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AN ACTIVE DISTURBANCE REJECTION APPROACH TO THE

HUMAN POSTURAL SWAY CONTROL PROBLEM

RADHIKA KOTINA

ABSTRACT

A fundamental, open, issue pertaining to Human Postural Sway is how to deal
with the uncertain, nonlgar and timevarying nature of human motor dynamics. To
address this issue, in the present thesis, the body is regarded as -finkirigleerted
pendulum with movement at the ankle joint controlled by the human postural control
system. In patients with oeological impairment, this function might be restored by
functional electrical stimulation. A critical part of such a neural prosthesis is the control
algorithm. The control techniques used for such nonlinear dynamic systems should be
tolerant to signifiant variations in the mechanics of human motion. To address the
inherent limitations of the current methods, such as PID and model based designs, the
active disturbance rejection concept is introduced with the aim to make the control
system as model indepdent as possible. It is shown that the resulting new controller

yields excellent performance even with significant changes in the plant dynamics.
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NOMENCLATURE

X, to x,: States of the model
v, Y,y : Measurable Ouputs
p, to p,, f, to f, : Functions dependent on states
¢, to ¢, k, to k,: Constants
u, andu,: Inputs
y: Joint angle
Y. Angular velocity
Y. Angular acceleration

Musclel (Gastrocnemius + Soleus):

u,: Muscle stimulation signal for Gastrocnemius + Soleus (Ugs)

X,: Activation of Gastrocnemius + Soleus (actgs)

X,: Length of the Contractile element in Gastocnemius and Soleus(Triceps

Surae)(Lcegs)

f,: Force in Series Elastic Element(Gastrocnemius + Soleus) (Fseegs)

f,: Force in Parallel Elastic Element(Gastrocnemius + Soleus) (Fpeegs)

p, : Scaling factor of CE velocity as a function of musatéve state of

Gastrocnemius + Soleus

viii



p, : Normalized forcevelocity relationship of the Contractile Element of

Gastrocnemius + Soleus

p, : Normalized forcdength relationship of the Contractile Elerhefboth the
Gastrocnemius + Soleus

Muscle2 (Tibialis):

u,: Muscle stimuation signal for Tibialis (Ut)

X5: Activation of Tibialis (actt)

X,: Length of Contractile element in Tibigliset)

f, : Force in Series Elastic Element (Tibialis) (Fseet)

f,: Force in Parallel Elastic Element (Tibialis) (Fpeet)

p,: Scaling factor of CE velocity as a function of muscle active sfaféialis

ps : Normalized forcevelocity relationship of the Contractile Element of

Gastrocnemius + Soleus

ps : Normalized forcdength relationship of the Contractile Element of both the

Gastrocnemius + Soleus
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CHAPTER |

INTRODUCTION

1.1 Human Motor Overview

One of the challenges in the human motion analysis isitlerstand the sequence
of events that connects neural activity to human movement. A methodology for studying
these processes is provided by control systems theory. There is an increasing awareness
that control systems science provides a promising frarlewor understanding
biological control systems such as those involved in human motion and for providing
better control.As we know, it is a fundamental fact that the motor control system
operates with dynamical systems, whose behavior depends on thenergy is stored
and transformed. Hence the study of motor control can be considered to be the study of
dynamics. There are two interrelated issues out of which the transformation of the motor
sensory signal and dynamics, become a major part of the feseafe area of motor

control.



A 6systembdb is a mathemati cal descriptio
guantity/input, a collection of processes that act upon these inputs and a dependent

guantity/output that result from the action or effecthaf process.

Input Output
—P Process —p

Figure 1. Representation of a system

The basic task of a control system is to manage the relationships between sensory
variables and motor variables. There are two basic kinds of transformations that can be
considered: sewsy-to-motor transformations which is accomplished by the environment
and musculoskeletal system and mdtesensory transformations is accomplished by the
same physical systems. It is also possible, however, to consider internal transformations,
implemerted by neural circuitry, that mimic the external meimsensory
transformation. A clear understanding of the dynamics of different parts of the human
body can provide a strong basis for diagnosis and a better treatment to the problems and
issues commonlgeen in controlling the standing, walking, sitting, running and many

more actions performed in a day to day life.

In human motion, there are several subsystems that comprise the larger system
which connects a signal originating in the central nervougsysd a human movement
event. At one level is a system whose input is neurological stimulus and whose output is

muscle activation. This activation then serves as the input into another system whose



output is muscle contraction. At the next level, the miasccontraction serves as the

input responsible for producing joint torques that result in limb movement.

Neural
excitation Muscle Muscle
Activation activation | Musculotendon force Body

Dynamics "] Contraction Dynamics Segments

Motion

[
-

Figure 2: Control system for human motion

There are many reasons why a systems approach to human motion is difficult to
implement The inherent complexity of the human body is part of the reason. The
modeling of muscles represents unique challenges. They can only exert force in tension
(i.e., they cannot push or offer resistance to compression) so that pairs of muscle are
required o cause flexion and extension of a joint. Moreover, there are more muscle pairs
than there are joints. A mathematical implication of this is that there is not a unique way
to determine the neural excitation that could cause a certain motion. Consedbertly,

are many ways of using muscles in combination to generate desired joint movements.

In addition to the complexity of muscle, it is difficult to describe the motion of the
limb segments caused by muscle forces. A common approach to this is to model the
human body as a system of rigid links that are rotated by muscle forces. It is
computationally cumbersome task to derive, let alone solve, the equations that describe
the limb movements. Beyond the modeling of muscle activation, contraction dynamics
and esulting body motion, the highest level of the human motion system involves the

generation of commands or signals that originate in the brain. In case of an interruption of



the pathway from brain to muscles, a good control system should be able to provide

artificial stimulation to the muscles.

As a baby step to this area of research which promises to provide very good
solutions to many issues of the paralyzed patients and also other related areas, this thesis
will present a fundamental problem of contrajlithe postural sway, a complex nonlinear
dynamic system and also intends to address the issues that need to be given a thought and

also provides solutions to those issues that prove to be very useful for paraplegic patients.

The forces acting on the bodthe different tasks a person performs and the
environment that the task is performed in, all have effects on how balance is controlled.
The main forces acting on the body that the central nervous system must balance are
gravitational, motion dependant, gral reaction and muscle forces. When a perturbation
causing movement of the center of mass relative to the base of support occurs, or in the
case of a sudden loss of balance such as standing on a moving bus during an acceleration,

timely corrective actionmust take place in order to maintain equilibrium.
1 Ankle Strategy

During quiet standing, the body can be approximated as an inverted pendulum,
with the ankle as the pivot point. As an inverted pendulum is unstable, minor
perturbations at low translationefjuencies will cause a swaying motion; the Ankle
Strategy. This sway, which is indicative of the body's attempt to maintain equilibrium of
the center of mass in relation to the base of support, is a corrective action based primarily
in response to somatos®ory feedback; however, the amount of sway increases in the

absence of other sensory inputs.



1 Hip Strategy
For minor to major perturbations at higher frequencies, or in an environment
where foot movement is restricted, the body will attempt to regaimdmleia the Hip
Strategy. In this strategy, the body can be approximated as @eafimakent inverted
pendulum, with the trunk as one segment and the lower limbs as the second. The upper
body muscles are contracted causing movement about the hip in ordeirttain
balance. The movement of the body segments is faster in this strategy in order to combat

the larger disturbance of the body's equilibrium, and therefore achieve a more rapid

stabilising of the center of mass.

1 Step Strategy
When there is a major garbation that causes the center of mass to be moved to a
position, relative to the base of support, where equilibrium cannot be maintained, the
person will take a step in the direction opposite to that of the perturbation. In this case,

the base of suppbis moved as opposed to the COM. This is known as the Step Strategy.

Figure 3: Single link inverted pendulum



From this discussion, we now understand that although people spend countless,
seemingly effortless, hours standing during their lifetime, thedasghkaintaining balance
is actually quite complex. To analyze this complex task of quiet standing;stirddegy
is used. In this strategy, the body moves as a rigid mass around the ankle joints and
hence, the body is regarded as a sHfigle inverted pedulum with movement around

the ankle joint as in Figure 3.

