajectory) should be kept constant ex-
cept for the stiffness of the compliant elements for which the proposed strategy is
being analyzed. The actual human-arm cannot be used as an externally-coupled
system to practically validate the proposed strategy because the human-arm not
only tends to offer a variable contact-point impedance [84, 85] while moving in
task-space, but it is also hard for the human-arm to persistently generate the
same desired trajectory, with the same speed for different passive-compliant ele-
ments in question. An industrial robotic-arm, on the other hand, not only offers
a constant contact-point impedance, but it can also persistently generate the
desired trajectory with the same speed for each trial of the experiment. Fur-
thermore, it is well-known that the stability of the contact-point coupled-systems
(exoskeleton-human or exoskeleton-robot) is the least when the impedance of one
of the coupled-systems is a maximum [86, 87]. Therefore, in order to verify the
proposed strategy for the worst-case scenario (infinitely stiff human-arm) as dis-
cussed in Section 3.2.4, it is required that the external-system coupled to the
exoskeleton offers a maximum contact point impedance, i.e., it is infinitely rigid
w.r.t exoskeleton. The experimental trial methodology to practically verify the
pHRI-performance w.r.t passive stiffness of arm-supports is illustrated in detail
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(a) Isometric view of the 4-ADOF arm-exoskeleton.

(b) Close up view of realized lower-arm sup-
port

(c) Close up view of the developed joint
actuator-assembly

Figure 3.26: Realized 4-ADOF arm-exoskeleton test-rig with passive- compliant
arm-support.
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Figure 3.27: Experimental trial methodology for practically verifying the pHRI-
performance w.r.t passive stiffness of arm-supports.

in Figure 3.27.

For these reasons, a 7-DOF KUKA industrial robotic-arm was used as an
external system, coupled at the lower-arm support to experimentally verify the
transparency of the exoskeleton and hence the pHRI performance for the worst-
case scenario. The robotic-arm is programmed to accurately track a reference
task-space trajectory of 10 cm radius at 1 rad/s in the X-Z plane of the base-
frame Σo. The reference trajectory for the KUKA robot is shown in Figure 3.28.
The exoskeleton is then made to follow the KUKA-robot’s end-effector position
at the lower-arm support by using the proposed control strategy shown in Figure
3.18. The designed xPC-Target interface is used to impart real-time control to
the 4-ADOF exoskeleton. The experiment is repeated for increasing stiffness of
passive- compliant elements kslai and the desired contact-point impedance of the
exoskeleton. Correct practical implementation of the proposed control strategy in
Figure 3.18 requires a reasonably accurate estimate of the human-arm task-space
position x̂hla at the lower-arm support. The human-arm position (position of
KUKA-robot end-effector in our case) at the lower-arm support can be estimated

by using the stiffness estimate K̂sla of lower-arm support as suggested in (3.22).
Since the stiffness of the lower-arm support is significantly reduced by the use
of passive-compliant elements, the error in the estimation of K̂sla is naturally
reduced. Therefore, a reasonably accurate estimate of human-position is now
possible without the use of additional sensors. The estimated human arm task-
space position x̂hla is plotted in Figure 3.28 in comparison with the reference
trajectory for different values of compliant element stiffness kslai and it is seen
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Figure 3.28: Reference trajectory and estimated human-arm task-space position
x̂hla at the lower-arm support.

that x̂hla is estimated fairly accurately using the suggested approach.

The measured interactive force |fhla | at the lower-arm support for increasing
value of kslai for an infinitely stiff human-arm is shown in Figure 3.29. The
results are obtained for two different values of the desired-impedances and are
respectively shown in Figure 3.29a and 3.29b. The selected desired- impedances
are primarily defined by the mass parameter mvdi

as discussed in detail in Section
3.2.4. It is seen that not only the magnitude of undesired interactive forces
decreases with the decrease in stiffness kslai of the passive-compliant elements but
the noise jitter in fhla also reduces for both the desired-impedance values. This,
in turn, naturally improves the stability as well as the fidelity of the impedance
control at the lower-arm support. Furthermore, it is seen that for the same values
of support-stiffness kslai , the magnitude of human-interactive forces is lower for
lower desired-impedance, which is in accordance with the simulation results shown
in Figure 3.21 in Section 3.2.4.

The empirical improvement in pHRI performance w.r.t decrease in arm-support-
stiffness kslai is quantified in Figure 3.30 in terms of attenuations |fhla |dB and
|fhla |jitterdB for the two desired- impedance values. The attenuations |fhla |dB
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(a) Magnitude of human-interactive forces
|fhla | at lower-arm support for mvdi

= 0.5
(b) Magnitude of human-interactive forces
|fhla | at lower-arm support for mvdi

= 1.0

(c) Magnitude of reference-current-control-
input |ir| for the joint actuators with
mvdi

= 0.5.

(d) Magnitude of reference-current-control-
input |ir| for the joint actuators with
mvdi

= 1.0.

Figure 3.29: Experimental comparative results for the proposed control strategy in
Figure 3.18 for different values of compliant element stiffness kslai for an infinitely
stiff human-arm
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Figure 3.30: Improvement in pHRI in terms of |fhla |dB and |fhla |jitterdB .

and |fhla |jitterdB are defined in the digital mean square sense as

|fhla |dB = 20 log10

(√
Σ|fhla |2

Σ|fhla |2ref

)
, |fhla |jitterdB = 20 log10

(√
Σ|fhla |2jitter

Σ|fhla |2jitterref

)

Where |fhla |jitter is the jitter in |fhla | while |fhla |ref and |fhla |jitterref are the
respective references for force and jitter, found for a support-stiffness of 1245 N/m.
It is, therefore, seen quantitatively from Figure 3.30 that the pHRI performance
of the exoskeleton is improved by the decrease in the passive-stiffness of the arm-
supports in terms of reduction in both the interactive forces as well as the noise-
jitter. It is also noted that the improvement in pHRI performance is more for
the lower value of desired-impedance with mvdi

= 0.5. This is in accordance with
the simulation results in Figure 3.21 as the tracking errors are larger for lower
values of desired-impedance (as discussed in detail Section 3.2.4), and hence,
lower values of passive-support-stiffness have a larger role to play in reducing the
undesired interactive forces.

It was observed that for the given experiment it was not possible to realize
the desired-impedance with mvdi

= 0.5 for kslai values greater than 1245 (N/m),
without saturating the joint-actuators of the exoskeleton (i.e., |ir| ≥ 10V). Simi-
larly, for the desired-impedance with mvdi

=1, the limiting value of kslai was found
to be 2500 N(/m). Therefore, it is empirically seen that decreasing the stiffness of
the arm supports makes the actuators of the exoskeleton less prone to saturation
and in turn, enables lower values of desired-impedance to be effectively realized
for limited power actuators, without compromising the stability of the system.
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Figure 3.31: Human-exoskeleton equivalent interactive loop for ideal impedance
controlled lower-arm support with passive compliance.

Lower realizable values of impedance imply better transparency of the exoskele-
ton and hence, in turn, an improved pHRI performance of the exoskeleton. The
lower limit for kslai on the other hand, is found to be primarily limited by the
amount of mechanical displacement allowed for each compliant element. For the
desired impedances with mvdi

=0.5 and mvdi
=1.0, the respective lower limits for

kslai were found to be 150 (N/m) and 312 (N/m) for a permissible mechanical
displacement of 10 mm.

In the actual scenario, when a real human subject is used the interactive
forces at the human-arm might be different from the forces shown in Figure 3.29
for the same desired trajectory, but the interactive forces would always be less
than the worst-case scenario implemented here because the contact impedance of
the human is always very less than that of the industrial robotic-arm. Therefore,
the proposed control strategy, along with the passive-compliant arm-support, is
expected to provide better and safer-pHRI performance for the actual human
subject.

3.2.7 Significance

For the lower-arm support of the 4-ADOF exoskeleton under ideal impedance
control using passive compliance, the human-exoskeleton equivalent interactive
loop is shown in Figure 3.31. The mathematical significance of using the passive-
compliant under the above mentioned conditions is formulated in detail in Ap-
pendix B of Paper B and it is shown that the inclusion of mechanically decoupled
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passive-compliant elements in the arm-support ensures a safe-pHRI by limiting
the amount of maximum impedance experienced by the human.

Furthermore, it is shown in Appendix B of Paper B the corresponding ap-
parent impedance z(app)la(s)i w.r.t modified input x́dlai also acts as a gain for
the error in the estimation of the human-arm position at the lower-arm contact
(where i represents the ith tasks space direction). Therefore, a lower stiffness
value of passive-element kslai is suggested to limit the apparent impedance to
a lower value. However, on the other hand, the value of kslai cannot be very
low as this would limit the maximum control range of the desired-impedance for
the lower-arm support. A very low desired-impedance, as clear from (3.18) and
(3.22), will dictate large task-space accelerations and, in turn, large joint-space
accelerations, which are difficult to track with limited power actuators, having
limited bandwidth. Thus, the desired low impedance would not be tracked, and
the apparent impedance response would primarily be passive and uncontrolled,
dictated by the stiffness kslai of the passive elements alone at the lower-arm sup-
port. It is therefore, suggested that a suitable stiffness value of kslai is chosen
(while considering the power and bandwidth limitation of the actuators) to al-
low a sufficient range of desired-impedance, for proper implementation of the
impedance control in (3.18) and, in turn, the control strategy in Figure 3.18.
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3.3 Paper C - On stability and perf. of DOB-based-DLTC
for assistive exoskeleton :A hybrid approach

A DOB-based dynamic load-torque compensator for current-controlled DC-drives,
as joint actuator of assistive exoskeletons, is presented in Section 3.1 where it is
shown that this compensator can effectively linearize and decouple the coupled
nonlinear dynamics of the human-exoskeleton system, by more effectively com-
pensating the associated nonlinear load-torques of the exoskeleton at the joint
level. A detailed analysis of the current controlled DC drive-servo system using
the said compensator, with respect to performance and stability, is now presented,
highlighting the key factors and considerations affecting both the stability and
performance of the compensated servo system. It is shown both theoretically and
through simulation results that the stability of the compensated servo system is
compromised as performance is increased and vice-versa. Based on the satura-
tion state of the servo system, a new hybrid switching control strategy is then
proposed to select stability or performance-based compensator and controller op-
timally. The strategy is then experimentally verified both at the joint and task
space level by using the developed four active-degree of freedom exoskeleton test
rig.

An accurate frequency domain vectoral model for the n-CCDC-drives is given
by equation (3.20). Using this model, a vectoral form of DOB-based-DLTC for
the n-CCDC-drives is suggested in Section 3.2.3 and given by (3.21). The de-
tails of the suggested DOB-based-DLTC are shown in Figure 3.19. In order to
effectively analyze the DOB-based-DLTC system for stability and performance,
an equivalent simplified structure for the proposed vectoral DOB-based-DLTC is
derived and is shown in Figure 3.32. The joint velocity vector q̇ can then be given

Figure 3.32: Equivalent simplified structure of DOB-based-DLTC for n-CCDC-
drives in vectoral form.
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in terms of inputs vectors for reference and load torque τr, τL as

q̇ = η−1GT (s)net τr +
(
η2
)−1

Guc(s)net τL, (3.24)

where

GT (s)net = diag{gT (s)netj}, Guc(s)net = diag{guc(s)netj},

gT (s)netj =
gT (s)j gTn(s)j

d(s)netj
, gT (s)j = gTn(s)j

(
1 + ∆(s)j

)
,

d(s)netj = gTn(s)j
(
1− qo(s)j

)
+ qo(s)j gT (s)j , guc(s)dltcj = gA(s)j

gAn(s)j
gBn(s)j

− gB(s)j ,

guc(s)netj =
gTn(s)j

(
1− qo(s)j

)
guc(s)dltcj

d(s)netj
, where j ∈ {1, 2..n}.

Here GT (s)net ∈Rnxn represent the actual forward dynamics from τr to q̇m with
∆(s)j being the multiplicative perturbation in the nominal dynamics gTn(s)j
for ‖∆‖∞ ≤ 1. While Guc(s)net ∈ Rnxn represents the net uncompensated
frequency-dependent gain for the load-torque vector τL which is desired to be as
low as possible over the bandwidth of GT (s)net. Furthermore gA(s)j and gB(s)j
in (3.24) respectively represent the corresponding actual dynamics of gAn(s)j and
gBn(s)j defined in (3.20).

3.3.1 Stability and performance

The servo implementation of the DOB-based-DLTC, CCDC-drive is first pre-
sented and then analyzed in the frequency domain, to find the key parameters
affecting both the stability and performance of the servo system. The need for a
hybrid switching strategy is then discussed later.

3.3.1.1 Servo implementation of DOB-based-DLTC CCDC-drive

The task space performance of the exoskeleton is very much dependent on how
well the position trajectories of each joint are tracked in time [29, 71]. It is
seen from the DOB-based-DLTC system for the n-CCDC-drives in (3.24), that
GT (s)net and Guc(s)net are diagonal, therefore, the system in (3.24) is decoupled
and linear which allows for independent stability and performance analysis to be
performed for each joint. Therefore, to analyze the performance and stability of
the jth joint using DOB-based-DLTC CCDC-drive for the closed-loop control, the
position-servo implementation is shown in Figure 3.33. Under no measurement
noise assumption, the output-angular position qj for the servo system in Figure
3.33 can, therefore, be given in terms of sensitivity Sp(s)j and complementary
sensitivity Tp(s)j for the reference output-angular position qrj from (3.24) as [58]

qj = Tp(s)j qrj +Gucp(s)netj τLj , (3.25)
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Figure 3.33: The jth joint, position feedback control structure for a CCDC-drive
with DOB-based-DLTC.

where

Lp(s)j =
cp(s)j gT (s)netj

s
, Sp(s)j =

(
1 + Lp(s)j

)−1
,

Tp(s)j = Lp(s)j
(
1 + Lp(s)j

)−1
, Gucp(s)netj =

1

η2
j

(
Sp(s)j guc(s)netj

)
,

cp(s)j =
Kdp

(
τ1p s+ 1

)(
τ2p s+ 1

) , where j ∈ {1, 2, ...n}.

Here Lp(s)j is the open-loop gain of the position servo system and cp(s)j is the
PD-position controller in Figure 3.33. As seen from (3.25) the position servo
system for the jth joint is a linear Mulit-input single output (MISO) system,
therefore, the stability and performance of the servo system can be independently
argued w.r.t the corresponding transfer-functions Tp(s)j and Gucp(s)netj for the
respective reference inputs qrj and disturbing input τLj . Under ideal conditions,
i.e., with an ideal disturbance observer filter (qo(s)j ≈ 1) and with no uncertainty
in drive parameters (∆(s)j ≈ 0), the actual feedforward system gT (s)netj for the
jth joint in (3.25) equals the nominal transfer function gTn(s)j , where gTn(s)j
is given by (3.21). Therefore, the ideal nominal forward loop-gain seen by the

position controller in Figure 3.33 is given as Linp (s)j =
gTn (s)j

s .

