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Abstract

Humanoid robots and protheses for humans are demanded to be lightweight and controllable

precisely. One promising approach is the use of pneumatic actuation technologies. In this thesis

a Pneumatic Muscle Actuator (PMA) is investigated and used for actuating a joint. The main

drawback of these actuators is their highly nonlinear behavior.

Chapter 1 gives a summary about this thesis. Chapter 2 introduces further into the technology

of the PMA and the approaches of modeling and nonlinear control. In Chapter 3 an overview

about existent research work about modeling and control is given. One of these models is modi-

fied, extended to the model of a joint and implemented in MATLAB / Simulink in Chapter 4. The

model is validated. In Chapter 5 a flatness based controller ofthe PMA and the joint actuated by

a PMA is designed and implemented in MATLAB / Simulink. The performance of the controller

is tested by adequate simulations. Chapter 6 resumes the results of this thesis and gives a short

outlook to some further research topics.

Kurzfassung

Humanoide Roboter und Prothesen sollen leicht und präzise kontrollierbar sein. Ein vielver-

sprechender Ansatz ist die Anwendung von pneumatischen Technologien. Diese Diplomar-

beit untersucht den Einsatz von pneumatischen Muskeln bei der Steuerung von Gelenken. Ein

wesentlicher Nachteil dieser pneumatischen Muskeln ist ihr stark nichtlineares Verhalten.

Kapitel 1 faßt die wesentlichen Inhalte dieser Diplomarbeit zusammen. In Kapitel 2 wird die

Technologie der pneumatischen Muskeln dargestellt. Bestehende Modelle und Regler werden

in Kapitel 3 vorgestellt. Eines dieser Modelle wird in Kapitel 4 abgëandert, auf das Modell

eines Gelenkes erweitert und in MATLAB / Simulink implementiert und validiert. In Kapitel 5

wird ein flachheitsbasierter Regler für den pneumatischen Muskel und das Gelenk entworfen

und ebenfalls in MATLAB / Simulink implementiert. Durch geeignete Experimente wird das

Verhalten des Reglers simulativ getestet. Kapitel 6 faßt dieErgebnisse dieser Diplomarbeit

zusammen und gibt einen kurzen Ausblick auf weitere Fragestellungen.



Ich versichere, daß ich diese Diplomarbeit selbständig verfaßt und keine anderen als die angegebe-

nen Hilfsmittel verwendet habe.
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Chapter 1

Preface

The aim of this thesis is to develop a closed loop control of anartificial joint actuated by Pneu-

matic Muscle Actuators (PMA). This chapter gives an overview about the progress of the thesis.

A PMA consists of a closed rubber tube with a valve. When the PMAis inflated with com-

pressed air, it widens in radial direction and contracts in longitudinal direction. Therewith a

force in longitudinal direction is induced which can be usedfor actuation. The PMA is only a

pulling actuator, which means that it has to be extended by anantagonistic action like a spring,

a driven mass or a second PMA. This property is similar to the physiological muscles, because

also they can only contract and have to be extended passivelyby antagonistic actions. The main

drawback of the PMAs is their strongly nonlinear behavior.

The use of a model for the PMA is helpful, because not all of theproperties of the PMA have

to be regarded and so the model can be simplified. This is important, because a general require-

ment for the treatment of systems is that they have to be as complex as necessary, but as simple

as possible for a better handling. Also, with a model the behavior of the PMA can be simulated.

The derived model is physical based. One important advance of physical based models it that

parameters can be varied easily. Black box models have to be identified again experimentally if

a parameter is changed. Also, in this thesis no identification experiments are performed.

In this thesis the PMA is extended by the weight of a driven mass. In the basic form the PMA is

modeled to drive a load vertically. For deriving the model the system is split into the valve, the

intrinsic PMA and the mass driven by the PMA. The control variable is the command voltage
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to the valve and the desired controlled variable is the PMA length.

This system is extended to a joint. The joint is actuated by one PMA which connects the middle

points of the links. This setup is adequate to the physiological setup where the muscles which

actuate a joint affect at the bones which are connected by thejoint. The contraction occurs

actively by the PMA and the extension occurs passively by theweight of the driven link. The

controlled variable is the angle of the joint. It depends geometrically on the PMA length. The

intern calculations take place with the PMA length. The desired angle trajectory is transformed

into the PMA length and the simulated output length is re-transformed into the angle. The

system shall track a given trajectory and it behaves very unstable, so a closed loop control is

necessary.