An inverted pendulum by itself is unstable, but the human posture control system
commands the muscles at the ankle joint in order to provide stability like resisting any
deflections from the desd position, thus proving that the muscles at the ankle joint play

an important role in controlling the body sways shown in Figure 4.

/4R
Tibialis L] N\
Anterior ‘Triceps Surae
\ N7
/ |\ Gastrocnemius
Q _ Soleus
< s

Figure 4: Ankle model with three muscles

These muscles have complex, nonlinear dynamic propertigb@mehderstanding
of these properties will have wide implications. This basic sijoyle ankle model
covers the complexity of a joint that will be helpful in extending this research to a more

complex multijoint model.



1.2 Motivation

When a spinal cord injyroccurs, it results in an interruption of the neurological
pathway from brain to muscles. A complete lesion of the spinal cord in the back (thoracic
level) results in the paralysis of lower limbs and loss of voluntary control of the muscles
below the leveof lesion. Paralyzed muscles do however retain their ability to contract,
and they can be simulated by extraneous electrical signals, which can be used for
therapeutic purposes. The ultimate goal in therapy is to restore postural balance
artificially by stimulation of the ankle muscles in a way analogous to the mode in which

normal people stand.

In patients with such neurological impairment, this function might be restored by
functional electrical stimulation. A critical part of such a neural prosthedlseicontrol
algorithm. The control techniques used for such dynamic and nonlinear models need to
be least dependent on the model, so that they can overcome the variations in the

dynamics and parameters when applied on a real human.

The pragmatic naturef this effort requires that a realistic, nonlinear, model of
ankle joint be used, instead of the simplistic linear approximations commonly seen in
literature concerning the control of postural sway. It is akethwn that the real muscles
are quite complexnonlinear and tim&arying in nature. A more realistic musculoskeletal
model of this anklgoint would be crucial in understanding the muscle dynamics and in
evaluating the performance of the controller that can provide artificial balance for the
paraplgic patients. A control strategy must be devised to accommodate the nature of

human postural sway that in many ways unknown or uncertain. Many textbook



techniques may fall well short here because they require accurate mathematical model of

the plant, whichs quite inaccessible here.

Hence, the motivation of our study is to develop such control algorithms for
postural control that might be restoring artificial balance to the paraplegic patients which

can later be extended to multiple joints for a compietdrol.

1.3 Goals

After an in depth survey of the research being carried on in the area of
computational models used and their control algorithms which will be discussed in
Chapter 11, it appears that most of the models used for the study have at leastone or

of the following as their limitations:

1 Linear approximation for the inverted pendulum

1 Exclusion of the muscle dynamics

1 Model dependent controllers

1 Complicated controller design leading to many tuning parameters.

A computational model for the dynarsiof the ankle motion during standing that
is more realistic can be used to evaluate the performance of the control algorithms that
might be helpful in designing the controller stimulators for the muscle activation to

provide artificial balance to the patagic patients.



This thesis is the first attempt to develop such control algorithms for the study.
The main aim of this thesis is to develop a control algorithm for the postural sway that is
as model independent as possible so that it can deal with coty@aled nonlinearity of

the musculoskeletal model while being able to provide a smooth control.

Control Design Objectives:
1 Small error
1 Smooth control
1 Easily tunable
1 Robust to the changes of the plant dynamics

For evaluating the performance of such contalgorithms, a computational
model of musculoskeletal dynamics is very useful. Hence dinear dynamic model
with realistic muscle properties for the musculoskeletal dynamics during human postural
sway is developed in Simulinkks mentioned earlierhe ultimate goal here is to restore

the postural balance artificially by stimulation of the muscles externally.

Towards this goal we need first to understand how muscles generate forces under
stimulation, i.e. the dynamics of the muscle. Secondly, basdti® understanding, we
need to design a feedback control system that will provide the appropriate muscle

stimulation signals to keep the person from loosing balance.
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1.4  Organization

In the next chapter, literature is reviewed in the relevant areas tofrg@losontrol,
the models used for the study and their control methods. In the end, the need of a more
realistic computational model and a better control algorithm will be presented. This will
be followed by a chapter (Chapter Ill) in which the problemsiated and its
mathematical models are presented. Later in the chapter, the open loop responses of the
plant will be analyzed and we will introduce the main research questions which will be

addressed in this thesis.

Chapter IV will describe the control tteds used to solve the chosen problem
which will cover the PID controller and the novel control algorithm ADRC (Active
Disturbance Rejection Control). The concept of Extended State Observer will be
introduced and implemented here. In Chapter V the pedoce of these control
techniques will be evaluated using the computational model developed and the results
will be discussed. In Chapter VI, conclusions will be done based on the simulation results

and future recommendations for further work will be diseds



CHAPTER Il

SURVEY OF PREVIOUS WORK

2.1 Background

This chapter provides an-gtepth survey on the research that has been carried out
using the ankle strategy to describe the human postural dynamics, including the different
assumptions and methods usedi@veloping these models. Also, the control techniques
used for these models have been discussed. The topics highlighted below will be of main

concentration in this survey.
1 Ankle strategy, approximation to a single link inverted pendulum and its stability
1 Different ways of modeling the ankle joint and their limitations

1 Different control strategies used to maintain balance with experimental and

hardware results if any

Papers and work which cover few or most of the above topics are chosen for

discussion her for a better understanding of the problem. This will give an insight of

11
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what has been done and what more is needed be done to overcome the limitations of the
past and present work for better performancev&y shows that the research is branched

into two routes, one based on experimental analysis of human subjects and other based on
developing a computational model, applying control techniques and validating it with

experimental results.

2.2  Ankle Strategy and SingleLink Inverted Pendulum

As mentioned in th previous chapter, ankle strategy is considered only when the
task requires maintenance of upright posture. This strategy controls the body as if it was a
singlesegment inverted pendulum and is seen to be of great use in vestibular deficit
subjects to matain balance in conditions where it is appropriate, while the hip strategy

appears unable to be used.

In this section, the research that considers the body as a single link inverted
pendulum and uses ankle strategy for identifying the postural dynamiciscussed and

various models have been presented.

Micheau P.et al[13] considers ankle strategy for quiet standing and models the
musculoskeletal system as an inverted pendulum shown in Figure 5. Aleémalsd4]
in the process of determining the role of visual feedback for posture control considers
ankle strategy as seen in Figure 6. They approximate the motion of the ankle to a

linearized singldink inverted pendulum.
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Figure 5: Human in quiet standing posture as an inverted pendulum

In the work by Ken Yoshida and Ken HorcH,[they artificially stimulate the
muscles at the ankle joint from Figure 7 to control its position. It is shownttibat
restoration of functional control to paralyzed limbs and muscles through neuromuscular
stimulation has been an area of active research for many years for which ankle strategy is

most commonly considered.

Figure 6: Model of a postue control system
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mg

Toal

!

o

Figure 7: Inverted pendulum model of human postural dynamics

Rolf Johanssoret al, [6] in their work make an attempt to identify the human
dynamics for which they consider ankle strategg amglelink inverted pendulum.
When discussing about the validity of using the model even for perturbations, they
specify that the inverted pendulum model is fully adequate to account for the corrective

movements used to control the body posture as shrofigure 8

Figure 8: Pendulum model for balance
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Tim Sinhaet al,[21] while studying the effect of forward lean on the ankle
dynamics uses ankle strategy and single link inverted pendulum. Anindo Roy and
Kamran Igbal [16] use ankle strategy for small disturbances to the postural stability with
position and velocity feedbacks for which a sinlgh& inverted pendulum is considered

for study.