3.3.1.2 Joint stability and performance w.r.t reference input qrj

In order to effectively analyze the stability of the position servo system in (3.25)
w.r.t its reference input qrj (i.e., the stability of the transfer function Tp(s)j , the
gain-margin and phase-margin for the open-loop gain Lp(s)j are plotted both
for increasing open-loop bandwidth ωTpj and increasing DOB-filter bandwidth

ωocj . The corresponding results for the jth joint servo system are respectively
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(a) Gain-margin of Lp(s)j for j=3 (b) Phase-margin of Lp(s)j for j=3

Figure 3.34: Stability margins for the position servo system in (3.25) plotted vs
open-loop bandwidth ωTpj and DOB-filter bandwidth ωocj .

Table 3.1: Actuator specification.

Joint Angle DC Motor Gear Head Encoder Shaft Torque
q3 48V 81:1 1600 lines 40 Nm
q4 24V 43:1 1024 lines 18 Nm

shown in Figure 3.34 for the CCDC-drive having specifications given by Table
3.1 with j = 3. The results are obtained for different order k of the DOB-filter
qo(s)j where ωocj is varied from 0 to ωnj . Here ωnj is the bandwidth of the ideal
nominal feed-forward loop-gain Linp (s)j . It is seen that the gain margin of the
position servo system shown in Figure 3.34a is a strong function of open-loop
bandwidth ωTpj and decreases rapidly with respective increase in ωTpj . It is also

seen that the gain margin decreases with a corresponding increase in DOB-filter
bandwidth ωocj , but this decrease is seen to be reduced for the higher value of
k. The phase margin of the servo system shown in Figure 3.34b is also seen to
decrease with a corresponding increase in both ωocj and ωTpj for all values of k.

In fact, it is seen that for higher values of ωTpj (i.e. ωTpj ≥ 200 rad/s), increasing

ωocj beyond 400 rad/s (i.e. ωocj ≥ 0.4ωnj ) causes the phase margin to become
negative. It is therefore seen that the stability of the position servo system in
(3.25) decreases with the respective increase in DOB-filter bandwidth ωocj as well
as the open-loop bandwidth ωTpj .

Furthermore, the condition for the internal stability of the DOB-based-DLTC
system in Figure 3.18 with DOB given by (3.21) in feedback, dictates that the
magnitude of respective DOB-filter qo(s)j is bounded as [56] |qo(s)j | ≤ | 1

∆(s)j
|.

Where ∆(s)j is the associated multiplicative perturbation in gTn(s)j defined in

(3.21). The magnitude | 1
∆(s)j

| is given from [71] as | 1
∆(s)j

|=| gTn (s)j
gT (s)j−gTn (s)j

|. For
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Figure 3.35: Magnitude of | 1
∆(s)j

| and |qo(s)j | plotted vs frequency with | 1
∆(s)j

|
curves plotted for 20 percent perturbation in nominal drive parameters while |qo(s)j |
curves plotted for increasing DOB-filter bandwidth ωocj , where ωocj ≤ ωnj and
j=3.

the CCDC-drive having specifications given by Table 3.1, | 1
∆(s)j

| curves are plot-

ted vs. frequency in Figure 3.35 for the third joint, i.e., j=3 with gT (s)j found
by perturbating the nominal parameter of the drive-by 20 percent. The |qo(s)j |
for increasing bandwidth ωocj is also plotted in Figure 3.35 as a function of fre-
quency. For proper performance of the DOB, it is required that the |qo(s)j | ≈ 1
over the whole bandwidth of gTn(s)j i.e. ωnj . However, it is seen from Figure
3.35 that with an increase in ωocj (where ωocj ≤ ωnj ), the difference between
| 1
∆(s)j

| and |qo(s)j | decreases, which in-turn decrease the internal stability and

hence the robustness of the position servo system, in (3.25).

In order to explicitly see the effect of the DOB-filter bandwidth ωocj on the
performance of the servo system in (3.25) w.r.t input qrj , the magnitude of com-
plementary joint sensitivity |Tp(s)j | is plotted vs. frequency in Figure 3.36 for the
increasing value of ωocj with controller cp(s)j designed for ωTpj =128 rad/s. It

is seen that the bandwidth of Tp(s)j increases with the increase in ωocj . This in
turn ensures an improved tracking and noise rejection performance of the servo
system [58], but as argued above and shown in Figure 3.35, that this improvement
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Figure 3.36: Magnitude of joint complementary sensitivity function |Tp(s)j | plotted
vs frequency for the position servo system in (3.25), for increasing value of ωocj ,
with cp(s)j designed for ωTpj=128 rad/s and j=3.

is achieved at the cost of lower stability.

3.3.1.3 Joint stability and performance w.r.t input τLj

In exoskeleton system applications, because of the presence of a human in the
loop, there exists an external human-machine feedback loop from the output qj
to the disturbing load-torque input τLj which is not well defined. This feedback
could be positive, as well as negative. Therefore, the closed-loop stability of the
joint position servo system for the disturbing input τLj must be ensured in such
applications. The stability and load-torque disturbance rejection performance
for the disturbing input τLj for the joint position servo system is defined by
the uncompensated frequency-dependent gain Gucp(s)netj in (3.25). The Nichols
plots of Gucp(s)netj is shown in Figure 3.37 and is plotted for increasing values of
joint gear ratio ηj with 20 percent uncertainty in CCDC-drive parameters (i.e., in
gT (s)j). It is seen from Figure 3.37 that for gear-ratio ηj =1, the |Gucp(s)netj | at
180 deg phase is greater than 0 dB. Therefore, the position servo system in (3.25)
has a negative gain margin and is potentially unstable w.r.t disturbing input τLj
in a potential negative human-machine feedback configuration. Therefore, the
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Figure 3.37: Nichols plots of net uncompensated gain Gucp(s)netj plotted for in-
creasing gear ratio ηj , for the position servo system in (3.25) with 20 percent un-
certainty in gT (s)j , where j=3.

DOB-based-DLTC cannot be used for servo systems in exoskeleton applications
using unity gear-ratio actuators. However the |Gucp(s)netj | decreases quickly with
the increase in the value of gear-ratio ηj , and as seen from Figure 3.37 that even
for a small gear-ratio value of ηj =5, the |Gucp(s)netj | decreases to -14dB at a
phase of 180 deg, thereby improving the gain-margin of the servo system to 14 dB
w.r.t input τLj . For gear ratios ηj ≥ 2 the |Gucp(s)netj | never cross the 0-dB line
for any frequency, therefore, the phase-margin of the servo system w.r.t input τLj
remains at infinity. As seen in Figure 3.37 the |Gucp(s)netj | is always less than 0
dB for a phase of 0 or 360 degrees. Therefore, the position servo system in (3.25)
is always stable for any potential positive human-machine feedback configuration
w.r.t input τLj , for any value of ηj ≥ 2 .

Nichols plot of Gucp(s)netj is plotted in Figure 3.38a for a gear ratio ηj=5
for increasing value of ωocj . It is seen that in comparison to ηj there is little
effect on the |Gucp(s)netj | at the 180 deg phase with increasing ωocj and hence
the gain- margin of the position servo system w.r.t τLj , are effected little by
increasing ωocj . The |Gucp(s)netj | is plotted vs. frequency for increasing values
of ωocj in Figure 3.38b and it is seen that for the given gear-ratio ηj=5, increasing
the bandwidth ωocj of the DOB-filter qo(s)j significantly reduces |Gucp(s)netj | for
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(a) Nichols plot (b) Bode magnitude plot

Figure 3.38: Net uncompensated gains Gucp(s)netj for the servo system in (3.25),
plotted for increasing value of ωocj , with gear ratio ηj=5, where j=3 .

the frequencies within the bandwidth ωocj . This in turn improves the load-torque
τLj disturbance rejection performance of the net uncompensated gain. Therefore,
once the gear-ratio ηj is appropriately selected to ensure stability, increase in the
bandwidth ωocj of the DOB-filter qo(s)j , improves the load-torque disturbance
rejection performance of the servo system in (3.25).

3.3.1.4 Net performance of servo systems w.r.t to ωocj

It is seen from Figure 3.36 and Figure 3.38b that for a given gear-ratio ηj , the
bandwidth ωocj of the DOB-filter qo(s)j improves the tracking performance of
Tp(s)j as well as the load-torque rejection performance of Gucp(s)netj of the servo
system in (3.25). Therefore, in order to see the net improvement afforded by ωocj
on the servo performance, the servo system is simulated for tracking performance
for increasing values of ωocj with joint controllers cp(s)j designed for ωTpj=128

rad/s. For the CCDC-drive having specifications given by Table 3.1 with j=3,
the joint tracking performance for the position servo system in (3.25) is shown
in Figure 3.39a while the corresponding tracking error is shown in Figure 3.39b.
The load-torque disturbance given to the servo system is shown in Figure 3.39c.
It is clearly seen from Figure 3.39 that increasing bandwidth ωocj of the DOB-
filter qo(s)j , significantly improves the overall tracking performance of the servo
system in (3.25).

3.3.2 Hybrid switching strategy

It is seen in Section 3.3.1.2 that the stability of the servo system w.r.t respec-
tive reference input qrj is strongly affected by the bandwidth of the respective
DOB-filter ωocj as well as by the desired open-loop bandwidth ωTpj . Hence it is
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(a) Joint position tracking response (b) Position tracking error

(c) Load-torque disturbance for the position
servo system in Figure 3.18

Figure 3.39: Tracking response of position servo system in (3.25) plotted vs DOB-
filter bandwidth ωocj , for the shown joint load-torque with joint controller cp(s)j
designed for ωTpj=128 rad/s, and j=3.

desired from the stability perspective that the respective joint DOB-filters and
controllers are designed for reduced bandwidths. On the other hand, as seen in
Sections 3.3.1.2-3.3.1.4 that an increase in bandwidth ωocj improves the track-
ing as well as load-torque disturbance rejection performance of the servo system.
Also, an increase in desired open-loop bandwidth ωTpj results in faster tran-

sient response, better tracking, and better noise rejection of the servo system
in (3.25) [58]. It is therefore desired from a performance perspective that the
respective joint DOB-filters and controllers are designed for higher bandwidths.
But conversely increased controller gain and bandwidth can cause the actuator to
saturate and hence in turn decrease the system stability. Therefore, stability and
performance requirements of the joint level position servo system, using DOB-
based-DLTC CCDC-drives are seen to have conflicting bandwidth requirements
on ωTpj and ωocj . This dilemma is graphically shown in Figure 3.40. This in

turn requires a new hybrid strategy to be investigated to satisfy both the sta-
bility and performance requirements of the position servo system in (3.25) using
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Figure 3.40: Stability and performance dilemma for DOB-based-DLTC, CCDC
drives.

DOB-based-DLTC CCDC-drives.

To achieve both the high performance as well as improved stability objec-
tives of the servo system in (3.25) using DOB- based-DLTC, a new saturation-
based hybrid switching control strategy is suggested. It is proposed that two
independent sets of PD controllers, DOBs and DLTCs be designed for each
joint, one ensuring improved stability while the later ensuring high performance.
The set ensuring improved stability consists of a low bandwidth PD controller
cp(s)j(stab) , a low bandwidth DOB-filter qo(s)j(stab) and a low bandwidth DLTC-
filter q

DC
(s)j(stab) . The set for high performance consists of a high bandwidth

PD controller cp(s)j(perf) , a high bandwidth DOB-filter qo(s)j(perf) and a high
bandwidth DLTC-filter q

DC
(s)j(perf) . The designed bandwidths for the two sets

are given in Table 3.2. It is well known that a saturation-based nonlinearity
is introduced into the system whenever the servo system goes into a saturation
state, which not only deteriorates the system’s stability but also the performance
of the system [88]. Therefore, the use of high bandwidths ωTpj , ωocj and ωcj
for the respective controller, DOB and DLTC in this situation can overdrive the
position servo system in (3.25), to go deeper into saturation, which may poten-
tially result in instability or oscillatory behavior due to limit cycles [89]. It is,
therefore, suggested that the stability-based set be used in this case to not only
ensure stability but also to allow the servo system to come out of saturation state
by soft driving the system. During the non-saturated state, it is suggested that
performance-based set be used which allows higher bandwidths for ωTpj and ωocj
to ensure high servo tracking and load rejection performance. It is proposed that
these two sets for the jth joint be switched based on the overall saturation state
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Figure 3.41: Stability and performance dilemma for DOB-based-DLTC CCDC
drives.

Table 3.2: Bandwidth definitions for stability and performance compensators.

Bandwidth Description Value(rad/sec)
ωs Sampling frequency. 157k
ωnj Feed-forward bandwidth of nominal transfer function Linpj

. 875

ωocj(perf) Bandwidth of DOB-filter qo(s)j(perf) for performance. 0.5ωnj=437

ωocj(stab) Bandwidth of DOB-filter qo(s)j(perf) for stability. 0.2ωocj=87

ωTpj(perf)
Designed open-loop bandwidth for controller cp(s)j(perf) for performance.

ωTpj(stab)
Designed open-loop bandwidth for controller cp(s)j(perf) for stability.

ωcj(perf) Bandwidth of DLTC-filter q
DC

(s)j(perf) for performance. 0.5ωs=78k

ωcj(stab) Bandwidth of DLTC-filter q
DC

(s)j(stab) for performance. 0.1ωcj(perf) =7.8k

σj of the joint servo system. The simplified view of proposed joint level hybrid
switching strategy of DOB-based-DLTC CCDC drives is shown in Figure 3.41.
The saturation state σj is determined by considering the saturation-state of both
the power amplifier as well as the saturation-state of the reference-current sig-
nal irj for the CCDC-drive. The overall saturation-sate σj of the jth joint servo
system is suggested to be given as

σj =
{
σubaj ‖ σubbj ‖ σlbaj ‖ σlbbj

}
, (3.26)

where σj , σubaj , σubbj , σlbaj , σlbbj ∈ {0, 1}. Here σubaj , σlbaj respectively repre-

sent the upper and lower saturation state of the jth power amplifier while σubbj ,

σlbbj respectively represent upper and lower saturation state of the reference cur-

rent irj . It is imperative for the stability and smooth functionality of the servo
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Figure 3.42: Detailed view of proposed saturation-based hybrid switching control
strategy, for the joint-level position-servo system in Figure 3.33, using the DOB-
based-DLTC CCDC-drive.

system in (3.25) that the two sets (for stability and performance ) be smoothly
switched based on the state of σj , given by (3.26). The detailed view of proposed
saturation-based hybrid switching control strategy, for the joint-level position-
servo system in Figure 3.33, using the DOB-based-DLTC CCDC-drive is shown
in Figure 3.42.