Due to the strong nonlinearities of the model the controllerhas to be designed by advanced

methods. The main adequate approaches are a linearization of the system model or the feed-

back combined with a linear controller and the design of a nonlinear controller. The controller

should be designed as complex as necessary, but as simple as possible, so if the performance of

a linearization method is sufficient it should be preferred to a nonlinear controller design. The

chosen method is a flatness based controller. A flatness basedcontroller works with exact feed-

back linearization. The linearization uses the differential flatness of the model. A differential

flat system is invertible, and the nonlinearities of the system can be canceled exactly. In the

working range the PMA system is differential flat, so this control method can be applied. The

linear controller which is combined with the linearizationmethod is a pole placement controller.

The results of the simulated experiments show that the controller performance is very good.

This thesis is organized as follows:

In Chapter 2 the technology of the PMA is presented and outlined against other actuation tech-

nologies. Also some important requirements and propertiesof the PMA are discussed. This

chapter also presents some basic principles of mathematical modeling, the black box models

and the physical based models. In the black box approaches the model is identified with ex-

perimental data whereas in the physical based approach the model is derived from physical

quantities. Also the complexity of the model and the determination of the input and the output

variables are discussed. Third the basic approaches of nonlinear control are outlined. For weak
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nonlinearities a robust controller design can be applied. The approach of feedback linearization

is discussed. Classification criteria are exact and approximated linearization and input-output

and input-state linearization. One main approach for nonlinear controller design is an adaptive

controller which can be designed direct and indirect.

Chapter 3 gives an overview about existent models and controllers for PMAs and their applica-

tions. All of the models are nonlinear, but time-invariant.There are two physical based models

presented. Some other models which are mainly physical based regard important properties in

the way of black box. One pure black box model is given. In somemodels the complete PMA

system is described, which means that there is a PMA which drives a mass. In some models

and the applications the PMA actuates a joint. Some of the articles give models of single parts

or investigate the influence of the regard or neglect of properties like valve characteristics, the

thickness of the PMA wall and the area of the end caps. There isalso one extra model of the

friction force presented. Many of the models are given incomplete, and only one of them is

validated. Second some implemented controller strategiesfor tracking control of PMAs are re-

viewed. The performed controller strategies are linearization methods, adaptive controllers, one

robust controller and some robust adaptive approaches. Some of the controllers are designed as

switching controllers which differentiate between the PMAcontraction and extension. The re-

quirements to a tracking controller are exactness and speedof the tracking and a smooth control

signal. Most of the articles do not validate the controller performance sufficient, but the best

results are achieved with linearization methods.

One important step in this thesis is to find an adequate model of the PMA in the literature and

implement it in MATLAB / Simulink. The model has to be physical based, because no experi-

ments for model identification are performed in this thesis.In the literature there is no adequate

model given, so the best one is modified by replacing some parts with more adequate models.

The resulting model is described in Chapter 4. At first a PMA which drives vertically a mass is

modeled. Mainly there are models for the valve which generated the mass flow into the PMA

and for the intrinsic PMA with the PMA length as output. The model is brought into state

space form with the command voltage to the valve as input, theinner pressure, PMA length

and the first time derivative of the PMA length as states and the PMA length as output. There

are two different models of friction compared, one simple proportional law and one friction

model which switches between slipping and sticking mode. The third main part of the model is
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the extension to a joint driven by a PMA. The model is validated by some MATLAB / Simulink

simulations.

The aim of this thesis is to design a joint which is driven on a desired trajectory. Therefore a

closed loop control is necessary. As controller strategy a flatness based controller is chosen.