Figure 9: Link model

James L. Pattoret al, [18] in their paper mention that a mechanical model
provides a basis for characterizing the limits of stability of the ankle joiRigare 9
They also take ankle strategy and an inverted pendulum rotating about a tridnagelar

of support for their study.
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2.3  Modeling

Modeling is an important part of this area as it will help in assessing the
performance of the control methods implemented and also for predicting the basic causes
of defects in the human motion. These are proierbe quite helpful for clinical

assessment.
G(s)

ul 1 g

Js’ - Mgh

Figure 10:Model for the singldink inverted pendulum

Philippe Micheatet al, [13, 15 in their work try to build a/ - model to present a
neurophysiological approach to the posture control. They consider the ankle strategy with

inverted pendulum model. When the equation of motion is applied to the pendulum
model as irFigure 1Q the angular acceleratioii"q is given by
Jg =C(g)- 2m (2.1)
where J - moment of inertia

C(g) - Gravitational torque

2M - Total muscular torque

(torqueat each ankle joint is considered to be the same)

Clg) = Wa Ging)
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In the / - model, the ankle muscles are modeled by a single muscle acting on the

upper body. This muscle is controlled by twariables/ and m specified by the Central

Nervous System (CNS). Here is the motoneuronal recruitment and the variatlés a

time-dimensional coefficient oj

Akimasa Ishidaet al, while modeling the ankle for the experimental study
assume that the ankle moment is the only actuating signal and that the sway angle of the
body, g, was the controlled variabld][ The equation of motion was linearized at the

equilibrium point ¢ =0) as

Jg- Mghg =-u (2.2)
where Ji Moment of inertia of the body around the ankle

M i Mass of the body

h1 Height of the center of gravity tifie body

g1 Acceleration due to gravity

Guayhaur Shuet al, [9] examine the ability of models with independent factors
as inFigure 11 as well as models with coupled factors as seeRigare 12 to fit
input/output datameasured during simultaneous modulation of the fraction of muscle

stimulated (recruitment) and joint angle inputs.

Two types of model were evaluated. In the first (referred to as the uncoupled
model), active moment, M, is the product of three independactors: activation

dynamics (A), momerangle (p), and momeivklocity (y). This formulation assumes no
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interaction between the three factors and no dynamics in the mamgietand moment

velocity factors.

UNCOUPLED MODEL
INPUTS o |

Recruitment [T’
=

‘ o Activation dynamics
Pulse H Characteristic y

- OUTPUT

o 7" Moment - velocity

,,,,,,,,,,,,,

Moment - angle

Figure 11:Uncoupled Model Repsentation

The uncoupled model has the following dynamics:

M, =A &, @,
(3 independent factors)

Activation dynamics: A =a®_, +b @,

Model output:

Momentvelocity: 9. =1- cQV,

b, =1- d @,

Momert-angle:

(2.3)

(2.4)

(2.5)

(2.6)

The muscle displayed memory of previous velocity history that was not accounted

for by the uncoupled models. To accommodate this property, a model was studied that

coupled activation with velocity. For theupled model, the output, M, is the product of

two factors: activation dynamics and momantgle.
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COUPLED MODEL

INPUTS

—

‘ Recruitment
Pulse H Characteristic 7
Width | Activation/attachment

i dynamics
Angle 1V \ OUTPUT

‘ .7l : :
ik F— Moment |
Moment - angle

Figure 12:Coupled Model representation

Model output: M, =A (2.7)
(2 indegendent factors)
Activation/attachment dynamicsd, =a@, O\ _, +b @, _, (2.8)
(Coupled term)

Velocity coupling: g =1- c, Qv sV, ) (2.9)
Momentangle: b =1-d@ (2.10)

They concldle that the coupled model would be most appropriate for applications
requiring fixed parameter values and the uncoupled model would perform well in
adaptive control of neuroprostheses. Rolf Johanssah in their model use an inverted
pendulum to explin the pure body mechanic6].[ The suspension is considered as a
spring constant hékiwhiaod keadmmphegbddy i n

capable of counteracting disturbances. The equation témis

2
J % =mgl@ing(t)+T,,(t)+T,{), I =mP (2.11)
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William Ledouxet al, try to develop an accurate finite element model of human
foot and ankle using data from sequential CT sc&ps Their simulations inclued
deformities following ligamentous or neuromuscular injury, outcomes of surgical
interventions, responses to impact loading and risk of injury following various loading

regimens. Limitations are listed below:
1 Exclusion of muscle and cartilage

1 Allligaments were assumed to be linear

Intrinsic Stiffness Pathway
U(s
9 » s +Bs+K
Intrinsic Component
y W (s)
° &
Ankle |Velocity Wy, (9)
V() Static Nonlinearity
delay V(S)G_S / X (SL gM/2
¥ s*+27 g+ W/
Half-Wave Rectifier Muscle Activation
Reflex Stiffness Pathway

Figure 13:NARMAX model for ankle joint

Sunil L. Kukreja et al, use NARMAX (Nonlinear Autoregressive Moving
Average Exogenous Structure) for modeling nonlinear systdls Thee models
describe nonlinear systems in terms of lin@athe-parameters difference equations

relating the current output to the combination of inputs and past outputs.

(2.12)
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This paper analyzes a nonlinear parallel pathway ofeatifnamics to derive its
NARMAX representation and use parameter identification techniques for modeling of
biological systems. Frofaigure 13 the model treats the relationship between ankle angle

and net ankle torque as a sum of linear and nonlinearloatinns.

(L1111

Tstim

X1
<1l X2()

<

>

Figure 14:Five element Hill model

Flahertyet al, try to use a fiveelement hill model for the muscl&]] as inFigure

14. The velocity dependent five element hill model contains
1 2 elastic elemats (K, and K),
1 anonlinear viscous element (B),
1 a pure torque generating contractile elemegt{Tand

1 aninertial load (I)
T(t) = 1% + K% + K (% - %) (2.13)

and  BR + T m = K (X, - %) (2.14)
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Total displacement is given by.xx; denotes the displacement of the node between the

series and viscous elastic elements.

B= (2.15)

Here 6ad6 and 6bd are unknown constants.

governed by the differential equation
[—Iustim +Tstim = kmp% (216)
t 17 Time constant,
AT Stimulation intensity,

k.7 Gain of the muscle

Thomas E. Prietetal,[11] tr eat the postur alabiliggt eadi n

to maintain balance during quiet standing.

dg g
f=]=—+B—+K
ittt !

Figure 15:Model for ankle joint for Postural steadiness
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With 86 volunteers, they collected data and modeled it as a second order mechanical

system seen iRigure 15

d’q . ,dg
t=)J—1+B1L+K 2.17
dt? dt 79 ( )

J (=0.025) moment of inertia
K (=16)1 angular stiffness
B (=0.15)1 angular viscosity
t 1 torque

g 1 angle

Anindo Roy and Kamran kgl [16, 17] in their study model the human body as
an inverted pendulum and servo controlled by musculoskeletal system with latencies in

position, velocity and force feedback. Muscle is consideyedsecond order system.

> J glb J q‘

Figure 16:Ankle joint model with delay in the feedback
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Gm(s) = Gexc(s) dsact(s) (Fmax (218)
G, [(s) = ! t,>0 (2.19)
exc (l‘eS+1) e '
1
Gact(s) - (faS+l) [e >0 (220)

G(9)= ;"8 1 . (22) = 28 (2.21)
w, = \Jmgk/[L+miZ) (2.22)
K =( +mi)* (2.23)

The postural stabilization of human body is modeled as an inverted pendulum
with multiple feedback delays to make it more realistic. As a summary to this section,
different assumptions considered and modeling techniques that are being used for the

human postural stability have been discussed.

2.4  Control Techniques for Postural Sway

The main purpose of modeling the muscles and joints of a system depicting real
human is to design control algorithms and analyze system performance and robustness.
Philippe Micheauet al, [15 in their model shown irFigure 17 use lambda control

technique, which they consider to be present in the human central nervous system. In the
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lambda models, there are two control variableand m which are supposed to be
coming from the CNS. Thesvariables determine the motoneuronal recruitment and this

control takes the delay of the feedback also into the consideration.

Lambda Control Musculoskeletic system

q

Muscle
&_‘ - Delay T M -
- y |
A
c;

Sensory pathways

|

/

Y V1

Delay d -t

Delay d -t

Figure 17:Model of the system

Akimasa Ishidaet al, [4] use the error predicn error. The block(s) in Figure

18 is modeled as a discrdime operator system.