With actuators that use high-gain controllers and compensators, the satura-
tion state σj usually switches at a fast rate. It is therefore difficult to meet the
dwell time requirement for the discontinuous saturation signal σj to keep the con-
trol input chatter low. The signal σj hence cannot directly be used for switching
between the two sets as this would introduce a considerable control-input chatter
which can significantly reduce the servo system stability [67]. The control-input
chatter problem is further amplified in this case, because not only the respective
controller needs to be switched but, the respective DOB and DLTC also need to
be simultaneously switched. Larger chatter in the input control signal can lead to
fast switching of the actuators, which can not only create stability issues but also
damage the system [89]. Therefore, instead of using σj directly, a new weighting
functions-based switching strategy is proposed that uses continuously differen-
tiable weighting function wj(t) in conjunction with the complementary weighting
function w̄j(t) to smoothly switch between the stability and performance-based
sets for the jth servo-drive. The algorithm for the computation of wj(t) and
w̄j(t) is outlined in the flow chart in Figure 3.43, with the corresponding vari-
ables defined in Table 3.3. Depending on the status of σj in (3.26), increment or
decrement phase for wj(t) is selected and wj(t) is changed smoothly w.r.t time
t, with time constants τincj and τdecj respectively. The weighing function wj(t)
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Figure 3.43: Flow chart for weighting and complementary weighting functions wj(t)
and w̄j(t) for the saturation-based hybrid switching scheme shown in Figure 3.42,
with corresponding variables defined in Table 3.3.

with range wmin ≤ wj(t) ≤ wmax for the jth joint is proposed to be given as in
terms of the saturation state σj and complementary saturation sate σ̄j as

wj(t) =
(
wmax +Aincj (t) e

−aincj (t)
)
σ̄j +

(
wmin +Adecj (t) e

−adecj (t)
)
σj , (3.27)

where

aincj (t) =
1

τincj

(
t− toincj

)
, adecj (t) =

1

τdecj

(
t− todecj

)
,

Aincj (t) =
(
Kj − wmax

)(
aincj (t) + 1

)
, Adecj (t) =

(
Kj − wmin

)(
adecj (t) + 1

)
,

j ∈ {1...n}.
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Table 3.3: Variable definitions for the weighting function wj(t).

Bandwidth Description Value(rad/sec)
t Time. 0 s
σj Saturation-state. 0 s
fincj Increment-phase flag. 0 s
fdecj Decrement-phase flag. 0 s
toincj Increment-phase start time. 0 s

todecj Decrement-phase start time. 0 s

τincj Increment-phase exponent-time constant. 25 ms
τdecj Decrement-phase exponent-time constant. 100 ms
wmin Minimum possible value of wj(t). 0.01
wmax Maximum possible value of wj(t). 0.99
Kj Exponent gain. 1.0
woldj Previous value of wj(t). 0

Figure 3.44: Proposed weighting function wj(t) plotted vs time for different values
of exponent gain Kj and increasing values of time constants τincj , τdecj with toincj ,
todecj = 0.

It is essential for the smooth functioning of the proposed switching scheme
that the weighting function wj(t) does not show any discontinuity while switching
between incrementing and decrementing phase, shown in Figure 3.43. This has
been ensured by introducing terms containing variables like exponent-gain Kj and
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phase-start-times toincj , todecj for the increment and decrement phase in (3.27).

Gain Kj needs to be initialized to woldj while toincj , todecj need to be initialized

to the current value of time t, once at the start of each phase as shown in Figure
3.43. The minimum possible value wj(t) is limited to wmin which prevents wj(t)
to get decremented to very small values during large saturation intervals and
thus avoids the associated delay for the next incrementing phase. The proposed
weighting function wj(t) is plotted vs. time t for both the phases in Figure
3.44, for different values of exponent gain Kj and increasing time constants τincj ,
τdecj , with toincj , todecj assumed to be zero. It is seen from Figure 3.44 that

wj(t) smoothly start from Kj at time t = toincj , todecj and converge smoothly to

wmax or wmin with time-constants τincj or τdecj , for incrementing or decrementing
phase, while preserving a smooth S-shaped curve w.r.t time t. The corresponding
complementary weighting function w̄j(t) having range wmax ≥ w̄j(t) ≥ wmin
for the jth joint is then suggested to be given as

w̄j(t) = 1− wj(t), for j = 1..3. (3.28)

Where wj(t) is give by (3.27). To ensure that the sum of respective weighting
functions wj(t) and w̄j(t) is always equal to 1, the maximum possible value of
wj(t) namely wmax has been limited to 1 − wmin. This in turn also ensures the
same respective rate of decrease and increase for wj(t) and w̄j(t).

In summary, it is proposed that outputs of the performance-based set, i.e.
cp(s)jperf , qo(s)jperf and q

DC
(s)jperf for the jth joint are weighted through wj(t)

while the outputs of the stability-based set, i.e. cp(s)jstab , qo(s)jstab and q
DC

(s)jstab
are weighted through w̄j(t). An implementation of the proposed smooth switch-
ing between performance-based and stability-based joint system is shown in detail
in Figure 3.42. The respective outputs of hybrid DOB, DLTC and position con-
troller, i.e. d̂ij (t), ir2j (t), τrj (t), for the jth servo-drive can be given mathemat-

ically in terms of weighting functions wj(t) and w̄j(t) from (3.21),(3.25),(3.26)
and (3.27) as

d̂ij (t) = wj(t)
(
d̂ij (t)perf − d̂ij (t)stab

)
+ d̂ij (t)stab,

ir2j (t) = wj(t)
(
ir2j (t)perf − ir2j (t)stab

)
+ ir2j (t)stab,

τrj (t) = wj(t)
(
τrj (t)perf − τrj (t)stab

)
+ τrj (t)stab.

(3.29)

The detail derivation of equation (3.29) is shown in detail in Paper B. It is seen

from (3.29) that when wj(t) ≈ 0, then d̂ij (t) ≈ d̂ij (t)stab, ir2j (t) ≈ ir2j (t)stab

and τrj (t) ≈ τrj (t)stab. While when wj(t) ≈ 1, then d̂ij (t) ≈ d̂ij (t)perf ,
ir2j (t) ≈ ir2j (t)perf and τrj (t) ≈ τrj (t)perf . Therefore, it is seen that by

smoothly controlling the value of the weighting function wj(t) as given by (3.27),
the outputs of the hybrid system can be smoothly controlled to correspond to
performance or stability-based system outputs.
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It is significant to note from (3.29) that the weighting functions wj(t) and w̄j(t)
smoothly attenuate only the respective outputs of the stability or performance-
based system, to achieve switching. Therefore, the stability and performance
afforded by the individual DOBs, DLTCs, and controllers effecting the outputs in
(3.29) are not affected by the respective weighting functions. If the performance-
based or stability-based servo systems are independently stable then the inputs
q̇mj (t), τLj (t), ej(t); the stability outputs d̂ij (t)stab, ir2j (t)stab, τrj (t)stab; and the

performance outputs d̂ij (t)perf , ir2j (t)perf , τrj (t)perf shown in 3.42 are bounded.

Since wj(t) and w̄j(t) are ensured to be continuous for any time t with wj(t)

and w̄j(t) always ≤ 1, therefore, the hybrid outputs in (3.29) i.e., d̂ij (t), ir2j (t)

and τrj (t) are also bounded. Therefore, it can be safely argued that if the servo
system in (3.25) without the hybrid control is BIBO stable, then the servo system
in (3.25) using the proposed hybrid switching control strategy is also BIBO stable.

3.3.3 Experimental results

The performance of the proposed hybrid switching control strategy for the posi-
tion servo system in (3.25) using the DOC-based-DLTC CCDC-drives is exper-
imentally validated in comparison with the non-hybrid approach, on the devel-
oped 4-ADOF exoskeleton test rig (n = 4) as shown in Figure 3.26. The design
of the test rig is described in detail in Paper B. The 4-ADOF exoskeleton is
controlled using xPC-Target SimulinkTM real-time workshop, as shown in Fig-
ure 3.45. All the sensors and the CCDC-drives are interfaced to the Target PC
using HumusoftTM I/O cards. The proposed hybrid switching strategy along
with stability and performance-based controllers and compensators is compiled in
SimulinkTM (external-mode) on the Host-PC and then download to the Target-
PC using a dedicated Ethernet connection. The strategy is then implemented
in real-time on the 4-ADOF exoskeleton test rig, by the Target-PC. The real-
time results are then obtained on the Host-PC from the Target-PC via the same
dedicated ethernet link.

3.3.3.1 Joint level testing

To experimentally validate the proposed hybrid strategy at the joint level, the
proposed strategy is first tested in comparison with the non-hybrid approach, at
the shoulder flexion-joint (j = 3) of the 4-ADOF exoskeleton as shown in Figure
3.45. The kinematic configuration of the exoskeleton for the joint level testing is
shown in Figure 3.46. For the proposed hybrid control strategy, both stability as
well as performance-based controllers, DOBs and DLTCs are used while for the
non-hybrid approach, only performance-based controller, DOB, and DLTC are
used. The chosen bandwidth values used for testing are given in Table 3.2.



78 CHAPTER 3. SUMMARY OF THE INCLUDED PAPERS

Figure 3.45: xPC − TargetTM real time workshop controlled experimental setup
for 4-ADOF exoskeleton.

Figure 3.46: Kinematic configuration of the 4-ADOF exoskeleton test rig, for the
joint level testing of the proposed hybrid scheme with a 30o step input applied at
the shoulder-flexion joint q3. Joints q1, q2, q4 are kept constant at default angles,
defined by the DH parameters in Paper B.
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Comparative step response of the DOB-based-DLTC position servo system,
for joint-3, is shown in Figure 3.47a. It is seen that the step response of the servo
system using the proposed hybrid scheme is much improved as compared to the
non-hybrid strategy. The saturation state σj of the said servo system is shown
in Figure 3.47b while the corresponding weighting functions wj(t) and w̄j(t) are
shown in Figure 3.47c. It is noted that during the time the position servo system
is in saturation state, wj(t) decreases while w̄j(t) increases with a time constant
τdec, to switch from a performance-based system to a stability-based system, with
an improved gain and phase-margin of 25 dB and 70 deg respectively, as shown in
Figure 3.47h and 3.47i. It is seen in Figure 3.47a that by using a lower bandwidth
position controller, DOB and DLTC, during the saturation sate, results in a lower
overshoot and a lower settling time of the servo system, with approximately the
same rise time. As the position servo system comes out of the saturation state,
wj(t) and w̄j(t) respectively increase and decrease with a time constant τinc, to
switch back to the performance-based system with a lower gain and phase-margin
of 17 dB and 61 deg respectively, but with an improved noise and load-torque
rejection performance. It is seen from Figure 3.47c that, even if the saturation
sate σj of the system is discontinuous, the suggested weighting functions wj(t) and
w̄j(t) are smooth, and the resulting step response in Figure 3.47a is also smooth
with no distortion or discontinuity. It is also noted form Figure 3.47f that the
proposed strategy enables the position servo system to come out of the saturation
state more quickly by requiring a lower reference current ir2j . Furthermore, even

though the saturation state σj switches at a very fast rate, as seen in Figure
3.47b, no noticeable chatter in control input signal irj (as shown in Figure 3.47d)
is observed because of the use of wj(t) and w̄j(t).

3.3.3.2 Task-space level testing

To experimentally validate the performance of the proposed switching strategy
at the task space level, the linear position of the lower-arm support xla ∈ R3

of the 4-ADOF exoskeleton, is controlled in real-time, to track a 10 cm radius
circular desired trajectory xdla ∈ R3 at 2 rad/s, in the Xo − Zo plane of the
base frame Σ0, by using the xPC-target setup shown in Figure 3.45. The frame
definitions, actuator specification, forward and inverse kinematics of the 4-ADOF
exoskeleton test rig are defined and described in detail in Paper B. If q ∈ R4 is
the actual joint position vector of the exoskeleton, then the task space position
vector xla is found using the forward kinematics of the lower-arm support. The
desired trajectory tracking performance in task space is validated for the proposed
hybrid switching scheme in comparison with the non-hybrid approach by imposing
desired zero-error task space dynamics at the lower-arm support [74]. For the
proposed hybrid strategy, both stability, as well as performance-based controllers
and compensators, are used while for the non-hybrid approach, only performance-
based controller, and compensators are used for each joint. The reference task
space acceleration ẍrla ∈ R3 is given by the zero-error task space dynamics
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(a) Joint angular position qj . (b) Saturation state σj .

(c) Weighting functions wj(t) and w̄j(t). (d) Reference currents irj .

(e) Measured load-torque τLj . (f) DLTC output ir2j .

(g) DOB output d̂ij . (h) Estimated gain-margin improvement.

(i) Estimated phase-margin improvement.

Figure 3.47: Experimental joint level comparative response of the position servo
system in Figure 3.33, using the proposed hybrid switching strategy in Figure 3.42,
for a 30o step input applied at the shoulder-flexion joint of 4-ADOF exoskeleton
(j = 3) in Figure 3.46.
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Figure 3.48: Kinematic configuration of the 4-ADOF exoskeleton test rig for the
task space level testing of the proposed hybrid switching scheme.

impedance control law in (3.18). Whereas corresponding joint acceleration q̈r ∈
R4 is then given from the inverse kinematics equation of lower-arm support (3.19).

To verify the task space tracking performance of the proposed switching strat-
egy, in comparison with the non-switching approach, a larger value of task space
stiffness kx=2000 N/m is selected to ensure a smaller task space error ela. The
value of task space mass mx greater than 1 with mx=3 Kg is chosen for stability
reasons and the value of task space damping bx=186 N/ms−1 is chosen to ensure
a damping ratio of 1.2, for the imposed zero error task space dynamics in (3.18).
To ensure that the weighting function wj(t) in (3.27) responds quickly to the
saturation state (σj = 1) by rapidly decreasing its value, the decrement time con-
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(a) Task space 3D tracking response of xla. (b) Task space position tracking error elaxo ,
elazo .

(c) Task space acceleration tracking error
ëlaxo , ëlazo .