After the linearization a linear third order pole placementcontroller is designed. The principle

and the design of the controller are presented in detail in Chapter 5. First the controller is de-

signed for the simple proportional friction law and second the friction model is exchanged. In a

third step the controller is extended to the control of the joint. The controller is implemented in

MATLAB / Simulink and the performance of the closed loop control system is proved in different

simulated experiments. The controller requires a three times differentiable desired trajectory,

but it can deal with abruptly changed moved masses. Fluctuations of the supply pressure do

not affect the states and the output, only the control signal. The controller is also robust against

fluctuations in the temperature. Also, the performances fordifferent friction parameters are in-

vestigated. The exactness of the tracking and the smoothness of the control signal are reduced

slightly. Summarizing, the controller yields a good tracking behavior concerning speed and

exactness with a smooth control signal.

Chapter 6 resumes the results of this thesis and gives a short outlook to some further research

topics.
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Chapter 2

Introduction

Pneumatic Muscle Actuators (PMA) are a promising technology used for prostheses and hu-

manoid robotics. This chapter introduces further into the principles applied in this thesis. Sec-

tion 2.1 gives an overview about the technology of PMAs and its main properties. Section 2.2

introduces into the basic principles of mathematical modeling. In Section 2.3 the main ap-

proaches of controller design for nonlinear systems are presented.

2.1 Pneumatic Muscle Actuators (PMA)

During the last decades many research groups are working on humanoid robots and robotic

prostheses. One main subject in the development of roboticsis the transfer of energy into the

form of mechanical movements. For this transfer actuators are used. There are several different

technologies existent. According to the concrete application different requirements have to be

fulfilled and the best suitable technology has to be chosen. Important parameters of the tech-

nologies are the power/weight and power/volume ratios, strength, response rate, physical size,

speed of motion, reliability, controllability, compliance and cost [2].

Humanoid robots and protheses for humans are demanded to be lightweight and controllable

precisely. The lightweight is important to reduce inertia and motion power, and the precise

control is necessary because mainly little movements are performed. A small physical size is

demanded, because the needed equipment has to be carried along. The energy transfer is de-

sired to occur effectively, because the more effective the technology works, the smaller and

more lightweight the equipment can be dimensioned. Anotherimportant property is the safety.

If the technology fails, it is demanded that the human is not injured. Especially the prostheses
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are desired to have low cost, so that also private persons canbuy them.

There are several actuation technologies existent, but many of them are not useful for humanoid

movements. Combustion systems e.g. which use thermal cyclesto convert chemical energy

into motion are used for transport, but they are overdimensioned for the described applications.

Hydraulic power is mainly used outside, for indoor applications it is too noisy and too unclean

due to oil leaks. Also it is less reliable [2]. Electric motortechnology is more suitable, because

it is clean, quiet and precisely controllable. A disadvantage of this technology is the limited

operation range in outdoor applications, because batteries are heavy compared to their power.

Also for humanoid robots which shall perform movements likehopping and running the pro-

vided motor torque is too small [29]. One problem of electricand hydraulic actuators is that

failures can lead to bad injuries of the human.

Pneumatic actuators have got a high power/weight ratio (1 kW/kg [2]) and power/volume ratio

(1000 kW/m2 [24]). They work clean and can easily be miniaturized, and they are very safe.

Also they have got a low cost. One advantage is that they act very similar to a human skeletal

muscle. The main disadvantage is the difficulty in accurate control due to the the compressibil-

ity of the air which causes high nonlinearities. Also, the elasticity of the solid material causes

problems.

Valve

Fiber Shell
Rubber
Inner
Layer

Figure 2.1: Braided Pneumatic Muscle Actuator (PMA)

There are different possible structures of the Pneumatic Muscle Actuator (PMA). The most

common structure is a braided shell PMA, also called McKibben Muscle or Rubbertuator. It is
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principally drawn in Figure 2.1. It consists mainly of a rubber inner layer which is braided with

a fiber shell. The material of the fibers is non-elastic, e.g. nylon. On one end of the PMA there is

a valve which lets pressurized air into resp. out of the PMA. On the other end the PMA is closed.