Ad)u(t) = B(d)g(t) + C(d)e(t) (2.24)

where g(t) and u(t)are the sampled sway angle and ankle momeffis a normal
random variable and A, B, C amth order polynomials ird, the time shift operator.

F(d) is given by B(d)/ A(d).

u
F(s) 32 Ngh >

Figure 18:Controller for second order approximated ankle model
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Ken Yoshida and Ken Horch7] in their study try to use neural networks to
control the ankle position. For this, they use the natural sensors rather than the artificial

sensors using the EMG data.

N N
Tar_g et — Controller — Stimulator > Stlgﬁ:féng
Positon

qES q LG LG v/0 Map

| Analysis
Estimator
Selector
TA v/0O Map Recording

Analysis dLIFE

Gra
q

Figure 19:Control using Neural Networks

¢ Recording '/—

dLIFE

With the data, maps were generated externally sweeping the ankle joint through
the range of motion of the joint. A Proportional Integral controller is used to control the

ankle position as shown Figure 19

qref (t) rnref (t)

Y
@]

Figure 20:Nested Loop Comol Structure
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K.J. Huntet al, [1, 2] who have done major research and experiments in the area
of the control for the unsupported standing also consider the body to be a single link

inverted pendulm as inFigure 20with the movement around the ankle joint.

computer actuator

control current

im oment
i impulse
controller signal p p

| stimulator P Plant >
(software) (muscle X 2)

reference
signal mref

Yy v

measurement "
ianal voltage
— AD card n signa amplifier

load cell

A

A

measurement device

Figure 21:Ankle Moment Sensor and Stimulator

They implemented a nested loop structure to control the standing on a real human
with a high bandwidth inner loop providing caritto ankle moments and an angle
controller in the outer loop to regulate the inclination angle. They previously used LQG
controller and now use pole assignment design and claim that intact subjects could stand

using these controllers for longer periodsiofe [3].

2.5 Summary

From the survey of what has been done in this area shown in the earlier sections,
the research was found to be branched into two routes, one based on experimental

analysis of human subjects and other baseddeweloping a computational model,
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applying control techniques and validating it with experimental results. In the first route,
Kenneth J. Hunet al.,[1, 2, 3] conduced several tests to the human subjects with all the
joints of the body braced except for the ankle joints. From these tests they measured
muscle produced moment, angle and ankle stiffness. With these, a controller was
designed for the balance control usif§S (Functional Electric Stimulation). Optimal
control approach, LQG regulator design and pole placement were used for this purpose.
Fukuokaet al.,[5] studied the effect of visual feedback on the human subject to maintain
an upright posture using an experimental setup where a human subject was to control a

singlelink inverted pendulum with visual feedback.

The second area of research covers the computational models and their analysis.
Most of the models from the survey wdmind to be either linear or they lacked the
muscle dynamics. A lot of research has been done on the development and validation of
these ankle models which can used for computational s@jdg¢me of them excluded
the muscladynamics and used linear mode$ [In the work done by Sunil L. Kukrept
al., [10], a new technique called NARMAX representation is employed for the
identification of the ankle dynamics. Flaheet al.,[11] used a five element hill model to

describe the muscle dynamics.

In an article by Thomas E. Prie@t al.,[12], a simple second order fit is done
assuming that the model is lineardais validated with experimental analysis for the
torque to joint angle relationship in elderly. MicheaueP.al., [13, 15 used lambda
control to overcome the problem of feedback delay in theimean inverted pendulum
model but did not consider the muscle properties. The papers by Igbal anti@Rdby] [

talks about a stabilizing PID controller design methodology for a linearized pendulum
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model with delays in muscle spindles and the feedback using force and position feedback.
James L. Pattoet al., [18] and Satoshi Iteet al., [19] discuss about evaluating and
characterizing the staity limits based on a model using experimental analysis. In the
paper by Tim Sinha and Brian E. Mald]], the effects of leaning of ankle joint were

discussed.

From this, we can conclude that most of the existing compuotdtimodels are
greatly simplified and mostly linear, which do not quite fit the reality. The controllers
designed based on these models are particularly venerable to uncertainties and
disturbances that are common in actuality, and they are hard to taohiéve good
performance because there are often too many tuning parameters to juggle. This
motivates us to seek a good simulation model for thelinear anklejoint with realistic
muscle properties (musculoskeletal dynamics during human postural Swetermore,
it also poses a challenge in finding a high performance controller that is easy to use and

to tune, in the presence of significant dynamic uncertainties and disturbances.



CHAPTER 1lI

NONLINEAR SIMULATION MODEL AND OPEN -LOOP ANALYSIS

3.1 Introduct ion

Linear models have the advantages in terms of simplicity and tractability from the
engineering and mathematical point of view. It is simple to analyze linear systems, and
there exists a vast literature and many algorithms for estimating the paraohetdrsear
model. However, biological systems are seldom linear, and the linear analysis holds only

for a small region around the working point.

Amir Karniel and Gideon F. Inbar illustrate an example of an arm with the linear
muscle model, in response palses at the input, which does not stop when the target is
reached and has an overshoot and an oscillatory behavior at the end of the movement
[20]. Under the same conditions, the nonlinear muscle can evoke a fast movethemt wi
smooth stop. This example is representative of the improved arm performance achieved

with a nonlinear muscle model under the assumed conditions.

30
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Hence, in this chapter, the main objective is to address the fundamental, open,
issue pertaining to Humdpostural Sway as how to deal with the uncertain, nonlinear and
time-varying nature of human motor dynamics. To achieve this, a simulation model that
covers almost all the nonlinearities and complexities of the ankle joint including the
realistic propertis of the muscle needs to be developed. Once the simulation model is

obtained, different control algorithms can be implemented and evaluated.

The ankle joint considered for the pres
hind limb. Experiments haveshwn t he cat 6s model closely r
with different parameters and in this rese
replaced by those of the human. Based on the complete nonlinear model obtained in [ ], a
realistic simulatiormodel is established to facilitate the control design and evaluate as
shown in the following sections. Opéop characteristics are studied, which provides

the starting point for feedback control design.

3.2  Model and its Description

The model considered fdhe present study is shown in Figure 22. This ankle
model includes the muscle properties which although are interactively complex,
contribute substantially to the dynamic stability of the musculoskeletal system as shown
by Karin G.M. Gerritseret al.,[22]. The anklegjoint has three muscles, Tibialis at the
front, Gastrocnemius and Soleus at the back. Gastrocnemius and Soleus can be combined

into one as Triceps Surae muscle angaigl as the knee is locked.
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v, ¥, Yi position, velocity and
acceleration

Tibiqlis ;I'ric?ﬁs Surae

Muscle Stimulation

— X, T muscle length
)(41' muscle length<

- S > X7 activation
X4 activation<«——

( CONTROLLER w
N y

Sensory signals

Figure 22:Model using the ankle strategy

Skeletal muscle is the most abundant tissue in the human body, accounting for 40
45% of total body weight. The accepted view of the skeletal muscle has evolved from
studies that have been primarily conducted t&sttury. The structural unit of skeletal
muscle is the fiber, a long cylindrical cell with hundreds of nuclei. Each fiber is

composed of a large number of delicate stands, called myofibrils.

An individual myofibril has a banded or striated appearanceseltgiated bands
divide the fiber into sacromeres, the smallest functional unit which still behaves like a
muscle. For modeling purposes, bioengineers and movement scientists utilize what is
called a Hill model as shown iRigure 23to describe the systemmat makes up the

musculotendon unit.

A contractile component represents the myosin and actin proteins, and it is the
part of the muscle that responds to neural stimulation. In parallel with this active force
generating mechanism is a component thatessgrts the passive structure in the muscle.

The spring accounts for the elastic behavior of the connective tissue surrounding the
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muscle fibers and the dashpot models the fluid, or viscous effects of the muscle. This
mechanical representation of skeletalstie contains a spridike tendon through which

muscle force is exerted in order to affect a movement.

o
(&)
=
D
PEE neural
stimulation
CE
SEE
o
(&)
=
D

Figure 23:Hill model of the muscléendon complex

Though there are several models of striated muscle, a guiding principle in

implementing a model is that it@hld possess two attributes:

1. it should be sufficiently simple so that its mathematical description is

tractable

2. Its structure should embody as closely as possible the known physical,
chemical and physiological character of the modeled elements so that

theaetical predictions are credible.