(d) DOB outputs d̂i3 , d̂i4 for joint 3 and 4.

(e) Joint-3 saturation state σ3 and
weighting function w3(t).

(f) Joint-4 saturation state σ4 and
weighting function w4(t).

(g) Resulting joint load-torques τL3 , τL4 for
joint 3 and 4.

(h) DLTC outputs ir23 , ir24 for joints 3 and
4.

Figure 3.49: Experimental task space tracking performance for the 4-ADOF ex-
oskeleton test rig in Figure 3.45, plotted in comparison for the proposed switching
scheme and non-switching approach, using DOB-based-DLTC joint servo system
actuators of the form given by (3.25), in the Xo − Zo plane of base frame Σ0.
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stant is chosen to be of small value with τdecj=0.33 ms. To ensure that wj(t) in
(3.27) responds cautiously to the unsaturated state (σj=0) by slowly increasing
its value (to prevent the actuator from going into the saturation again), a larger
value of increment time constant with τincj=1 s is selected.

Since the desired task space trajectory xdla is only in the Xo − Zo plane of
the base frame Σ0, there is no movement along the Yo axis. Therefore, only joint
3 and joint 4 of the exoskeleton are active, while joint 1 and 2 remain constant
at their default positions. The kinematic configuration of the exoskeleton test-
rig for the task space testing is shown in Figure 3.48. The trajectory tracking
results of xdla in the base frame Σ0 using the proposed hybrid strategy and non-
hybrid approach are shown in Figure 3.49a. The task space position tracking
error elaxo , elazo and the task space acceleration error ëlaxo , ëlazo , along Xo

and Zo axis of the frame Σ0, are plotted in comparison for the switching and
non-switching strategy in Figure 3.49b and 3.49c, respectively. The disturbance
estimates by the respective DOBs d̂i3 , d̂i4 , the resulting joint load-torques τL3

,
τL4

and the load-torque compensation currents by respective DLTCs ir23 , ir24
are respectively plotted in Figure 3.49d, 3.49g and 3.49h, for both switching and
non-switching approaches.

It is seen from Figure 3.49e and 3.49f that when the non-hybrid approach is
used (by employing only performance-based controllers, DOBs and DLTCs for
the respective CCDC-drive for each joint), for a high value of task space stiffness
parameter kx=2000 N/m , the active joints (joints 3 and 4) of the exoskeleton
mostly remain in saturation. This not only results in a deteriorated task space
tracking performance in the form of larger task space position errors and larger
task space acceleration errors, as shown in Figure 3.49b and 3.49c, but also in
the form of larger vibrations, because of the reduced stability. This hence results
in larger resulting joint load-torques, larger load-torque compensation currents,
and larger disturbance estimation values by the respective DOBs as shown in Fig-
ure 3.49g,3.49h and 3.49d respectively. However, as shown in Figure 3.49e and
3.49f, the proposed hybrid control scheme (by employing both stability as well
as performance-based controllers, DOBs and DLTCs for the respective CCDC-
drive), for the same high value of task space stiffness parameter kx=2000 N/m
, prevents the active joints ( joint 3 and 4 ) of the exoskeleton from going long
and hard into saturation. The switching schemes depending on the saturation
state σj of the joint servo system automatically adjusts the values of respec-
tive weighting functions w3(t) and w4(t) to not only improve the performance of
the system in the form of lower task space position errors and lower task space
acceleration errors, as shown in Figure 3.49b and 3.49c, but also improves the
system’s stability by reducing the system’s vibrations. This results in reduced
resulting joint load-torques τL3

, τL4
, reduced compensating currents ir23 , ir24 by

the respective DLTCs, and reduced disturbance estimation values di3 , di4 by the
respective DOBs, as shown in Figure 3.49g, 3.49h and 3.49d respectively. It is
seen that under the conditions mentioned above, the use of the proposed hybrid
control strategy reduces the task space error along Xo and Zo axis in the mean
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square sense by -3 dB and -2.2 dB respectively, while the respective task space
acceleration error is reduced by -29 dB and -25 dB. The jitter in DLTC outputs is
reduced in the mean square sense by -12 dB and -26 dB, while the jitter in DOB
outputs is reduced by -13 dB and -35 dB, for the joints 3 and 4 respectively.



3.4. PAPER D - MODULAR EXO-LEGS FOR MOBILITY OF ELDERLY
PERSONS 85

3.4 Paper D - Modular EXO-LEGS for mobility of elderly
persons

A lower-body exoskeleton with rigid contact supports is initially designed un-
der the EXO-LEGS project using classical pattern-based control methodology to
evaluate and gauge the physical human-robotic interactions performance using
the classical methods and approaches. The designed lower-body exoskeleton is
shown in Figure 3.50. The exoskeleton is designed to support three key mobility
functions i.e. standing, sit-to-stand and straight walking. These mobility func-
tions have been selected based on the survey result of a 117-member end-user
group.

Figure 3.50: BASIC EXO-LEGS lower-body exoskeleton design

3.4.1 Design of lower-body EXO-LEGS exoskeleton

A modular joint based approach is selected to independently control and monitor
each joint of the exoskeleton. These joints are then connected and controlled in a
master-slave configuration over a system CAN-bus, under a supervisory level co-
ordinating motion control system. Modular human-centric concepts are followed
for mechanical design, sensing and actuation, system integration, etc., to realize a
BASIC exoskeleton prototype able to provide up to 30% power assistance to the
human. The modular design approach is able to accommodate different sensing
requirements at the various joints as well as being able to accommodate future
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(a) Joint with encoders, motors and gears (b) Details of foot plate with force sensors

Figure 3.51: Basic exoskeleton’s detailed design for sensing and actuation

mobility functionality enhancements so that additional sensors or motors can be
included as needed.

3.4.1.1 Joint actuators

To determine the speeds and torques needed at the hip, knee and ankle joints,
the key motions of standing, sit-to-stand and straight walking were modelled
and simulated with different conditions (e.g. different body masses, human body
dimensions, motion speeds, joint motion trajectories, etc.). The simulations pro-
vided estimates for sizing the actuators needed as well as allowing different control
strategies to be developed and tested. The actuator sizing was done to provide
approximately 30 percent motion support to the wearer. Some of these results
were also presented in [57]. Maxon motors with planetary and bevel gear com-
binations have been selected to provide the required level of assistance at each
joint and to comply with the low power assistive exoskeleton as defined in ISO
13482 [90]. Bevel gears as shown in Figure 3.51a are used to change the rotational
axis to the vertical so as to streamline the design.

3.4.1.2 Mechanical design

To assist the key mobility-functions, the exoskeleton in Figure 3.50 is designed
for an overall 12-DOF (3 at each-hip, 1 at each-knee and 2 at each-ankle) with
3-active-DOF per leg (hip, knee and ankle). The exoskeleton is able to accommo-
date users of heights in the range 1.5-1.8m while the joint actuators are selected
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for people having weight in the range 55-70kg. Rigid contact supports with Vel-
cro straps are used to attach to the wearer at the thigh, shank and feet as shown
in Figure 3.50. The battery pack is sited at the waist. The mechanical design
was carried out to meet static structural safety regulations for medical devices
thereby making the overall weight excessive at 32kg. For assistive exoskeletons
complying with machinery regulations, it should be possible to reduce the weight
significantly and this is planned in future revisions.

For run-time exoskeleton configuration, measurement of the joint angles is
done by using integrated high precision incremental encoders. For human inten-
tion detection, inertial measurement units and force sensors have been provided
at each joint. In addition, 4 force sensors are placed at the bottom of each foot
plate (these also allow detection of heel strike and toe off instants in the walking
gait cycle). Figure 3.51b shows details of the encoders, and the force sensors on
the foot plate.

3.4.1.3 System integration architecture

To allow the different parts of the exoskeleton to operate effectively for supporting
the motions of the wearer, an appropriate overall system architecture is needed
to coordinate the lower body motions. To achieve this, a modular approach is
adopted so that each joint is flexible enough to have key functionalities that could
be tailored and interconnected for coordinated movements. Much work has been
carried out to ensure a modular system design. In the number of different system-
integration-strategies studied [91–94], different communication buses have been
used to provide functional interfaces. Common examples of which include Ether-
net, RS-485, and the CAN bus. The CAN bus in particular is often used because
of its scalability, integration and support for commercially available devices. For
these reasons, a CAN bus interfaced modular architecture has been designed to
support the supervisory control structure of the lower-body exoskeleton in Figure
3.50.

3.4.1.4 Control scheme

Work was carried out to develop methods for generating desired motion activ-
ity based on data for the hip, knee, and ankle joints. Human motion data for
straight walking and sit-to-stand activities was measured from a test subject and
the collected data was then used in generating models able to produce joint tra-
jectories to be tracked at the joint level controllers. The models use averaged and
standard deviation properties of the collected data to generate motion patterns
mimicking the trajectory at each joint [57]. The motion pattern generator allows
the activity speed to be easily varied as needed. The generated desired motion
patterns are then sent to the respective CAN nodes, which in turn ensure joint
level tracking of these joint trajectories using local-level controllers.
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3.4.2 End user involvement and conclusions

Two ethical approvals were obtained from Ethical Board Uppsala, Sweden for
the EXO-LEGS project to involve end users in the research, development, and
testing phases. An EXO-LEGS End User Group (EEUG) was setup with 117
members. Under the first ethical approval, five different surveys were conducted
via questionnaires to 1) identify daily living requirements and classify activities
2) to generate exoskeleton general design specifications 3) and to model specific
design specification. The second ethical approval was obtained to permit the end
user testing of the realized lower-body exoskeleton prototype. Five test subjects
have carried out the walking and sit-to-stand tests as specified in the ethical
application process. The tests were carried out with and without the exoskeleton
and heart rate, oxygen saturation and blood pressure were measured before and
after each test. The initial test results were encouraging and significant, but
much work was still needed to produce effective and more comfortable mobility
assistance.

Overall, it was found that the exoskeletons were able to provide some assis-
tance in walking and sit-to-stand mobility functions. Due to speed limitations
in the motor-gear combinations designed, it was not possible for the exoskeleton
to follow normal joint motion trajectories and the tests were modified to ask the
subject to synchronize their motion with the exoskeleton rather than the other
way around. Furthermore, it was found that due to the rigid contact supports
of the exoskeleton with no active or passive compliance, the human test sub-
jects were subjected to large undesired interactive forces resulting in poor pHRI
performance of the exoskeleton. In future lighter exoskeleton with better con-
tact supports using advance control strategies were planned to improve the pHRI
performance of the exoskeleton.
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3.5 Paper E - Design, control and actuator selection of a
lower-body assistive exoskeleton with 3-D PCS

For worn exoskeletons, the lower weight requirement for these exoskeletons limits
the number and size of the joint actuators to be used. This weight reduction
invariably implies a lower count and size of the joint actuators. Hence, the low
number of joint actuators entails a low-active-degree-of-freedom (LADOF) for the
exoskeleton, while the smaller actuator size implies limited actuator-bandwidth
and gear-ratio as discussed in Paper A. This limitation, combined with rigid
contact supports (mostly used to attach the human user physically), deteriorates
the physical human-robotic interaction (pHRI) performance of these exoskeletons,
primarily due to three main reasons.

Firstly, due to limited gear-ratio, the disturbing net load-toque on the joint-
actuators is not sufficiently reduced to be ignored and severely deteriorates the
joint actuator’s tracking performance as discussed in detail in Paper A. Therefore,
it is of paramount importance that this disturbing load torque on the exoskeleton’s
joint-actuators is minimized to linearize the human-exoskeleton-system and to
allow the design of simple linear-joint-controllers for the system, with improved
tracking performance as analyzed in Paper A .

Secondly, the limited power actuators suffer from limited force bandwidth
and actuation-signal saturation. In turn, this inadequacy results in poor tran-
sient response and high impedance due to the reflected moment of inertia [40,41].
Therefore, the performance of any impedance control strategy [51–54, 95] trying
to reduce the end-point contact impedance of the exoskeleton gets severely af-
fected. The desired contact point impedance is very difficult to realize in practice
due to limited force-bandwidth and actuation-signal limitation of the actuators as
discussed in detail in Paper B. This issue, combined with rigid contact supports
for a LADOF exoskeleton, strongly affects the assistive device’s pHRI perfor-
mance. The effect of rigid contact supports on pHRI for a LADOF upper-body
exoskeleton has been analyzed in detail in Paper B.

Thirdly, due to the reduced number of actuators, the active degree of freedom
(ADOF) of the exoskeleton is reduced. This, coupled with the unavoidable small
axial misalignment between the human and the exoskeleton joints, using rigid
contact support results in increased and fast undesired interactive forces between
the human and assistive devices as shown in Paper B. This effect, combined with
the actuator’s limited force-bandwidth, strongly reduces the exoskeleton’s pHRI
performance.

The work proposed in this paper is in continuation of the work done in Paper
A, Paper B, Paper C, Paper D and [57, 96]. The motivation for this work is to
design and develop a lower-body exoskeleton so that the latest developed tech-
niques in Paper A, Paper B and Paper C could be effectively applied to improve
the pHRI performance of lower-body exoskeletons. The exoskeleton initially de-
veloped in Paper D and [57] was designed to follow particular defined desired
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Figure 3.52: Developed LADOF lower-limb exoskeleton with mechanically decou-
pled passive compliant contact supports

trajectories in joint-space, resulting in strong interactive forces between the hu-
man and the exoskeleton. The exoskeleton also suffered from considerable weight
and inertia. These drawbacks, coupled with very rigid contact-supports, resulted
in poor pHRI performance of this exoskeleton. The lower-body exoskeleton de-
signed in [96] had a lower weight and used standard force control techniques to
follow the human movement but used rigid contact supports, which resulted in
interactive forces not in the desired direction, which caused the force sensors at
the supports to get corrupted and hence resulted in poor force control and poor
pHRI-performance for the exoskeleton. Therefore, to practically verify the pHRI
improvement for a wearable lower-body exoskeleton, afforded by the improved
task-space impedance control techniques (with mechanically decoupled passive-
compliant contact supports as proposed in Paper B), in conjunction with the
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new joint-space load-torque compensation techniques (as proposed in Paper A,
Paper B, Paper C), a novel 4-ADOF lower-body exoskeleton is designed with four
passive degrees of freedom (PDOF) per leg as shown in Figure 3.52.