PMA Spring

Load
Pulley

a) b) c)

Figure 2.2: Possible antagonistic designs of a PMA: a) PMA coupled with a spring, b) PMA

coupled with a mass, c) two coupled PMAs

As soon as there is air pressed into the PMA, the inner pressure rises and the PMA extends

in radial direction and contracts in longitudinal direction. This contraction generates a strong

force which is used in the application. One important property of the PMA is the fact that it

is only a pulling actuator. The PMA can contract, but not extend actively. Following, a PMA

must always be coupled with an element which extends it. There are mainly three possibilities,

pictured in Figure 2.2. The PMA can be extended by a spring (Figure 2.2.a), by a mass which is

driven vertically by the PMA (Figure 2.2.b) or by a second PMAwhich is designed antagonis-

tically (Figure 2.2.c). This property is very similar to human muscles which also induce forces

and movements by contractions of an agonist and its antagonist.

Two problems caused by the combination of the rubber inner layer and the braided shell are a

threshold pressure which has to be overcome before the PMA expands in radial direction and

the dry friction between the inner layer and the shell.

With PMAs a joint can be driven. There are some different possible designs. One design

consists of one PMA driving a joint. This approach is illustrated in Figure 2.3.a). The PMA

is extended by the weight of the moved link. With an antagonistic design also two PMAs can
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Angle

Angle

a) b)

Figure 2.3: Angle formed by PMAs: a) one PMA, b) two antagonistic PMAs

drive a joint. This joint has got the two properties compliance and angle which can be controlled

independently. This computation of the angle is illustrated in Figure 2.3.b). The compliance

depends on the weighted sum of the pressures inside the PMA, and the angle depends on the

weighted difference of the lengths of the PMAs.

2.2 Modeling objects and processes

Most objects or processes respectively their behavior are very complex, but often it is not neces-

sary to regard all of their properties. In other processes itis important to predict their behavior

before testing it in reality, for example a nuclear power plant should not be dimensioned by ’trial

and error’. With a mathematical model which represents the important properties the object or

the process can be simulated and its behavior can be tested.

The main approaches for modeling are physical based and black box models. The physical

models are derived theoretically from physical basic principles. In the black box approach the

model is derived by experiments. In these experiments some determined input signals are fed

into the object or process, and the output is measured. From this data the model is identified.

This kind of model is also called input-output model, because it contains no information about

the inner processes. Physical based models have got state variables which describe inner pro-

cesses.

Physical based models are valid for a larger range of different objects or processes of the same

category, because their parameters are related directly tothe physical quantities. Following, the
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new values can be inserted easily. In a black box model the identification procedure must be

repeated with the new values. On the other hand, black box models are normally less complex

than physical based models. In some cases it is useful to develop a physical based model and

generate with this model some input-output data. From the obtained data a black box model

can be identified and used for simulations.

One important subject of modeling is the definition of the input and the output of the model.

The output is the desired control variable, and with the input variable the object or process is

manipulated. Following, the input variable should be adjustable easily.

Another important subject is the decision about the complexity of the model. For black box

models this means the choice of the order. In physical based models the complexity means

the regard and neglect of properties of the modeled object orprocess. The model should be as

detailed as necessary to represent the object or process adequate, but also as simple as possible

for a better and faster handling. Between both requirements acompromise must be found.

Section 3.1 gives a review about existing models. There are some pure physical based models,

several mixed models whose main structure is physical basedbut some of their properties are

described by a black box model and one pure black box model. Also, there are some incomplete

models described.

In this thesis an existing model is chosen from the literature and implemented in MATLAB /

Simulink. This model is described detailed in Chapter 4.

15



2.3 Control of nonlinear systems

In typical control problems a closed loop control system is developed. As described in Sec-

tion 2.2, many of the objects or processes, in the following called plants, are very complex and

often also nonlinear. It is possible to neglect some of theirproperties and nonlinearities, but

then the controller has to be designed so that it can deal withuncertainties. For weak nonlinear-

ities a robust control technology can be applied. For dealing with stronger nonlinearities there

are mainly two approaches, linearization technologies combined with a linear controller and

adaptive control technologies. In the following, only time-invariant systems are regarded.

2.3.1 Robust controller design

In robust control technologies the controller is constant,but designed for a class of plants. A

class means that there is the nominal plant model with ideal behavior and a modeled error

which describes determined bounded variations. There are parametric uncertainties e.g. in

parameters of the plant or nonparametric uncertainties e.g. due to non modeled dynamics. Weak

nonlinearities are considered as uncertainties. This way of control is useful for arbitrary fast

time variations of the uncertainties which are bounded. Therobust control design is described

in [22].