A virtue of Hill models is that they are composed of mechanical structures with

which engineers and mathematicians are familiar and whose dynamics are well known. A
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system of differential equations representing the aaivatnd contraction dynamics can

be developed which describes the forces at tendon. This force then generates a torque that
results in a movemenience, for the present study, each musetelon is modeled as a

three component hill model and the muscleparties are taken from article by S. G.
McLeanet al.,[24]. Muscle activation dynamics was modeled as a-@irder differential

equation.
Equations for Gatrocnemius and Soleus are listed below:

Lambda p,) is a scaling faor and is a function of the muscle activation and is given by

b (%) =1- %% +x, @ 3.1)

Force in the series elastic element is a function of length of the muscle and output

position and is given by

f(%,y)=max | )
o i Cao C6C27' Cs Q/- X, - (314)2 (3.2)

s

Figure 24:Forcelength and forcerelocity relatonship of the muscle
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Similarly, force in the parallel elastic eleménis a function of the muscle length.

&0
f,(x,)=max . LW
i Cio C«Xz - C12)/(C16 le)) (3.3)
The steady state property of the muscle tissue is defined by its isometric Force
Length curve and is studied whenigation and muscle length are constant. Both passive
and fully activated muscle will develop a steady force when held isometric. The

difference in the force developed when the muscle is activated and the muscle is passive

is called active muscle force.

The forcelength property of less than fully activated muscle can be considered to
be a scaled version of fully activated muscle. For a detailed study on the muscle
dynamics, please refer to the critical review by Zajac F.E [24]. The nonlineatéogih

relationshipp, is a function of muscle length

x) ¢0.01
P(X) =maxp R
{eodl- (%, - /(e @)) o)
When a fully activated muscle tissue is subjected to a constant pull, it first
shortens and then stops (isotonic contraction). The computer simulation models of the
muscle employ hte forcevelocity curves which scale with the length and activation

dynamics and very nonlinear. The nonlinear feretocity relationshigpsis a function of

muscle length

50
P(%, % Y) = maXf(f (3.5)

1” fz)/(xl @2)
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When the stimulation signal, is given, the activation signa is affected as follows
% =(c, Qi +C,) (U, - %) (3.6)
wherec; andc; are filter constants.

The x, (Length of the Contractile Element) of muscle is affected inrdimear fashion

depending on the nonlinear forlmngth, forcevelocity relationships along with the

scaling factoip;.

&(P3 = Cp0)/Crguevrveirnnriniinnd if (p, >k,)
X :i(ps - 1)®18/(024- pz) -------- if (p; >1)
Il' Py st(l' ps)/(1+ p3/C4) (3.7)

Similar equations describe the second muscle Tiblaisibda f,) is a scaling factor and

is a functionof the muscle activation and is given by

P4 (X;) =1- el 3o%) + X3 @2 (3.8)

Force in the series elastic element is a function of length of the muscle and output

position and is given by

&0

fo(X y)=max )
o I'Csodéczs' CO- X, - C15)2 (3.9)

Similarly, force in the parallel elastic elemif, is a function of the muscle length.

f,(x,)= max" , LW
:'011 Q(th - C13)/(C17 le)) (3.10)
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The nonlinear forcéength relationships is a function of muscle length

€0.01
Ps (X,) = maxj

iCiy q- (X4 - C13)/(C17 C¢13))2) (3_11)
The nonlinear forceelocity relationshigps is a function of muscle length

0

= XF =
P06 X M=MaH, 4y (%, )

(3.12)

When the stimulation signal, is given, the activation signaj, is affected as follows

5{3 — (Cl (Dlz +CZ)(u2 - X3) (313)
wherec; andc, are filter constants.

The x, (Length of the Contractile Element) of muscle is affected in a nonlinear fashion

depending on the nonlinear fortength, forcevelocity relationships along with the

scaling factomp,,

&(Ps - Coa)/Caperererrrinriin. if (pg >k,)
%, =1(Ps - D@,/ (Cos - Pe)ererif (Ps >1)
%' Py C"a:ze(l' pa)/(1+ ps/c4) (3_14)

Now the total force turns out to tiee sum of the individual forces in the muscles.

F=c, & +¢, Of, (3.15)

Finally, the equation of motion of the anktent represented by the inverted

pendulum is given as follows
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I ; . g
Y g Sn(y) ¢ (9 Yy ¢ # %G (3.16)
y= Gy
— ny+ u
g (3.17
V=1 % % %, Y, W) (3.18)
Eq (3.17) is a simple Newtonds | aw for

very complex and nonlinear. The parameters chosen for each of the muscle are tabulated.
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MuUsCLEPARAMETERS

Muscle parameters

ci 3.3 cigl d1gs
Cci 16.7 Cigol d2gs
c3 I Gamma=10 Co 1 d3gs
c21 A=0.25 Co1l d1t
1 S=20 Co2 1 d2t
Cl g Coal d3t
c71T Rcm =0.9 Co4l gmax=1.5

cs i Rfgs =0.053

Czsi Vmaxgs = 10*(C12)

Co T Rft =0.035 Coe 1T Vmaxt = 10* (C13)
CioT Fmaxgs =4435 Co7i 0.37295
c117 Fmaxt = 600 Cog = 0.3203

Ci121 Lceoptgs = 0.0404

Co9 = C1¢/ (C16* C12)

C131 Lceoptt = 0.0980

C30 = C11/(C17* C13)

Ci41 Lslackgs =0.3345

ki1 d3gs + dlgs*d2gs*gammi

Ci51 Lslackt =0.2230

ko1 d3t + dlt*d2t*gamma

Ci61T WQgs = 0.9645 KsT m*g*Rcm
Ci71T Wt =0.442 Kyl |
m= 80 Kg g = 9.81Kg/M
Rcm = 0.9 | = 21.6 + (80%0.9)
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3.3  Development of the Simulation Model

In the development of the model, to make it simple and easy to use, a general
muscle model was developed, whitllows set of equations (3.1) to (3.7). Once the
general model is developed, the different parameters for each of the muscle are

incorporated to represent different muscles.

Rf=-0.052 Rf= 0035
C1=233 =322
C2=167 Cz=167
] Fmax = 4435 ] ] Fmax = G00 ]
Leeapt = 0.0404 _h Leeopt=0.095 —h
Lelack = 0.32345 Lelack=0.223
k= 265171.8084 k= 53811.6592
Wilf = 0.9645 = 0442
A=025 A=025
Vmax = 0.4904 Wmax=0.03
gmax =15 gmax=14
5=z 5=z
gamma=10  —®(Z) (A ® gnme=n M)
¥ constant = 0.37295 wl, w2 W constant = 0.3203 3, xd
#1_in = 1e-008 wi_in=1e-008
#2_in = 0.0404 #2_in=0.003
Gastroc + Soleus Tibialis

Figure 25:Muscle models for Triceps Surae and Tibialis

:

k=

w2

Rf = -0.053
C1=33
CZ =167
max = 4435

Leeopt = 0.0904
Lslack = 0.3345

265171.8989

W = 0.9545

A=025

Wmax = 0.404

gmax= 1.5
sE=2

gamma =10
constant = 037295
s_in

= 1e-008
in=0.0304

Fi

Gastroc + Solaus

Rf= 0.035
c1=22
c2=16.7

= Frmas= 600
Loeopt = 0008
uz

Lslack = 0223

k= 535116592

= >

- — -
1=sea
ks

v in=0
D

position "
plant

Figure 26:Ankle model using Simulink
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A Simulink model with two muscles Triceps Surae and Tibialis at the ankle joint
constructed from a general muscle model as shown in Figuié/igb.the two muscles
developed, egs (3.15) and (3.16), the model can be considered to complete as seen in
Figure 26 Hereu, u, are the muscle stimulation signats, x; are the activation signals

that reach the muscles axgx, are the lengths of the contractile elements in the muscles.