Figure 3.53: Structural design for, LADOF lower-body exoskeleton with 4-ADOF
and 8-PDOF using passive compliant contact supports.
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Table 3.4: Range of motion values for different DOFs per leg of LADOF exoskeleton
shown in Figure 3.53

DOF Description Type ROM

hipflex−exta flexion-extension active 120o to −122o

hipabduc−aducp abduction-adduction passive 80o to −80o

hiprotp int.-ext. rotation passive 45o to −45o

kneeflex−exta flexion-extension active 122o to 0o

ankledorsi−planp dorsi-plantar flexion passive 25o to −30o

ankleinv−everp inversion-eversion passive 35o to −35o

Table 3.5: Structural design dimensions for the lower-body exoskeleton in Figure
3.53

Dimension Min. Value Max. Value
lthigh 370 mm 385 mm
lshank 375 mm 485 mm
wwaist 418 mm 478 mm
wexo 512 mm 581 mm

3.5.1 Mechanical design

To provide physical assistance to the human-user for his lower body daily activi-
ties (walking, sit-to-stand), a 4-ADOF LADOF-exoskeleton is designed as shown
in Figure 3.52. Apart from reducing the ADOF for the exoskeleton, special de-
sign considerations are considered to reduce the exoskeleton’s overall weight to
16 kg. To ensure that the designed exoskeleton complies with low-risk physical
assistance robot standard, namely EN-ISO 13482, the exoskeleton is designed to
provide a maximum of 50 percent assistance to the human-users weighing 70 kg
- 110 kg and having a height from 1.5 m -1.8 m.

3.5.1.1 Structural design

The structural design for the designed exoskeleton is shown in Figure 3.53. To
effectively assist the human in his daily activities while ensuring a reduced weight
of the exoskeleton, assistance to the human is provided only along the sagittal
plane of hip and knee joints (for respective flexion/extension DOFs). On the
other hand, to allow the human’s unassisted natural movement, the exoskeleton
is also designed to support 8-PDOF with 4-PDOF per leg. For each hip-joint,
internal-external rotation and abduction-adduction DOFs are passive, while for
each ankle- joint, dorsi-plantar-flexion and inversion-eversion DOFs are passive,
as listed in Table 3.4. The supported active and passive DOFs for the designed
exoskeleton are also respectively shown in Figure 3.53.

Since the ADOF for both the exoskeleton’s hip and knee joints is along the
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Figure 3.54: 3-D compliant support attachment and sliding length adjustment
mechanism.

sagittal plane, the respective 3D-compliant contact-supports are designed to sense
the contact forces only along the sagittal plane. To properly sense these contact
forces, the compliant contact supports for the thigh and shank are correspondingly
attached to their respective support structures near the knee and ankle joint-
assemblies, as shown in Figure 3.54. The thigh, shank, and waist structures of the
exoskeleton are adjustable using respective unique sliding adjustment mechanisms
to allow proper fitting for users with different body frames and physique. The
sliding mechanism for the thigh support structure is shown explicitly in Figure
3.54. The dimensions of these structures are shown in Figure 3.53, while the
corresponding values are shown in Table 3.5. The designed range of motion
(ROM) values for the different DOFs are listed in Table 3.4.

3.5.1.2 Joint assemblies

Load-torque compensation techniques like DOB-based-DLTC and hybrid DOB-
based-DLTC proposed in Paper A and Paper C require accurate sensing of the
joint load-torques at all the exoskeleton’s active joints for their proper implemen-
tation. The proper implementation of the impedance control technique proposed
in Paper C, on the other hand, requires accurate sensing of the joint position and
velocity with a proper gear head for all the active joints. Furthermore, the joint
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(a) Complete joint-assembly. (b) Section view of complete joint- assembly.

(c) Motor-torque-sensor assembly (d) Section view of motor-torque-sensor as-
sembly.

Figure 3.55: Developed joint assembly with integrated torque sensor for the lower-
body exoskeleton in Figure 3.52

assemblies need to be designed with the lowest possible weight and size, making
the design and concept of such an assembly quite challenging.

Therefore, to meet the above requirements compactly, so as to ensure proper
implementation of the proposed techniques for all four active joints of the lower-
body exoskeleton in Figure 3.53, four novel joint assemblies are designed. Each
joint assembly primarily consists of a motor-torque-sensor assembly, a harmonic
drive as a gearhead, and an absolute encoder with housing for absolute position
sensing, as shown in Figure 3.55a. The cross-section view of the developed joint
assembly is shown in detail in Figure 3.55b. The motor-torque-assembly in-turn
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consists of a brushless DC-motor as a joint actuator, an incremental encoder as
a joint speed sensor, and an integrated torque sensor with proper housing. The
designed motor-torque-assembly is shown in Figure 3.55c. The load torque sensor
is indigenously designed with three sensing beams to effectively sense the axial-
load torques about the axis of rotation of the respective joint. Four strain gauges,
two on each side of the sensing beams, are mounted in a full-bridge configuration
for enhanced sensitivity, effective noise cancellation, and efficient temperature
compensation [97, 98]. The housing of the torque sensor is so designed that only
the axial rotational-torques are transmitted to be sensed by the strain gauges
while all the other undesired-torques primarily due to axial or radial load-forces
are taken up by the housing, using two independent support bearings, as shown
in the cross-section view in Figure 3.55d. This, hence, in turn, ensures accurate
sensing of the joint axial load-torque.

3.5.1.3 3-D passive compliant limb-supports

To improve the end-point impedance control performance of the designed lower-
body exoskeleton so as to reduce the undesired interactive forces between the
human and the machine, innovative 3-D passive-compliant limb-supports (PCLS)
have been designed for the respective thigh and shank limbs, as shown in Figure
3.52. The design of PCLSs for the lower-body exoskeleton is primarily motivated
by the work done in Paper B, where improvement in pHRI by using such supports
has been demonstrated for an impedance controlled upper-body exoskeleton. The
designed thigh compliant support for the lower body exoskeleton is shown explic-
itly in Figure 3.56, while its attachment to the respective support structure is
shown in Figure 3.54. A load-sensor is placed along the Y-axis of the support
to sense the sagittal plane’s interactive forces. Since the exoskeleton is designed
to support the human-only along the sagittal plane, only one such load sensor
is required per support. It is imperative from a functionality perspective that
a mechanically decoupled passive compliance is provided by the support while
maintaining low friction and undesired play [22]. This requirement is ensured by
mounting a pair of passive springs about an independent miniature roller-based-
slide-table along each axis, as shown in Figure 3.56. The use of a roller-based-
slide-table for each axis ensures mechanical-decoupling and low-friction, which is
imperative for imparting the desired level of passive compliance along each axis
of the support. Limited PDOF is also provided about the Y-axis to allow proper
alignment of the human limb with that of the support axis, as illustrated in Figure
3.56. Although from a control perspective, the passive compliance only along the
support direction, i.e., Y-axis, is of relevance, the provided passive compliance
along the X and Z-axis and the limited PDOF about Y-axis provides the nec-
essary flexibility (for human-limb agronomics) required to protect the load-cell
sensor against the forces not aligned with the desired sensing direction (i.e., the
Y-axis). In turn, this design approach ensures accurate sensing of the interac-
tive forces along the direction of control and provides better fitting and comfort



96 CHAPTER 3. SUMMARY OF THE INCLUDED PAPERS

Figure 3.56: Limb support with developed mechanically decoupled 3-D passive
compliance mechanism.

to the human by reducing the amount of stress and undesired interactive-forces
in line with the non-supportive directions. A combination of Velcro-belt with
mechanical-back-limb support is designed to attach the respective human-limb
support, as shown in Figure 3.56.

3.5.1.4 Foot assembly

To properly assist the human during each phase of the walking cycle (stance
phase, single support phase, and double support phase), each phase’s start and
end instant must be appropriately measured [98–100]. Therefore, a 2-PDOF foot
assembly is designed for each leg of the exoskeleton with two load cells, one at
the toe to detect toe-off and the other at the heel to detect heel strike. The
load cells are mounted through a separate pressure plate with sliding steel pins
to allow proper force application and sensing, as shown in Figure 3.57b. The
two PDOF, on the other hand, provide the necessary freedom to the human-
user for proper walking. The rubber studs at each foot assembly transfer the
exoskeleton’s weight to the ground during stance and single support phases, hence
relieving the human of exoskeleton’s weight during these phases as shown in
Figure 3.57a. Furthermore, the load cells allow proper measurement of the ground
reaction forces at each foot of the exoskeleton to estimate the center of pressure.
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(a) Load cell assemblies and passive DOFs. (b) Cross-section view of the load cell
assembly at A-A´.

Figure 3.57: Designed foot assembly for the lower-body exoskeleton in Figure 3.52

Estimating the center of pressure is pivotal in applying advanced stability-control
techniques to the exoskeleton [101,102].

3.5.2 Actuator selection

To ensure proper selection of joint actuators, the exoskeleton’s power and load
torque requirements for active hip and knee joints need to be correctly estimated.
This, in turn, requires proper estimation of the assistive-load-torque and estima-
tion of dynamic-load-torque for the exoskeleton itself. The activities considered
to be assisted by the designed lower-body exoskeleton are walking, sit-to-stand,
and standing. Since walking is an essential activity entailing the most consider-
able power and torque requirements [103], it is selected to estimate the actuator
requirements for the three different gait speeds of the elderly.

3.5.2.1 Human torque requirement

The exoskeleton needs to assist the human-user; therefore, the torque required
(for human walking) needs to be first estimated accurately to correctly find the
exoskeleton’s assistance-torque requirement. For this purpose, mean walking gait-
curves for human knee and hip joints are first found in the sagittal plane using
walking gait-data in [104] for eighteen elderly persons (age 62-79 years, mean
height 161 cm and mean weight 66.33 kg and mean stride-length of 1.0 m). The
walking gait curves have then been found (using this data) over a complete gait
cycle at three different walking speeds, i.e., for a slow-speed of 1.68 km/hr, a
medium-speed of 2.4 km/hr, and a fast-speed of 3.1 km/hr. The mean-gait
curves for the angular position, velocity, and acceleration of human knee and
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(a) Joint-angles q. (b) Joint angular-velocities q̇.

(c) Joint angular-accelerations q̈ (d) Required human joint torques τh.

Figure 3.58: Human-gait-curves for the hip and knee joints in the sagittal plane
at three different gait speeds (slow 1.68 km/hr, medium 2.4 km/hr and fast 3.1
km/hr)

hip joints are respectively shown in Figure 3.58a-3.58c, while the associated re-
quired human-joint torques τhhip and τhknee are shown in Figure 3.58d. It is
to be noted that the gait curves in Figur 3.58 have been found by considering
joint-extension and joint-flexion as positive and negative quantities, respectively.
It is seen from Figure 3.58d that a considerably large human torque is required
for a small increase in walking speed, hence indicating that the human torque
requirement for the exoskeleton is strongly dependent on the walking speed of
the human.

3.5.2.2 Exoskeleton torque requirements

The designed exoskeleton’s ankle joint has two PDOF, as shown in Figure 3.57;
hence no load-torques are expected to be produced on the exoskeleton’s active hip
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Figure 3.59: Frame definition for the single-leg of the lower-body exoskeleton with
2-ADOF.

and knee joint due to ground reaction forces. The human-user himself is supposed
to provide the corresponding torque for the ground reaction forces. Therefore,
there is no considerable coupling between the dynamics of the exoskeleton’s two
legs, and hence the dynamic load-torques for the active hip and knee joints could
be found by considering each leg’s dynamics individually. Since both the legs
are symmetrical, a kinematic and dynamic model for a single leg with 2-ADOF is
found using the D-H parametric approach. The frame definitions for the exoskele-
ton’s single leg are shown in Figure 3.59, while the corresponding D-H parameters
are listed in Table 3.6. If qm1

, qm2
are the measured joint angles of hip and knee

joint respectively, then the joint angle vector q ∈ R2 is defined as q = [q1 q2]T ,
where q1 = qm1 + qo1 and q2 = qm2 + qo2 . Here q01 , q02 are the associated
joint-angle offsets, as shown in Table 3.6.
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Table 3.6: D-H parameters for the 2-ADOF single-leg of the lower-body exoskeleton
in Figure 3.59

ai (m) di (m) αi (rads) q0i (rads)
a1=0.442 d1=0 α1=0 q01

=0
a2=0.345 d2=0.195 α2=0 q02=0

á2=0.345 d́2=0.195 ά2=0 q́02=0

The dynamic torque τexo ∈ R2 required for the 2-ADOF exoskeleton-leg is
therefore simply given by the forward dynamic equation as

τexo = Mexo(q)q̈ +Cexo(q, q̇)q̇ + gexo(q). (3.30)

Where q is the joint angle vector, Mexo(q), Cexo(q, q̇) ∈R2×2 are the respective
inertial Mass and Coriolis matrices for the exoskeleton-leg while gexo(q) ∈ R2

is the gravity vector found using the respective transformations and the inertial-
parameters [105].

To effectively assist the human in its daily activities, it is imperative that the
exoskeleton closely follows the angular joint positions, velocities, and accelerations
of the corresponding human joints. Therefore, the dynamic load-torque τexo
is found for three different gait-speeds using (3.30) with the angular position
q, angular velocity q̇, and angular acceleration q̈ given by the corresponding
mean gait-curves in Figure 3.58a-3.58c. The found dynamic-load-torques (τhipexo ,
τkneeexo) for the hip and knee joint are then respectively shown in Figure 3.60a
and it is seen that both these torque are also increasing functions of human gait-
speed.

3.5.2.3 Net torque and power requirement

The lower body exoskeleton is required to provide maximum assistance of 50
percent to the human-user. The required assistance torque τassist ∈ R2 is,
therefore, given in terms of the required human torque as

τassist = aassit τh. (3.31)

Where aassit= 0.50 for maximum assistance and τh =
[
τhhip τhknee

]T
is the es-

timated human torque, as shown in Figure 3.58d. The assistance torque τassist
found using (3.31) is shown in Figure 3.60b for three different gait-speeds. The
net-torque requirement for active joints of the exoskeleton can therefore be given
from (3.30), and (3.31) as

τnet = [τkneenet τhipnet ]
T

= τexo + τassist. (3.32)

The estimated net-torques for hip and knee joints actuators using (3.32) are shown
in Figure 3.60c. The output power requirement preq ∈ R2 for the actuators can
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(a) Required joint dynamic torque for the
exoskeleton alone τexo.

(b) Required assistance joint torque τassist.

(c) Required joint net-torque τnet. (d) Required joint actuator power preq.

Figure 3.60: Actuator requirements for lower-body exoskeleton for providing 50
percent assistance to the human-user with q, q̇, q̈ and τh given by the mean gait-
curves in Figure 3.58a-3.58d, at three different gait speeds for elderly.

therefore be computed from (3.32) as

preq = [phip pknee]
T

= Qτ q̇. (3.33)

Where Qτ = diag{τnet} ∈ R2x2 is the net-torque matrix and q̇ = [q̇hip q̇knee]
T

is the desired joint velocity vector for respective hip and knee joints and given by
the human gait velocity curves in Figure 3.60b.