2.3.2 Linearization methods

One method for a dynamical linearization is the feedback linearization, described in [17]. The

main idea is to compute a new input into the plant which cancels its nonlinearities. There are

mainly two variants, input-state linearization and input-output linearization. The linearization

can be exact or approximated.

For input-state linearization only the state equation of the state space form is used. The pair

(A,B) has to be controllable. The system has to be brought intothe following form, if necessary

by a transformation:

˙x(t) = Ax(t) + Bω(x(t))[u(t) − φ(x(t))] (2.1)

This is possible if the pair (A,B) is controllable. The corresponding control law is

u(t) = φ(x(t)) + ω−1(x(t))ν(t) (2.2)
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and the resulting state equation is

ẋ(t) = Ax(t) + Bv(t) (2.3)

with v(t) being the new input into the system. This system is linear time-invariant and also

controllable.

In tracking control problems, the output of the system is more interesting than the state. There-

fore, a second way of feedback linearization is the input-output linearization. The output equa-

tion of the state space form

y(t) = h(x(t)) (2.4)

is derived until the inputu(t) appears. The necessary number of derivationsr is called therel-

ative degreeof the system. Ifr is identical to the ordern of the plant model the pair (A,C) of

the state space form is observable and the linearization is exact. In that case the input-output

linearization leads to the input-state linearization [17].

If r is smaller thann, the plant is not fully observable, and the internal dynamics, also called

zero dynamics, which describe the unobservable part of the plant have to be considered. Here

the linearization is approximated, and the effectiveness of the input-output linearization depends

on the stability of the internal dynamics.

The feedback linearization does not consider desired properties of the system like stability. For

this a second controller has to be designed, but therefore linear methods can be used.

One drawback of the method is that it cancels all nonlinearities, but this is not always desired.

For example a termxi with odd i provides additional damping for large values ofx. Also the

canceled nonlinearities of the system appear in the controllaw. For large values ofx this may

be not be feasible in practical use due to limits e.g. of the actuator.

2.3.3 Adaptive controller design

In adaptive control technologies the controller is adaptedduring the process to variations of the

plant. Following, adaptive controllers are always nonlinear. This design is useful for slowly

varying parameters which are not necessary bounded. An adaptive controller guarantees the
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Figure 2.4: Control system of a model reference adaptive controller (MRAC), adapted

from [31]

convergence of the tracking error to zero also with a small gain [10]. There are parameter

adaptive technologies which deal with parameter variations and structure adaptive technologies

which deal with uncertainties in the structure like order and number of states.

The main classification criterion is whether the adaptive control occurs directly or indirectly.

Direct adaptive control means that at each sample the controller parameters are estimated di-

rectly. This method is called Model Reference Adaptive Control (MRAC), and the description

is taken from [31]. The structure of the MRAC is shown in Figure2.4. In this method a refer-

ence model of the plant is required. A known time-dependent reference signalw(t) is put into

the controller and with this indirectly into the plant, and into the reference model. The output

yM(t) of the reference model is compared to the outputy(t) of the plant, and an adaption device

tunes the parameter of the controller.

The second approach is an indirect adaptive control. At eachsample the model parameters

are estimated, then used for computing the controller polynomial/parameters. This method is

called Self-Tuning Control (STC), also described in [31]. A STC-design, shown in Figure 2.5,

contains an identification device for the plant and an adaption device for the controller. The

identification device detects variations of the plant parameters by using the plant inputu(t),
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Figure 2.5: Control system of a self-tuning controller (STC), adapted from [31]

the plant outputy(t) and the errore(t) from the reference signalw(t). The adaption device

computes the according controller polynomial resp. the controller parameters and adapts the

controller.

In practical use, there are often fast switching variationswith slowly varying boundaries. Be-

cause of this robust and adaptive control technologies are often combined with each other.

In Section 3.2 existent controllers for a Pneumatic Muscle Actuator are presented. One of

the presented methods for controller design is implementedin this thesis. It is presented in

Chapter 5.
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Chapter 3

State of the art concerning modeling and

control of a Pneumatic Muscle Actuator

In this thesis a Pneumatic Muscle Actuator (PMA) is discussed. As described in Section 2.2

the use of a model is helpful. This chapter gives a review about the existent work of some

other research groups. In Section 3.1 their models are discussed. Section 3.2 reviews their

implementations of advanced model-based controller strategies.