Stimulation
Control u1 MlEEE 4
g u>0

input y
Motion 1
u Force | pjant y
[ | ]
u<o y

l,l2 Muscle 2

Figure 27:0Open loop model

As a summary, with all the equmus in the earlier subsection, a Simulink model
in its simplest form as shown in Figure 27 was developed that follows the equations from

(3.1)7 (3.16).u, and u, are the input stimulation signals to the model.
Assumptions:

1) The muscle stimulation signals have the saturation limit of 0.01 and 1.

2) Only one muscle is active at a time and executed as
éu=u u D01.ifu 9
‘:u1=0.01, u, =u..if .u
tu =001, u, =0.01..if u =

(3.18)
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3) Position §), velocity (y) and accelerationy() are measured.

The last condition will later be relaxed by using velocity and acceleration
estimations. The next step is to analyze the open loop responses of the model and

understand the characteristics af thynamics of the plant.

3.4  Open Loop Response and Equilibrium Determination

With the help of the model ifigure 28 the responses to different set of input
stimulation signals are studied. To understand the model better, the equations are
analyzed in depthi-or the open loop simulation model kigure 27 the responses are

plotted and studied for the equilibrium conditions.

OEquilibriumd can be described as a sit
In other words, it is a situation when more than foree acts on a body, but where the
sum of forces is zero, and the plant is at rest. For the ankle joint to be at equilibrium, the

acceleration of the system must be zero in eq (3.16).
F =-k, Gin(y) (3.18)

In the equilibrium state, there is obussly no change in the activation and length
of the muscle. From (3.7) and (3.14), this is possible only vahen0, p; = 0 or p3 = 0,
ps = 0. For this to happen, the force velocity relationship in (3.5) & (3.12) should always

satisfy the third conditiofeading to
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fl(XZ' y)' fz(xz) =X [0;()(2)

N 3.18
G0 y)- f(x) =% 6 %) (3.18)

Now, there are many possible combinations of the muscle stimulation signals that
can get to a single desired position. As mentioned earlier, for simplicity it is assumed that
only one muscle is active at a time. Hence, if the model is fallink ltla& muscle at the
front is activated and vice versa. From this control law, for a given positae know
which muscle needs to on and which needs to be off leaving three equations with three
unknowns that is easily solvable. These equations showy aonsolve for the maximum
sway for the model in both the directio®som the open loop response simulations, it
was determined that the ankle joint represented by this model can lean in the forward
direction by a maximum of 182%s the foot is locked tine ground. Similarly, it can lean
backward by a maximum of 1.35Beyond these limits, there is not enough muscle

strength to move the joint back to the vertical directidie@n).

In actuality, when the ankle joint exceeds a limit of arouhdriél £ in forward
and backward directions, the hip strategy comes into picture. For the sake of simplicity,
the hip strategy is ignored here, as the performance of the control system is of the main
interest here. For this purpose, it is assumed in this pagethth foot is locked to the
ground and the maximum sway that the ankle joint can attain, among other performance
considerations, is an important characteristic of cldsed control system. The highly
nonlinear nature of the mathematical model, as showhppendix A, underscores the
difficulty of the analytical study of the plant. Even the determination of the equilibrium
of (3.16) states is nontrivial. From the plant model (3.1) to (3.16), it was found that, the

conditions for equilibrium at differenpositions can be derived from the fact that the
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change in the activation and length of the muscle, as well as the acceleration, must be

zero at the equilibrium state. To summarize, at equilibrium,
1 Y must be zero in eq (3.16).

1 Either f, or f,in eq (3.15) should be zero, since only one muscle is active at a

time.

1 ps=1 p, =1 so that the length of the muscles does not changeX.i.&, are

zero in (3.7) and (3.14).

1 X =u, X, =u, so that the muscle stimulation signals do not change, that is, in

(3.6) and (3.13)X,, X, must be both zero.

These conditions allow the computation
be later used as the il conditions in the simulation of the feedback control system.
Since the computation of initial muscle length and stimulation signal is important in
implementing an effective control algorithm, we make some observations as seen in
Table II. Given no advation and predetermined muscle lengths, the model stands erect
for an infinite amount of time provided the model is not disturbed in any way with
muscle lengths determined. For the rest set points, the initial lengths and activations are
calculated, bufrom these responses, it is observed that with the predetermined lengths,
the ankle joint could stand for less than 4 seconds after which the ankle started to fall to
one side.These equilibrium calculations hold well only when the model needed to stay at
a constant position with all parameters known, but these calculations get complicated if

there is some disturbance or noise added to the model or if the model has to follow a
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reference trajectory other than a simple constant. Any change in the paracaatss

the model to fall in no time being very sensitive to the parameter changes.

TABLE IlI: INITIAL CONDITIONS FOR OPENLOOPEQUILIBRIUM

Initial Length of

Reference| Triceps Surae Initial length of Initial activation of Initial activation of
(Set point) (X%2) Tibialis TricepsSurae Tibialis
(Xa) (x1) (Xs)
1.8 0.034243 0.0980 0.1 10°
forward
45 0.034497 0.0980 0.24764 10°
forward
18.7 0.039705 0.0980 1 108
forward
-0.01%8 0.0404 0.096198 108 0.132
Backward
1.8 0.0404 0.87464 108 1
Backward

every reference other than a simple constant. This leads to the need of closing the loop

It is not simple or possible to calculate muscle stimulation pattern for any and

with a controller that plays the role of deciding the nheistimulation pattern required at

every instant of time taking past and the present outputs / inputs into consideration.




CHAPTER IV

FEEDBACK CONTROL SOL UTION

Feedback control is based on using the outcome of the process, or the controlled
system, whichs usually called the Aplant, 0 i n orc
the error between the desired output and the actual output in order to reduce it. The
analogy of the feedback scheme to motor control is the following. The plant corresponds
to the muscles, the bones, and the dynamics of the environment, the feedback
corresponds to the output of the sensory systems, and the controller corresponds to the
nervous system. The control problem is how to design a controller that suits the desired
performance. One major advantage of the feedback control scheme is the reduced

sensitivity to changes in the parameters of the plant and to changes in the environment.

The present model is not only complex but quite nonlinear. Furthermore, there are
significantuncertainties in the parameters of the model, caused by dynamic variations in
human muscles. All of these make mebaked feedback control designs such as-pole
placement, feedback linearization, sliding model control agitiddcontrol difficult to
attain. This leaves proportionahtegratderivative controller (PID) as the only common

alternative.

46
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4.1  Proportional Integral Derivative Control

4.1.1 Design and implementation

PID is a most commonly used control design technique for all the nonlinear and
complex modeldn industry. To start with, this commonly used control technique is

applied to our model to see its performance in normal, uncertain and disturbed situations.

The control law for a PID controller is
u=ke+k rp+k,e (4.1)

whereu is the control sigal, eis the error between the desired and the actual poditjon,

ki andky are the proportional, integral and derivative gains.

A good understanding of these gains of the controller would be helpful in
evaluating its performance. The proportional tesnthe basic gain to make the system

reach the set point.

The rate of change of a signal is also known as its derivative. Derivative term
results in is a slower response time with far less overshoot and ripple than a proportional

controller alone. It alsintroduces noise into the system and damping.

An integral is a sum over time, the sum of all past errors in the plant output. The
integral term helps to eliminate the steady state error in the output response and
introduces lag at the same time. Withisttknowledge of the controller and its

functionality, it is designed and tuned specifically for the present ankle joint in Simulink.
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4.1.2 Simulation Study

With this knowledge of the controller, a simulation model with the controller is
developed as shown in kige 28. he performance of the controller is evaluated on the
basis of the error, control and the transient timening of the gain parameters of the
controller turned out to be a difficult task suggesting the need of optimization techniques
to get a reamable performance. Each time, with a change in the set point, the controller

needed to be retuned and the gains were completely unpredictable.