The estimated output power required for hip and knee joint actuators for
three gait-speeds is shown in Figure 3.60d. To keep the size and weight of
the exoskeleton small but still, be able to assist the human effectively (τassist
=50 percent of τh), the actuators for hip and knee joints are selected for the
peak motoring-power requirements corresponding to the medium gait-speed (2.4
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(a) Hip-actuator torque-speed requirements. (b) Knee-actuator torque-speed require-
ments.

(c) Hip-actuator corresponding input cur-
rent and voltage requirements.

(d) Knee-actuator corresponding input cur-
rent and voltage requirements.

Figure 3.61: Speed-torque requirements for active joints in Figure 3.58b and Figure
3.60c (over one gait cycle) mapped on the respective characteristic curves of the
selected actuators (specs. in Table 3.7) for three different walking-speeds.

km/hr) in Figure 3.60d. Figure 3.60d also shows that both the selected actuators
need to perform both in the motoring and the generation mode to meet the said
requirements. In motoring mode, the power is to be consumed from the battery
and considered positive, while for generation mode, the power is to be delivered
back to the battery and considered negative. The peak-motoring power require-
ment for medium gait-speed is found to be about 100 W, as shown in Figure
3.60d. Therefore, 48 V, 100 W brushless motors (EC-60 from MaxonTM ) with
respective harmonic-drive gearheads of 80:1, 50:1 were selected for the exoskele-
ton’s active hip and knee joints to meet the said requirements. The specifications
of the selected actuators are shown in detail in Table 3.7.

To verify the performance of the selected actuators, the output torque-speed
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Table 3.7: Selected actuators specifications for the lower-body exoskeleton in Figure
3.53

Actuator Power Gear Ratio Stall Torque Max. speed Torque grad. Torque const. Speed const.
(W) (Nm) (rads/s) (rads/s.Nm−1) (Nm/A) (rads/s.V−1)
(pact) (τactmax) (nl) (gτ ) (kτ ) (ks)

Hip 100 80:1 400 4.7 0.013 9.12 0.108
Knee 100 50:1 250 7.5 0.033 5.7 0.173

requirements (shown in Figure 3.58b and Figure 3.60c) for both the joints, at
three different speeds are mapped on the characteristic curves of the respective
actuators and shown in Figure 3.61a and 3.61b. The allowed operational area
for the actuators’ motoring-mode is limited by the torque-speed characteristic
curve, while the actuators’ continuous torque operation region is limited by its
power-rating curves, as shown in Figures 3.61a and 3.61b. The input current and
voltage requirements (iact, vact ∈ R2) for both the actuators can be found in
terms of the actuator’s parameter (from Table 3.7) as

iact =
[
iacthip iactknee

]T
= η−1K−1

τ τnet + inl,

vact =
[
vacthip vactknee

]T
= K−1

s q̇nl +Rw inl.
(3.34)

Where

inl = K−1
τ τf , q̇nl = q̇ +Ks,

Ks = diag
{
kship , ksknee

}
, Kτ = diag

{
kτhip , kτknee

}
,

Rw = diag
{
rwhip , rwknee

}
, η = diag {ηhip, ηknee} .

Vectors τnet and q̇ in (3.34) represent the torque-speed requirements shown in Fig-
ure 3.58b and Figure 3.60c respectively, while matrices η, Kτ , Ks, Rw ∈ R2x2

respectively represent the gear-ratio, torque-constant, speed-constant and phase-
to-phase winding resistance matrices of the actuators. Vectors inl, q̇ in (3.34)
respectively represent the no-load current and no-load speed of the actuators.
The found values of iact and vact and plotted for three different gait-speeds and
respectively shown in Figure 3.61c and 3.61d. The continuous and discontinuous
current-operation-areas, along with operational limits for both the actuators, are
also clearly shown in the respective figures.

It is seen from Figure 3.61 that the actuators for the hip and knee joints of the
exoskeleton need to operate in all four quadrants (2-motoring and 2-generation
regions) to satisfy their respective torque-speed requirements. Since the maxi-
mum peak input power-requirement for both the actuators is found to be 356W
with a maximum peak actuator current of 10A (as shown in Table 5 of Paper
E), therefore, a four-quadrant compatible 400W motor-driver (EPOS4 Compact
50/8 CAN from MaxonTM ) was selected for each actuator. Since the power is
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to be drawn and returned to the battery during the motoring and generation
operation of the actuators, the battery selected must also properly source and
sink the maximum peak actuator-current of 10.0 A to avoid large voltage spikes
at the input, especially during generation operation.

It is seen from Figure 3.61a and 3.61b that the speed and torque requirements
for both the knee and hip joints at low and medium gait-speeds remain within
the continuous torque area of the respective actuators. The corresponding input
current and voltage requirements for these speeds also remain in the continuous
current-operation-area of the respective actuator, as shown in Figure 3.61c and
3.61d. Therefore, at low and medium gait-speeds, the selected actuators can
safely deliver the respective required torques and speeds for the exoskeleton’s ac-
tive joints without exceeding their respective power ratings. For fast-gait-speed
though, the torque-speed requirements for hip and knee joint map onto the dis-
continuous area of operation of the respective actuators for a short duration per
gait cycle, but these requirements always remain within the allowed operational-
area of the respective actuator as seen in Figure 3.61a and 3.61b. Hence the
fast-gait-speed requirements are also achievable by the respective joint actuators
but at the cost of higher power dissipation, as seen by the corresponding current
and voltage requirements in Figure 3.61c and 3.61d.

The selected actuators’ performance is evaluated in terms of the actuators’
respective safety-factors found in terms of the actuators’ parameters listed in
Table 3.7. These factors are obtained for peak input-power, peak net-torque, and
peak speed requirements for three different gait-speeds and shown in Figure 3.62.
From these factors, it is seen that the selected actuators for hip and knee joints are
expected to give high performance for slow-gait speed with high power, torque,
and speed safety-factors together with respective average motoring efficiencies of
71% and 68%. The RMS input-power requirements per gait-cycle for hip and
knee actuators at slow-gait speed are also reasonably low compared to actuators’
power-ratings and are found to be only 11W and 10W, respectively.

The safety-factors obtained for medium gait-speed are also noticeably good,
with respective average motoring efficiencies of 67% and 64%. Though the power-
factor for the hip-actuator is seen to be 0.89 for the medium gait-speed, the hip
actuator’s performance is not affected as the actuator is expected to be slightly
overloaded only for a short time per gait cycle with a satisfactory speed safety-
factor of 1.8, under peak load conditions. The RMS input-power requirements per
gait cycle for both the actuators at medium gait-speed are also considerably less
than actuators’ power ratings and are found to be 35W and 23W, respectively.

For fast gait-speed, it is seen that though the peak power safety-factor is rel-
atively low with respective values of 0.28 and 0.73 for hip and knee actuators,
the torque and speed safety-factors are reasonably satisfactory with respective
average motoring efficiencies of 61% and 62%. The RMS input-power require-
ments per gait cycle for both the joints at fast gait-speed are still less than the
actuators’ power ratings and are found to be 95W and 52W, respectively. There-
fore, the selected actuators can still work aptly at fast gait-speed but with larger
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Figure 3.62: Selected actuators’ performance evaluated at peak-power, peak-net-
torque, and peak-speed requirements for the active hip and knee joints, using the
parameters listed in Table 3.7.

overloading and more considerable power dissipation per gait-cycle.

3.5.3 Desired assistive force

If τassist ∈ R2 is the net required assistance torque to be provided by the
exoskeleton, then this assistive torque can be written in terms of the desired
assistive forces f∗eassth

and f∗easssh
∈ R3 at the corresponding thigh and shank

support as

τassist =
[
τ
assist(hip)

τ
assist(knee)

]T
= Jve(q)T

th
f∗eassth

+ Jve(q)T
sh
f∗easssh

, (3.35)

where

Jve(q)
th

=
[
Jve(q)th(hip)

Jve(q)th(knee)

]
= R(q)−1

th
Jv(q)

th

Jve(q)
sh

=
[
Jve(q)sh(hip)

Jve(q)sh(knee)

]
= R(q)−1

sh
Jv(q)

sh
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Figure 3.63: Desired assistive forces corresponding the desired assistive torque
shown in Figure 3.60b at the thigh and shank compliant supports in their respective
frame of references as shown in Figure 3.59

In equation (3.35), the matrices Jv(q)
th
,Jv(q)

sh
,Jve(q)

th
,Jve(q)

sh
∈ R3x2 rep-

resent the respective velocity Jacobian and end-effector velocity Jacobian matri-
ces of thigh and shank compliant supports while R(q)

th
, R(q)

sh
∈ R3x3 are

the corresponding rotation matrices. For the designed exoskeleton shown in Fig-
ure 3.59, the partition matrix Jve(q)th(knee)

∈ R3x1 in equation (3.35) is a null
matrix. Therefore, the desired assistive forces (in their repective end-effector
frame of reference) f∗eassth

, f∗easssh
corresponding to the desired assistive torques

τ
assist(hip)

, τ
assist(knee)

can then be found from (3.35) as

f∗easssh
=
(
Jve(q)Tsh(knee)

)†
τ
assist(knee)

,

f∗eassth
=
(
Jve(q)Tth(hip)

)†
τ
assist(hip)

− Jve(q)Tsh(hip)
f∗easssh

,

(3.36)

Where † represents the pseudo inverse while Jve(q)th(hip)
, Jve(q)sh(hip)

, Jve(q)sh(knee)
,

R3x1 are the partition matrices for the corresponding end-effector velocity Jaco-
bians matrices Jve(q)

th
, Jve(q)

sh
in (3.35). For the required assistance torque

τassist (found using the human-torque requirements and exoskeleton’s dynam-
ics) shown in Figure 3.60b, the corresponding desired assistive forces f∗eassth

,

f∗easssh
in their respective compliant support reference frames are found using

(3.36) and shown in Figure 3.63 for three different gait-speeds. It is seen that
these forces only consist of their respective y-components f∗eyth

, f∗eysh
with all the

other components i.e. f∗exth
, f∗ezth

, f∗exsh
, f∗ezsh

equal to zero. Therefore, only
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the y-component of the forces in the compliant supports need to be sensed and
controlled to provide the desired level of assistance given by τassist. Hence cor-
rectly justifying the use of one force sensor along the y-direction in each compliant
support as shown in Figure 3.56.

To correctly estimate the desired assistive forces f∗eassth
, f∗easssh

at any instant

using the predetermined τassist curve like the one shown in Figure 3.60b, it is
imperative that the current phase of the gait-cycle is continuously estimated
correctly in a predictive fashion using modern techniques modern techniques
like [106–108] by using the foot load sensors, adaptive oscillators or Inertial
measurment units (IMUs). For an improved pHRI perspective, the compliant
elements’ stiffness of the compliant supports is desired to be low [22], but the
amount of permissible mechanical displacement, primarily limits the compliant
element’s lower stiffness value. Furthermore, a lower stiffness value would also
limit the desired impedance value for the support [22]. Therefore, with a permis-
sible mechanical displacement of 10 mm for the designed compliant supports (as
shown in Figure 3.56) and with a corresponding peak desired assistive force of
200 N (as from Figure 3.63), the passive stiffness of the springs ksyth , ksysh for the
respective thigh and shank supports along the sensorized y-direction were chosen
to be 24.0 N/mm. Nominal lengths of 22.5 mm and a diameter of 12.5 mm were
selected to ensure linear operation of the selected springs for whole range of the
desired assistive forces, shown in Figure 3.63.

Figure 3.64: Master-slave distributed control structure for the designed lower-body
exoskeleton shown in Figure 3.52
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Figure 3.65: Operational flow chart for master-controller in Figure 3.64 for walking
assistance mode using DOB-based-DLTC impedance-based force control

3.5.4 Control architecture

To properly implement the proposed control techniques in Paper A, Paper B and
Paper C on the the designed lower-body exoskeleton, a distributed Master-Slave
control structure (motivated by some initial work done in Paper D) is suggested,
as shown in Figure 3.64. The top-level control is to be implemented by the master
controller, while the local joint level control is intended to be implemented by the
respective joint-level slave controller for active joint of each leg.
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To ensure robust and fast communication between the master and slave con-
trollers, the master and the respective slave controllers of each leg are linked
through two dedicated System-CAN buses, i.e., System-CAN-bus-1 and System-
CAN-bus-2, as shown in Figure 3.64. A CAN message-based communication
protocol has been developed to ensure proper communication between the slaves
and the master controller. The details of the developed protocol are presented in
Paper E.

The master controller is interfaced to the user HMI module via a blue-tooth
connection, as shown in Figure 3.64. The HMI-module provides the user with the
exoskeleton’s critical control-functionality and configures the exoskeleton’s func-
tionality by sending configuration data to the master controller, i.e., operational
mode, level of assistance, sample-time, desired impedance/controller parameters,
and kinematic/dynamic parameters. The HMI module also informs the user of
the current state and errors of the exoskeleton system.

The master-controller implements the top-level system control for the ex-
oskeleton in real-time. The master-controller performs proper initialization of
all the System-CAN-busses, ADCs, and timers after receiving configuration data
from the user. It also scales the already stored mean-normalized desired assistive
load-torque curve with respect to the user height and weight. The operational flow
of impedance-based assistive force-control of the lower body exoskelton employing
DOB-based-DLTC is respectively shown in Figure 3.65. The detail explanation of
the steps involved in the operational flow for the master controller are presented
in Paper E.

The detail of the joint level control structure is shown in Figure 3.66. It
comprises of a slave-controller, a brushless motor-controller, a joint assembly
(as explained in Section 3.5.1.2), and a sensorized 3-D compliant support (as
discussed in Section 3.5.1.3), digital and absolute encoders, an inline transduce
amplifier for compliant support, and a torque-sensor signal conditioning card.
The slave controller is responsible for providing the local joint level control to

Figure 3.66: Detail of joint-level slave control structure shown in Figure 3.64.
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Figure 3.67: Operational flow-chart for slave-control in Figure 3.66 for human walk-
ing assistance using DOB-based-DLTC impedance-based force control

the joint assembly. The slave-controller is interfaced through two CAN-busses.
The System CAN-bus interfaces the respective slave-controllers to the master-
controller while a Local-CAN-bus interfaces a CANopenTM based motor-driver
((EPOS4 Compact 50/8 CAN from MaxonTM ) to its respective slave-controller
as shown in Figure 3.66. This interface allows the slave-controller to configure,
control, and monitor the motor-driver over the Local-CAN-bus and allows it to
receive and send joint position and velocity information over from the motor-
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driver. The high-resolution digital encoder, coupled to the motor’s back-end,
ensures an accurate measurement of joint-position and velocity even for short
sampling times. The absolute-encoder, coupled directly to the joint-shaft, en-
sures a correct joint-position estimation, especially at startup. A CAN-protocol
compatible with CANopenTM protocol is developed for the slave-controller to en-
sure robust communication with the motor-driver over the Local-CAN-bus. The
slave controller’s operational flow is shown in Figure 3.67 for the walking assis-
tance mode using DOB-based-DLTC impedance-based force control. A detailed
explanation of the slave controller’s operational flow is presented in Paper E.

To provide the necessary gait phase and ground reaction information to the
master controller, load-cells at toe and heel at each foot assembly (shown in Figure
3.57 are interfaced to the master controller through dedicated inline (UV-Series-
24V), HoneywellTM transducer-amplifiers. These amplifiers feature a highly
regulated excitation supply for sensor bridge, very high S/N ratio, programmable
gain, and wide range zero-error calibration. The ability to sense the ground
reaction forces allows the master controller to not only correctly estimate the
continuous phase of the gait cycle [106–108] but also to make critical decisions for
the respective slave controllers to successfully implement the high-level strategies
for the exoskeleton’s stability and control [101,102]. The force load-sensors at each
compliant support are also interfaced to the respective slave-controller through
dedicated UV-Series inline transducer amplifiers.

To practically implement the proposed CAN bus-based master-slave control

Figure 3.68: Developed embedded control card for master-slave control architecture
shown in Figure 3.65

.
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Figure 3.69: Designed control box for lower-body exoskeleton shown in Figure 3.52,
with cover removed

.

architecture for the developed lower-body exoskeleton, a dedicated embedded
control-card has also been developed, as shown in Figure 3.68. The developed
control card can serve both as the slave or the master-controller. The card sup-
ports two CAN busses i.e, the System-CAN bus and the Local-CAN bus, which
could then, in turn, be respectively used to interface the master/slave controllers
and the joint-level motor-drive amplifiers.

A dedicated control box is designed to properly house and mount all the
exoskeleton’s associated electronics and provide proper interfaces to all the sen-
sors and the joint actuators. As discussed above, proper implementation of the
proposed master-slave control strategy for the lower-body exoskeleton requires
one embedded-control-card as the master-controller and four embedded-control-
cards to serve as slave-controllers. Master and slave controllers are linked locally
within the control-box through the two System-CAN busses on the respective
control cards, while each slave is linked to its respective motor-driver over the
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Local-CAN-bus through four 2-pin shielded-connectors. All the control-cards are
appropriately mounted using stackable mounting assemblies in the designed con-
trol box, as shown in Figure 3.69. The four inline transducer amplifiers for the
compliant supports and four transducer amplifiers for the foot sensors are also cor-
rectly mounted in the control-box using double-stack mounting assemblies and
interfaced to the respective master and slave control-cards as shown in Figure
3.64 and Figure 3.66 respectively. These amplifiers are also interfaced to their re-
spective load-sensors through eight 4-pin shielded-connectors. To provide JTAG
programming interfaces to master and slave control cards, five DB9-programming
ports are also provided in the control box.

The control box also houses a 48V 10Ah, 13S4P battery with 25R 18650
Lithium cells. The maximum average current requirement per gait cycle for each
joint is found to be 1.4 A, the four joint actuators’ net current requirement is hence
5.6 A; therefore, the selected battery is expected to power the exoskeleton for at
least 1.5 hour. Housing the control cards, inline transducer amplifiers, DC-DC
converter, and the battery in one place not only localizes the System CAN-busses
between master and slave-controllers but also localizes the respective wires for
power-supply and interfacing, resulting in shorter wires and therefore reduced
electromagnetic interference.

3.5.5 Proposed strategy

One possible way to safely provide the desired level of assistance to the human-
user is to control the shank-support of the exoskeleton using the impedance con-
trol law while controlling the thigh-support in the null space of the shank-support
as suggested in [22]. This approach is not preferred as the null space control of the
thigh-support is not possible in this case as there is no null space available in the
Jacobian of the shank-support in which to control the thigh-support to provide
the desired level of assistance (since the active degree of freedom at the shank-
support is only two which is less than the desired 3-ADOF). Therefore, a new
control strategy is proposed for the designed lower-body exoskeleton capable of
imparting simultaneous impedance-based force tracking control at both the thigh
and shank contact supports while using the proposed passive compliance and
DOB-based-DLTC for improved pHRI performance of the exoskeleton. The pro-
posed control strategy while considering the operational flow of master and slave
controllers (shown in Figure 3.65 and Figure 3.67) is shown in detail in Figure
3.70. The simultaneous assistive force tracking control for both thigh and shank
supports is made possible by proposing separate force-based impedance control
laws in task-space for each contact support where the joint reference accelera-
tion for each joint i.e. q̈r(hip) , q̈r(knee) is generated individually by the respective
impedance control law, as shown in Figure 3.70.
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Figure 3.70: Proposed control strategy for simultaneous tracking force control for
both the contact supports of the lower-body exoskeleton.

The complete control law for the proposed strategy is hence given as

ẍra =ẍ∗hth + (Mdth)
−1

(−kfthefth −Bdth ėth −Kdtheth) ,

ẍrb =ẍ∗hsh + (Mdsh)
−1

(−kfshefsh −Bdsh ėsh −Kdshesh) ,

q̈ra =
[
q̈ra1 q̈ra2

]T
= (Jv(q)

th
)
†
(
ẍra − J̇v(q)

th
q̇
)
,

q̈rb =
[
q̈rb1 q̈rb2

]T
= (Jv(q)

sh
)
†
(
ẍrb − J̇v(q)

sh
q̇
)
,

q̈r =
[
q̈r(hip) q̈r(knee)

]T
=
[
q̈ra1 q̈rb2

]T
.

(3.37)
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Where
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}
,

Mdth = Mdsh = diag
{
mdj

}
, Bdth = Bdsh = diag

{
bdj
}
,

Kdth = Kdsh = diag
{
kdj
}
, for j = 1 to 3.

Here q∗h(hip)
, q∗h(knee)

represent the desired human-joint positions values and are

given by the respective hip and knee joint trajectory curves in Figure 3.58a while
q = [q(hip) q(knee)]

T represents the current joint position vector of the exoskele-
ton. The vectors x∗hth ,x

∗
hsh

represent the desired human position at the respec-
tive contact supports in the task space while xexoth ,xexosh represent the actual
task-space position of the respective contact supports. The f∗eassth

,f∗easssh
repre-

sent the desired assistive forces on the human in the respective thigh and shank
support-frames and are given by Figure 3.63. Where it is seen that x and z com-
ponent of both the assistive forces i.e.f∗exth

, f∗ezth
, f∗exsh

and f∗ezsh
are zero and the

assistance is only provided along the y-axis given respective by the y-components
f∗eyth

and f∗eysh
. The required gait-phase is linearly estimated from the measured

cycle-time of the previous gait cycle. The necessary gait cycle-time is measured
from the heel-strike event to the toe-off event for each leg. Both heel-strike and
toe-off events are reliably detected using the respective foot-sensors data of each
leg. The actual assistive forces on human i.e., feassth ,feasssh at the respective
contact supports are measured in the support end-effector frame using the re-
spective force sensors as discussed in detail in Section 3.5.1.3. To ensure proper
control, it is proposed that x∗hth is estimated using q∗h(hip)

while x∗hsh is estimated

using the actual current position of the hip-joint qh(hip)
(instead of q∗h(hip)

) and

the desired human knee-joint position q∗h(knee)
. Scalars kfth and kfsh respectively

represent the force error gains for thigh and shank supports. Since both the de-
sired and actual assistive forces are considered as the forces on human, the terms
kfthefth and kfshefsh have been considered negative in the impedance control
laws in (3.37). It is proposed that the reference joint velocity acceleration vec-
tor q̈r is formed selectively by selecting q̈ra1 as its first component (which is the
first component of q̈ra found for thigh support) and selecting q̈rb2 as the second
component (which is the second component of q̈rb found for the shank support)
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Table 3.8: Designed bandwidths for DOB-based-DLTC drives

Filters Hip-Drive BWs Knee-Drive BWs
(j = 1 to 2) (j = 1 to 2)
(rad/s) (rad/s)

Velocity controller c(s)j 1024 1024
DOB-filter qo(s)j 331 331
DLTC-filter qDc(s)j 27k 27k

in (3.37) i.e., q̈r =
[
q̈r(hip) q̈r(knee)

]T
=
[
q̈ra1 q̈rb2

]T
. This in turn ensures stable

simultaneous force-based impedance control for both the contact supports. The
reference velocity q̇r for the joint-space velocity control is then found from q̈r as
q̇r = [q̇r(hip) q̇r(knee) ]

T =
∫
q̈r . The control law for the DOB-based-DLTC for

the 2-CCDC-drives is given in terms of the reference-current-control-input ir and
follows from [22] as

ir = [(ir(hip) ir(knee) ]
T = NDcf (s)η−1 τL +HcK

−1
tn τ

∗
e , (3.38)

where

τ ∗e = [τ∗e(hip) τ
∗
e(knee)

]T = (I −Qo(s))
−1 (

τr −Qo(s)G
−1
Tn

(s)η q̇
)
,

τr = [τr(hip) τr(knee) ]
T = C(s)η (q̇r − q̇) .

Here η = diag{ηj} is the gear ratio matrix, NDcf (s) = NDc(s), QDc(s) =
diag{nDC(s)jqDC(s)j} is the realizable DLTC matrix, QDc(s) = diag{qDc(s)j} is
the cascaded low pass filter matrix for proper implementation of DLTC, Qo(s) =
diag{qo(s)j} is the cascaded low pass filter matrix for proper implementation of
DOB, Hc = diag{hcj} is the current feedback gain matrix while Ktn = diag{ktj}
is the constant torque matrix for the CCDC-drives of the exoskeleton. Vector
τL = [τL(hip)

τL(hip)
]T is the sensed load torque using the torque sensor as dis-

cussed in Section 3.5.1.2. Transfer function GTn(s) = diag{gTn(s)j} is the nom-
inal forward torque dynamics matrix of the brushless motors from τ ∗e to q̇ while
C(s) = diag{c(s)j} is joint-space velocity controller matrix. Here j = 1 to 2.
Detail description of transfer functions NDcf (s), Qo(s), QDc(s) and GTn(s) are
given in detail in [22]. The complete control law for the proposed impedance-
based tracking force-control strategy of the lower-body exoskeleton, employing
passive compliance and the DOB-based-DLTC is therefore completely defined by
equations (3.37) and (3.38).

3.5.6 Results

Comparative assistive-force tracking results for single-leg of the designed lower-
body exoskeleton using the proposed strategy in Figure 3.70 are shown in Fig-
ures (3.71a)-(3.71c) for increasing values of the passive-compliant-element stiff-
ness ksth , kssh (of the contact supports). These comparative results have been
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found for three different gait speeds, i.e., medium, slow, and fast, while using the
DOB-based-DLTC at the joint-space level. The desired impedance parameters
for the task-space impedance control law in (3.37) are selected to be mdj = 0.1,
bdj = 147 and kdj = 320. The force error gains were selected to be kfth = 1.2,
kfsh = 1.8. The designed bandwidths of the velocity controllers c(s)j , DOB-filters
qDC(s)j and DLTC-filters qo(s)j for both the joints are listed in Table 3.8. It is
observed that for a lower value of ksth , kssh though there is a larger steady-state
tracking error, the settling time is reduced, and the force-tracking response (for
both the contact supports) is smooth and stable for all the gait speeds, resulting
in an improved and stable pHRI performance of the exoskeleton. Higher values of
stiffness ksth , kssh though improve the steady-state tracking-error but on the other
hand increase the settling-time, resulting in larger jitters in the force tracking-
response, which in turn results in deteriorated pHRI performance and stability of
the exoskeleton system. Therefore, it is seen that the proposed control strategy
can successfully impart simultaneous impedance-based assistive force-tracking-
control of the exoskeleton at both contact supports with the selected actuators
(as discussed in Section 3.5.2). Furthermore, as compared to the classical ridged
contact supports, using passive, compliant arm supports (as discussed in Section
3.5.1.3 with reduced passive stiffness) in combination with impedance-based force
control not only results in improved and stable force tracking the performance of
the exoskeleton but also allows lower values of desired impedance to be effectively
realized with stability.

To clearly see the improvement afforded by the DOB-based-DLTC, compara-
tive velocity tracking error results for both hip and knee joint actuators are ex-
plicitly shown in Figure 3.71d. These results are presented for a slow gait-speed
force tracking with task space impedance parameters set as mdj = 0.2, bdj = 112,
kdj = 320. Hybrid switching strategy as proposed in [109], has been used to
prevent the actuators from going into saturation. The resulting load-torques pro-
duced on the respective joint actuators during force tracking are also shown in
Figure 3.71e. It is seen that the average velocity tracking error for hip and knee
joint-actuators with the proposed compensator (DOB-based-DLTC) is reduced by
-7.1 dB and -1.16 dB, respectively. This implies that the load torques on the re-
spective joint actuators are better compensated by the DOB-based DLTC, which
in turn results in better performance of the joint actuators with lower vibrations,
as seen in Figure 3.71e and hence better force tracking performance.
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(a) feyth , feysh tracking for slow gait-speed. (b) feyth , feysh tracking for medium gait-
speed.

(c) feyth , feysh tracking for fast gait-speed. (d) Joint velocity tracking error.

(e) Joint load torques.

Figure 3.71: Comparative assistive force tracking results for the designed lower-
body exoskeleton using the proposed control strategy shown in Figure 3.70. Figures
(3.71a)-(3.71c) show feyth , feysh tracking results compared for three different values
of ksth , kssh while using the DOB-based-DLTC with the desired impedance param-
eters as mdj = 0.1, bdj = 147, kdj = 320. Figures (3.71d)-(3.71e) show the joint
space DOB-based-DLTC performance results for hip and knee joints for with and
without DOB-based-DLTC at slow gait speed with desired impedance parameters
as mdj = 0.2, bdj = 112, kdj = 320 .