L dZ v
dl —fe[d1
Ref 1 FID )D—.J,ll; P (u11 wE
= demdi
l_,.al gl ¥
Farce_plant position_plant

Figure 28:Ankle model with PID controller

For a reference of°1the gains were set to 6, 2, and 3Kgrk andk, respectively
for a stable output response and with a change in the referentete @ain parameters
had to be readjusted to 300, 100, and 20&fdk andk, to get a reasonable performance
with unavoidable oscillations. The tuning process employed isemanual tuning and
optimization techniques can be employed to decrease the manual effort. Similarly, the
controller had to be retuned for a referenceo® and gains were set to 100, 200 and

300 respectivelyFor a brief introduction to the respossef ankle joint with PID
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controller, few responses and control signals are shown for the referencesSoérid
4.7. The position responses are showifrigure 29 These responses are for a fixed set
of gains ofk, = 6, k = 2andky = 3. For a set fot above 4.7 these gains are of no use

and the new set of gains were unpredictable.
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Figure 29:Position responses for reference angles’o8”and 4.7
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Figure 30:Error responses for’13’ and 4.7 using PID control



5C

15
_____ 10
L 1 B R R (N 30
3 444444444444444444444444 470
&
g 0.5
=)
E
5 ,,,,,
0
0.5
o 2 4 6 8§ 10 12 14 16 18 2
Time (Seconds)

Figure 31:Stimulation of Triceps Surae& with PID contol

From these responses it is clearly seen that there is a large overshoot that
increases proportionally with the desired position. Error respongégure 30show that

the settling time is around 10 seconds which is considerably long time.
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Figure 32:Stimulation of Tibialis (1;) with PID control
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This transient time might not be enough help the ankle to recover if any
disturbance occurs for a short time. The muscle stimulation signals look smooth from
Figure 31landFigure 32 When the reference is increased bel/®’, it is found that there
are constant oscillations in the output response of the control which are unavoidable even
after retuning. In the next section, the tuning and responses of the ankle joint using PID
controller is discussed for various set pgeirand the maximum sway that can be

controlled with this controller is determined.

4.1.3 Tuning and Responses

The ankle joint is tested for the minimum and maximum sways that the controller
can handle. Tuning the PID controller has been a difficult task asgsgtin for the
three parameters was not at all intuitive with a change in the set points. The controller is

tuned to the best of ability to check for the maximum forward lean that can be controlled.

It is found that ankle joint can lean till 4@ith this type of control and still has
oscillations.Figure 33shows the error response for the maximum forward sway using the
PID controller. It points out that the output has constant oscillations which are

unavoidable as mentioned earlier.

The ankle joint cold not stand beyond 12vith the PID controller. This can be
explained due to the transient overshoot of @Ben the set point is $2This made the
ankle move more than 18.8uring the transient period before it came back to a steady
state and as thean being more than the predetermined maximum limit for sway in the

forward direction; the ankle could not recover from fall.
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Figure 33:Error response for £2eference with PID control

As mentioned earlier, when the set point is more thdnthée transient ovehoot
made the ankle move more that f8mbaking the joint unstable and unrecoverable.
Muscle stimulation/control signals Figure 34andFigure 35for both the muscles hit the

saturation limits very often and not at all smooth.
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Figure 34:Stimulation of Triceps &ae (1;) with PID
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Figure 35:Stimulation of Tibialis @) with PID control

This type of control signal is not all safe for the muscle because it constantly turns
them on and off leading to strain. These results demonstrate the need of a better control
method to wercome these oscillations. When the desired position is in the backward

direction, it was hard to achieve a good control.
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Figure 36:Error response foi0.5’reference with PID control
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Figure 37:Stimulation of Triceps Surae( with PID control

The next step is to tunéé controller and evaluate the performance of the ankle

joint in the backward directiorkigure 36shows error in the output response fo0#&’

reference. It took a very long time of nearly 12 seconds for the position to settle down to

the desired stat@hich is again a long period to recover from any short time disturbances.
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Figure 38:Stimulation of Tibialis ¢,) with PID control
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As the set point is increased, the maximum backward sway that can be controlled
with PID controller is 1.2 Unavoidable oscillationsere found in the output response.
The muscle stimulation signals kigure 37andFigure 38are not smooth with constant

on and off signals to the muscle which is not safe for the muscle as mentioned earlier.

From the simulation results, for a nominalnddion, it appears that the PID
controller could control for no more than®lia the front and the backward lean of the
anklejoint had constant oscillations which do not match the calculated results of the
ankl eds maxi mum sway tunmg dftbe parameters turded ouetc t i o n
be a difficult task leading to the need of optimization techniques to get a reasonable
performance. Parameter variations like change in inertia made the performance of the
controller oscillatory, proving that it isevy sensitive to uncertainties. When perturbed,
the anklegjoint could resist for no more than 60Nm push for three seconds which is

comparatively a low perturbation in a real world that it should be able to withstand.

These results demonstrate the needafbetter controller which is least dependent
on the model information, easily tunable, capable of pushing the ankle to its maximum
possible sway angles, tolerant of the uncertainties in the model to a reasonable extent,

capable of rejecting the externastlirbances well.
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4.2  Active Disturbance Rejection Control

4.2.1 Introduction

As pointed out by Gaet al., [25, 26, 27], problems like this call for a control
design framework that is not overly dependamthe mathematical model of the process.
The key issue to be addressed is what is needed to know about a process in order to
control it [283]. Gao discusses about the existing paradigms in feedback control system
design whichare of concern both in theory and practice and also introduces a new
concept of active disturbance rejection which serves as a new paradigm with a broad
range of demonstrated applications. In particular, it appears that the novel concept of

active disturlance rejection control (ADRC) concept fits the nature of this problem well.

4.2.2 Reformulating the problem

We illustrate the ADRC concept using a generic motion control problem where the

plant is

V=1(t,y, ¥,w) +bu (4.3)

Letf (t,y,V,w) bedenoted a$. Herey is the output position anfdrepresents combined

effects of internal nonlinear dynamics and external disturbances of the Iplenta

parameter and is the control signal. A rough estimatefa made by
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f=Y-bu

(4.4)
Using the information, the control law
u=(u,- f)/b (4.5)
reduces the plant to a simple double integral pkahtch can be easily controlled.
o _ f ~
5‘/=Zad +b(“°b )§:u0 (4.6)

This design strategy proves to be effective for the human posture control, as shown later.
For the present ankfeint, all three states, position, velocity and acceleration are
assumed to beneasurable outputs. Saan calculated with a rough guesshbofnd the

control inputu from (4.6).For the remaining part, a simple PD controller is designed as
U, =k, @r - y)+k, @ ) 4.7)
Herer is the reference and the gains can be selected as
k, =2x wky =, (4.8)

where wis the closedoop bandwidth. From the above, for a critically damped system,

w, is the only parameter needs to be tuned,
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Figure 39:ADRC design for the model

With this design framework, the controller is tested for different set of reference
signals. To the Simulink model developed earlier, the concept of active disturbance
rejection is applied. While feeding back the unknown disturbance, a filter is used to
reduce te noise in the feedback. In the simulation, is set to 1.2 rad/sec arto
1rad/set Figure 39 shows the simulation model with ADRC design when acceleration is
available for feedbackThe simulations are run for®1maximum forward sway and

backward swsthat could be controlled with the present control concept.

4.2.3 Tuning and Responses

To test this controller, to start with & feference is given. As mentioned, the

closedloop bandwidth u;, is set to 1.2 rad/sec arulis set to lrad/sécfor all the

simulations Figure 40 shows the output position response for the given reference.
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Figure 40:Error response for®reference with ADRC control
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Figure 41:Stimulation ofthe Triceps Surael) with ADRC control

The transient period of the response is less1thaseconds and has negligible
overshootMuscle stimulation signals are reasonably smooth in Figure 41 and Figure 42.
Even with the increase in the angle of the desired position, the smoothness of the control

signal stayed consistent and the tuning precealso intuitive.
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Figure 42:Stimulation of the Tbialis (up) with ADRC
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Figure 43:Error response with the maximum sway using ADRC

With this controller, the ankle joint could sway till 18i6 the forward direction
which is the determined maximum forward sway fromdpen loop responses. Figure 43

shows the error response for the maximum sway that can be controlled by Active

Disturbance Rejection Control.
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Figure 45:Stimulationof Tibialis (uz) with ADRC

The overshoot is leshdn f and the transient period is over 5 seconds. This

output is fairly smooth and fast when compared to the control of PID. From Figure 44

and Figure 45, it is seen that the control signal is very smooth and does not have

oscillations or on and off pattes that lead to the strain of the muscle.
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Figure 46:Error response with maximum backward sway using ADRC
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Figure 47:Stimulationof the Triceps Surael) with ADRC

The sway on the backward side is tested with the present controller. With
acceleration available for feedtkaand ADRC controller, the ankle could go tll.35’
with no oscillations. From the error response in Figure 46, it is obvious that the control is

pretty good and the transient time is over 4 seconds and there is negligible overshoot.
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Figure 48:Stimulation of tle Tibialis (1) with ADRC

The control signal which is the stimulation signal of the muscle in Figure 47 and
Figure 48 are found to be pretty smooth which again is very good for not straining the
muscle from constant on and off control signals. This whempaoed with the control of
PID is very smooth and has low transient time and above all, it has only one parameter to
tune and is very intuitive whereas for PID, there are three different gains to be tuned and
the tuning parameters change for every settpaid the tuning is very difficult even to

get a reasonable performance.

These results are quiet promising because they are obtained in simulation of the
full nonlinear plant model and algbe performance of the controller is able to validate
itself with the mathematical evaluations and its ability to control till the maximum
possible sway angles in both the directions. The present-nkies restricted to move
till 18.5° in the forward and-1.35in the backward direction. This is found to be

achievale with the control with ADRC. There is a negligible overshoot in the response,
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small transient time and nice smooth control. It is even able to track the references other
than the simple constants. It has unique quality of single parameter tuning which i
intuitive. With these promising initial results, in the later chapters, disturbance rejection,

and tolerance to uncertainties is analyzed.

4.2.4 Disturbance Estimation and Rejection

When the position, velocity and acceleration needed for control were all
measuable, there is no reason to use an observer. On a real human subject, three different
sensors are needed to measure these outputs which would incorporate measurement noise
that would disrupt these measurements leading to a poor performance of theesontroll
Decreasing the number of sensors used would be a great help in simplifying the control
mechanism and decreasing the noise comparatively. An observer constructs estimates of
the variables that are not being measured, using only the available meassurdihent
state of this 'observer' produced good estimates of the state variables of the original
system. These estimates could be used, as if they were true measurements, to compute the
appropriate control.According to David G. Luenberger, observers areduse

approximately reconstruatissingstatevariable information necessary for control.

Extended State Observer

The extended state observer (ESO) is designed to not only estimate the states that
are not measurable but also to estinfatéor the plant in(4.3), the state space model is

described as
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X= Ax+Bu+Eh
(4.8)
y=Cz
€0 1 0s ¢c0p 0o
— Up _ U~ _ _e\u
A_go 0 19,3_:09,(:_[1 0 O],E—gog (4.9)
& 0 0y eoy ely

wherex =y, x, =¥, x, = f andh = f . An extended state observer is construeted

2= Az+Bu+L(y- V)
§=Cz

(4.10)
where L is the observer gain vector calculated using pole placement technique

L=[b b b (“41D)

With the observer properly designeds y, z, = ¥ andz, = f . The control law in (4.5)

T (4.8) can now be implemented without the accelerometer sensor:

= Uy - 2z)
u= b, (4.12)
y=(f -z) & (4.13)
U, =k,(r -z) k2 (4.14)

wherer is the reference ank, = 2x wk, = #.

This control law is implemented as shown in Figure 49. The ESO is tuned to track
the states well and then controller is tuned to get the desired response with the objectives

of error as small as pob$e, smooth control, least model dependent and easy tuning. So
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there are now two parameters to be tuned one being the observer banayadthack

the immeasurable states and the other bainghe controller baswidth.
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Figure 49:ADRC design concept with Extended State Observer

The same procedure as of the ADRC with acceleration available for feedback is
repeated. The results of simulations for set poiftd & and-1.35 leans are shown in
this section. In the simulatn, the observer bandwidt, is set to 200 rad/sec and is

set to lrad/sec. The gain parameteremains lrad/sécThese parameters remain the

same for all the set points.
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Figure 50:Error response for’reference usim ADRC (with ESO)
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Figure 51:Stimulation of Triceps Surae@ using ADRC (with ESO)

Figure 50shows the error for a set point of. Dbserver tracks the plant pretty
well and the position reaches its desired value at around 6 seconds. The output looks
reasonably mooth. The stimulation signals in Figure 51 and Figure 52 are smooth with

no sharp edges of Aon/ offod patterns thus
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Figure 52:Stimulation of the Tibialisuy) using ADRC (with ESO)
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Figure 53:Error response for the maximum forwaay (ADRC using ESO)

Figure 53 shows the error response for the maximum sway °otha8 can be
controlled by ADRC controller with ESO instead. It has a transient period of about 8
seconds and has negligible overshoot. Figure 54 and Figure 55 haventhkatiin

signal of the control signal for both the muscles and reasonably smooth.
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Figure 54:Stimulation of the Triceps Surae;] using ADRC with ESO
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Figure 55:Stimulation of the Tibialisuy) using ADRC (with ESO)

Although with the use of ESO in the ADRC to estimate disrupted or not
available states is able to control the plant very good to an extenf efhiéh is very
close to the real plant limitations. The difference can be attributed to the small error in

estimating thé of the plant.
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Figure 56:Error response for thmaximum backward sway (ADRC with ESO)
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Figure 57:Stimulation of the Triceps Surae) using ADRC with ESO

Figure 56 shows the error for a maximum sway in the backward direction that can
be controlled by ADRC with ESG1.35 is the maximum that it can go with amsient

time of less than 4 seconds and absolutely no oscillations.
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Figure 58:Stimulation of the Tibialisu,) using ADRC with ESO

Figure 57 and Figure 58 are the stimulation signals or the control signal for the
muscles at the front and the back. The signaleiy wmooth as seen. The minimum
information needed to control the plant now becomes the stimulation mpahd the
position outputy). With this information, the control technique built with the observer

tracking states was able to perform equally @slthe one with all measurable outputs.

This method would be of particular use when the number of sensors needs to be
decreased or when the states are disrupted to noise or not measkrablethe
simulation results, it is seen that with the observs, dontrol of ADRC was able to
reach 18in the forward lean anedl.35 to its back. This shows that the ESO could track
the outputs well, which is of great help to control the plant even when the measurable
states are partially disrupted due to noiseshVili decrease in inertia or a push to the

anklejoint, the control was found to pretty well showing its tolerance to parameter

variations and its disturbance rejection.



CHAPTER V

COMPARISON STUDY

Now that a nonlinear simulation model for the ankle joad bheen developed, the
openloop responses have been analyzed and three different controllers are applied, the
next step is to make a comparison of all these controllers. This will give us an idea on the

performance and robustness of the controllers.

So inthis chapter, the performance of the PID and ADRC with and without ESO
are evaluated and compared. The basis of the comparison is to attain small error, smooth
control, easy tuning and least model dependency as stressed in the previous sections. For

this purpose, the following cases are considered:

M Nominal condition

1 Robustness in the presence of Inertia change

1 Robustness in the presence of weak muscles and

1 External impulse disturbance to the model

72
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The gains of each controller are tuned for the nominalitoncand remain fixed
throughout the comparison study. The purpose of this study is to evaluate how well each

controller copes with dynamic variations and disturbances.

51 Nominal Condition

Under the nominal condition, the ankle joint in a vertical standiag,the joint
angle is 6, is accurately described by the model For the nominal condition with a set of
well tuned parameters, the performance of all three controllers i.e., PID, ADRC with and
without ESO is very similar. This can be seen frBigure ®. The muscle stimulation
signals are shown iRigure 60and Figure 61 The front muscle stays at the minimum
activation level for all the control techniques except for the PID which activates for a

short span of time initially.

v PID
ADRC with ESO

ADRC

Figure 59: Error in position fothe nominal model with three control techniques