Chapter 4

Conclusions, considerations and
future challenges

Assistive exoskeletons are to be worn by the elderly; therefore, lower weight is a
crucial requirement for such exoskeletons. Since actuators are one of the most sig-
nificant contributors to the weight, it is very much desired that both the number
and size of the actuators is reduced to reduce the overall weight of the exoskele-
ton. Reducing the number implies reducing the active degree of freedom along
which the exoskeleton can assist, and reducing the size implies reducing the power
and gear ratio of the actuators. Lower power means lower bandwidth and lower
saturation limits, while lower gear-ratio implies lower load-torque (disturbance)
attenuation at the output of actuators. Reduced ADOF for the exoskeleton with
limited power and gear ratio actuators, in sequence, results in reduced task space
pHRI performance of the exoskeleton, resulting in larger undesired interactive
forces between the human and the exoskeleton. The thesis at hand has tried to
address the problem of reduced pHRI performance for robotic LADOF-assistive-
exoskeletons. In this regard, three main challenges were identified and presented
in in Chapter 2 with detail reference to the current state of the art.

4.1 Conclusions

A disturbance observer-based dynamic load torque compensator was proposed
(in Paper A) to solve the first challenge regarding uncertain coupled non-linear
human-exoskeleton dynamics. It was shown that in exoskeleton applications,
the uncertain human dynamics appear as uncertain load-torques for the actu-
ators of the exoskeleton, which cannot be ignored for low gear ratio actuators.
Therefore, a DOB-based-DLTC in a feedback-feedforward structure was proposed
and analyzed for compensation performance for the joint level servo control of
CCDC-drive actuators of the exoskeleton. It was shown both theoretically and
practically that the proposed compensator gives at least a 5-dB mean improved
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performance w.r.t DOB-alone and a 12-dB mean improvement w.r.t SLTC alone
for rated load-torque frequencies up to 1.6 Hz with 10% drive parametric un-
certainty. The proposed compensator was further analyzed and shown to give
comparable reference-current requirements for the compensated CCDC-drive un-
der joint-level servo control. The improved compensation performance of the
proposed DOB-based-DLTC compensator for CCDC-drive was experimentally
verified using xPC-Target� based load-torque rig. Therefore, if the proposed
compensator scheme is applied to all the n active joints of the exoskeleton, it can
more effectively compensate the uncertain-nonlinear coupling vector fn in (3.2)
as compared to SLTC and DOB-alone and hence can more effectively linearize
and decouple the human exoskeleton system dynamics in the presence of joint
actuators parametric uncertainties. Hence, this allows linear joint controllers to
be independently designed and achieve superior tracking performance, which in
turn could significantly improve the task space tracking and, in sequence, the
pHRI performance of the assistive exoskeleton.

A proposed solution to the second challenge regarding the limited pHRI perfor-
mance of a LADOF exoskeleton due to its limited active compliance was proposed
(in Paper B). It was shown through a 4-ADOF exoskeleton test rig that by using
a position-based impedance control law (for increased stability) and using limited
power and bandwidth joints actuator (for lower weight) the price paid in terms of
increased human-interactive-forces at the arm-supports can adequately be com-
pensated by using the proposed mechanically decoupled compliant arm-supports
with lower stiffness values. Ideally, with no assistance provided to humans, the
exoskeleton should be purely transparent to the human user with zero interactive
forces. Therefore, under this condition, all the interactive forces are primarily
considered as the undesired forces and can be used as a measure to gauge the
pHRI performance of the exoskeleton. It was shown empirically (in Paper B) that
for an impedance-controlled exoskeleton under zero human assistance condition,
the magnitude of undesired interactive forces decreased significantly by decreas-
ing the stiffness of the compliant element. It was found that the magnitude of
normalized undesired interactive forces falls from -1.14 dB to -4.18 dB with the
corresponding decrease in stiffness of compliant elements from 620 (N/m) to 150
(N/m). It was also shown that the lower values of support stiffness in turn en-
ables lower values of desired impedance to be effectively realized for limited power
actuators without compromising the stability of the system. Lower realizable val-
ues of impedance imply better transparency of the exoskeleton and an improved
pHRI performance of the exoskeleton. Therefore, it is concluded that if active
impedance control is used in combination with decoupled passive-compliant end-
supports, as suggested, with an effective joint load-torque compensation scheme,
as suggested, an improved and safer pHRI performance in terms of low human-
interactive forces can be achieved. Furthermore, it was shown that improvement
in pHRI achieved by using the suggested two-arm support approach with 3-D
force-sensing only, requires a computationally efficient linear task-space reference
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acceleration
(
ẍrvla

)
values for its implementation without requiring to compute

the intricate angular acceleration part
(
ẍrωla

)
. It was also mathematically shown

that the maximum task-space impedance experienced by the human is always lim-
ited by the stiffness of the individual compliant element at the lower arm-support,
which in turn, ensures a safer-pHRI.

It was shown (in Paper C) that high-performance control strategies like DOB-
based-DLTC (as proposed in Paper A), which effectively linearizes and decouples
the human-machine dynamics at the joint level, suffer in performance and sta-
bility when the actuators saturate. It was also shown that the reason for this
are conflicting requirements on the bandwidths of the decoupled closed-loop sys-
tems. As a proposed solution to this third challenge of conflicting bandwidth
requirements for compensated actuators and to offer a trade-off between perfor-
mance and stability, a new hybrid switching scheme based on smooth weight-
ing functions was proposed (in Paper C), to smoothly switch between stability
and performance-based compensators and controllers depending on the satura-
tion state, without hurting the overall stability of the servo system. It has been
shown experimentally (by using a 4-ADOF-exoskeleton test rig) that the pro-
posed strategy improves the performance and stability of the exoskeleton system
both at the joint space and task space level. The ability of the proposed strategy
to automatically adjust the stability and performance bandwidth requirements,
depending on the saturation state of the respective joint servo system, allows op-
timization of performance and stability to be simultaneously achieved for limited
power actuators. Since the exoskeletons are intimately attached to the human,
safe physical human-robotic interaction (pHRI) is of great importance. There-
fore, high task space performance, which generally requires tracking large task
space reference accelerations, can be better achieved using the proposed strat-
egy, with improved stability and fewer vibrations. The suggested approach hence
dramatically reduces the unwanted interactive jitter-forces between human and
machine and thereby improve the safe pHRI performance of the exoskeleton.

Effective practical implementation of the proposed techniques mentioned above
requires special hardware and software design considerations. Therefore based
on the proposed techniques’ requirements, a LADOF (4-ADOF) lower-body ex-
oskeleton was designed from a mechanical, electrical, and control-architectural
perspective capable of implementing the aforementioned proposed techniques for
improved pHRI performance of the exoskeleton. New joint assemblies were sug-
gested for the exoskeleton’s active joints to enable practical implementation of
the proposed DOB-based-DLTC and hybrid switching techniques (in Paper A
and Paper C) to improve both the load-torque compensation performance as
well as the joint-space stability and tracking performance of the actuators. To
practically implement the proposed impedance control technique (in Paper B)
for improved task-space pHRI performance of the exoskeleton, novel 3-D passive-
compliant limb supports were suggested with proper force-sensors and amplifiers.
A requirements-based methodology (based on 18-elderly-people end-user group
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data) was developed to estimate the desired joint torques and velocities of the
exoskeleton for the desired level of assistance (i.e., 50%). Based on these esti-
mates, a procedure was proposed to select and evaluate the exoskeleton’s joint
actuators properly. Using the exoskeleton’s compliant support kinematics and
estimated desired joint-torques, desired assistive forces were also respectively es-
timated for both the compliant supports over a complete gait cycle. A CAN-based
distributed master-slave control architecture was also suggested from a scalabil-
ity and reliability perspective. Local CAN-based motor drivers were suggested
to reduce wiring and to improve the controllability of the system. Detailed op-
erational flow for master and slave controllers were presented, showing the steps
and methodology involved in implementing the proposed techniques using the
proposed CAN-based distributed control architecture. The salient features and
concept of the developed embedded control card (used as slave/master controller
) and the control box were also presented to explain the hardware capabilities and
its interfacing topology. A new control strategy for simultaneous control of thigh
and shank contact supports of the lower body exoskeleton employing impedance-
based force tracking control in task-space and DOB-based-DLTC compensator in
the joint space is finally presented. It was shown that this strategy, in combina-
tion with the passive, compliant supports and DOB-based-DLTC, is not only able
to provide the desired level of assistance to the user effectively but also ensures a
better and safer pHRI performance of the exoskeleton. Results justifying the use
of proposed passive, compliant supports in combination with DOB-based-DLTC
for assistive exoskeletons while employing the proposed strategy were lastly pre-
sented.

4.2 Considerations

The thesis at hand has tried to address some key challenges regarding reduced
pHRI performance of the exoskeleton due to the reduced number and size of
the joint actuators by proposing some novel techniques. There are some key
considerations need to be observed while implementing these techniques.

For effective implementation of the DOB-based load-torque compensator tech-
nique proposed in Section 3.1 it is essential to sense the joint load torques of the
exoskeleton as accurately as possible so as to adequately compensate the uncertain
nonlinear joint load-torques and to reap the benefits of the proposed technique.
In this regard, care must be taken to mount the load torque sensor so that the
sensor is not subjected to the radial loads of the exoskeleton, which could easily
corrupt the sensor values. A suggested approach in this regard has been proposed
in Section 3.5.1.2. Furthermore, to achieve high sensitivity and better S-N ratio
for the load-torque sensor, full-bridge strain gauge sensing, proper temperature
compensation techniques, and high S-N ratio amplifiers are highly recommended
options to consider while designing/selecting the signal conditioning circuits for
the torques sensor.
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The proposed unfiltered load torque compensator NDc(s) in Section 3.1.3
is improper and therefore requires a low-pass filter for its realization. If the
dynamics of the load-torque compensator are not to be altered by the realization
filter then the cut-off frequency ωc of the realization filter should be greater
than the corner frequencies of all the zeros of NDc(s). Furthermore, if ωs is
the sampling frequency, then ωc ≤ ωs/2 to satisfy the sampling requirement.
Therefore the sampling time ts = (2 ∗ π)/ωs should be carefully selected to meet
both the above requirements as mentioned in Section 3.1.3 and discussed in detail
in Paper A.

For proper implementation of control technique using passive-compliant limb
supports proposed in Section 3.2, the desired damping impedance parameter bvdi
must not be too low compared to the desired mass impedance parameter mvdi

,
to ensure stability of the human-exoskeleton system. For this reason, the desired
damping parameter bvdi has been kept 40 times the mvdi

value for the results
presented in Section 3.2.4 and Section 3.2.6.

A lower stiffness value kslai of passive-element for the compliant supports is
recommended as it would limit the apparent impedance at the compliant support
to a lower value. However, on the other hand, the value of kslai cannot be very
low as this would limit the maximum control range of the desired impedance. A
very low desired-impedance dictates large task-space accelerations and, in turn,
large joint-space accelerations, which could be difficult to track with limited power
actuators, having limited bandwidth. Thus, if the desired low impedance cannot
be tracked, then the apparent impedance response will primarily be passive and
uncontrolled, dictated by the stiffness kslai of the passive elements alone at the
compliant supports. It is, therefore, suggested that a suitable stiffness value of
kslai is chosen (while considering the power and bandwidth limitation of the actu-
ators) to allow a sufficient range of desired impedance for proper implementation
of the impedance control strategy. Furthermore, the lower limit on kslai is also
limited by the mechanical displacement allowed for the compliant element in a
compliant support in a particular direction, which also needs to be considered.

4.3 Future challenges

The thesis at hand has proposed a number of different techniques to improve
the pHRI performance of the assistive LADOF robotic exoskeletons, but some
challenges still need to be tackled in this regard. To not only allow the exoskeleton
to assist the human with the desired level of assistance but also to ensure improved
pHRI performance, a force-based impedance control strategy has been suggested
with the proposed DOB-based-DLTC at its heart (at the joint level as suggested
in Section 3.3.2) while using the proposed compliant supports (as suggested in
Section 3.5.1.3). The design of a lower-body exoskeleton capable of implementing
the above strategy (both from the hardware and software perspective) has already
been proposed and presented in Section 3.5. A CAN bus-based master/slave
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distributive control architecture has also been proposed in Section 3.5.4 with
detailed flow charts for respective slave and master controllers showing the steps
involved in implementing the force-based impedance control strategy.

The estimation of magnitude and direction of the desired assistive forces at
the contact support at any instant is crucial for the implementation of force-based
impedance control. These desired forces can be determined from the normalized
mean joint assistive torque curves in combination with the compliant-supports
kinematics as shown in Section 3.5.3. Finding the joint mean assistive torque
curves using the actual end-users gait-data has already been presented in detail
in Section 3.5.2.3. These mean assistive torque-curves could be found and nor-
malized w.r.t weight and level of assistance (for one complete gait cycle) and then
stored offline to be used later for online estimation of desired forces (after denor-
malization).To properly use the mean assistive torque curves, one needs to have
an accurate estimate of the current phase of the user’s gait cycle in a predictive
sense. Therefore, continuous online estimation of the gait-cycle phase in a predic-
tive fashion is a crucial for this strategy. Different methods already exist in the
literature that allows online continuous estimation of the gait-cycle phase (as men-
tioned in Section 3.5.3), such as adaptive oscillators, foot-sensor data technique,
IMU-based techniques, and center-of-pressure-based techniques. The challenge
here is to find the one or combination of these methods that gives the best online
estimation of the user’s gait phase in a predictive sense. Therefore, accurate pre-
diction of the gait-phase ensures continuous estimation of the desired forces at the
compliant supports (from the stored mean joint assistive torque-curves). This,
in turn, would ensure successful implementation of the force-based impedance
control strategy (with proposed hybrid DOB-based-DLTC at its heart) for the
proposed lower-body exoskeleton (using the proposed CAN-based master/slave
distributed control architecture).

For exoskeletons, especially the upper body exoskeletons where conscious hu-
man movement is not primarily limited along a single plane (as is the case with
lower-body exoskeletons), it is very difficult to estimate the desired task space
position velocity and assistive-force profiles in advance for the exoskeleton sup-
ports. This issue, coupled with human’s intention to lift different loads and move
with different velocities for different tasks, makes the desired trajectory based
approach quite difficult to realize. Human intention-based control, on the other
hand, offers a considerable advantage in this regard. But this requires accurate
online estimation of the assistive force’s direction and magnitude at each contact
support, which could be a challenge on its own. Different techniques have been
proposed in the literature based on EMG signals for this purpose [11, 110–114].
The challenge here is to evaluate, improve and develop these techniques w.r.t to
their practical application for assistive devices and then later use them in conjunc-
tion with the proposed safe pHRI techniques (as proposed in this thesis) both at
the task and joint space level to provide a interactively safe, assistive exoskeleton
system.
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