3.1 Existent models of the PMA

There are many different approaches and variants for developing an adequate model. Some of

the properties like the desired control variable are determined by the application. Finally the

angle formed by PMA’s shall be controlled. This angle depends geometrically on the length

change of the PMA’s, so the desired control variable is the length change of the actuator (see

Section 2.1). The input variable is not determined, the request to it is that it has to be adjustable

easily. Possible inputs are for example the pressure insidethe PMA or the gas flow into the

PMA.

This section gives a review about different existing models. Subsection 3.1.1 deals with physical

based models of the intrinsic actuator. A classification profile within these models is wether the

given model is complete and how detailed it is described. Subsection 3.1.2 reviews two mixed

models. Their main model structure is physical based, but important parts are described by

black box models. In Subsection 3.1.3 one pure black box model is presented. Subsection 3.1.4

presents some applications of the PMA.
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3.1.1 Physical based models

At first the complete models of the actuator are given. They are classified on the chosen input

and output variables. Two of these models use the length change of the actuator as output, one

uses the gas flow and one the pressure as input. The last model uses the pressure and the actua-

tor length change as input and the PMA force as output.

Gas flow as input, actuator length change as output

First the model which uses the gas flow as input and the actuator length as output is discussed.

It was developed by Hildebrandt et al. [13]. Their experimental setup consists of one PMA

which drives vertically a trolley which can carry a variableload mass. It is very similar to Fig-

ure 2.2.b). The weight force extends the PMA, and the inducedPMA force contracts it again.

So the load acts antagonistically to the PMA. The measured output is the z-coordinate of the

trolley with respect to the maximum extension, which is the same absolute value as the length

change of the PMA but with opposite direction. The model is derived for the PMA and the

trolley, where the trolley can move nearly frictionless. The used parameters of the model are

assembled in Table 3.1.

One main model equation is the balance of forces:

msz̈(t) = Fm(t) − Ff (t) − msg (3.1)

ms - total mass, assumed to be concentrated in the driven mass

z(t) - z-coordinate of the driven mass, corresponds negative to the length change of the PMA

Fm(t) - longitudinal PMA force

Ff (t) - friction force of bearing

g - gravitation constant

The PMA force of the PMAFm is modeled to depend on the inner pressure of the PMA and

on the volume change due to the length change. Experimental results with this model result in

large failures, so the model of the PMA force is improved by using the PMA area instead of

the volume change due to the length change. In this model the PMA is regarded as a piston

with variable piston area which depends on the PMA length. This is modeled as fifth order

polynomial with experimental identified parameters.
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The second main model equation is a differential equation for the pressure:

ṗ(t) =
χ

V (t)

(

RTṁg(t) − p(t) ˙V (t)
)

(3.2)

p(t) - pressure inside the PMA

V (t) - Volume of the PMA

R - specific gas constant of air

T - temperature, assumed to be constant

ṁg(t) - gas mass flow into the PMA

Due to the compressibility of the gas the pressure is no linear function of the mass flow. Their

relationship is derived by the ideal gas equation. The statechange is described polytrophic. The

polytrophic exponentχ is identified experimentally.

The volume of the PMA is assumed to depend only on the length ofthe PMA. It is modeled

as a third order polynomial with experimentally identified parameters. With the PMA getting

shorter, the volume increases.

The friction force of the bearing is supposed to be a combination of coulomb friction and vis-

cous friction, both dependent proportional on the velocityof the PMA length change. The

constants of proportionality are not explained.

Additionally the valve function is modeled. There a relationship between the gas flow and the

set point voltage is developed analytical and additionallyidentified experimentally. The result

of the identification is presented in an imprecise plot. All parameters of the analytical equation

except the specific ratio of the valve typec are described.

The derived model of the PMA is given in nonlinear state spaceform with gas flow as input,

length change of the PMA as output and inner pressure, lengthchange and length change ve-

locity as states.

The model is very detailed. It gives a relationship for the valve (gas flow dependent on the

set point voltage). To model the length change of the PMA dependent on the gas flow, there

are relationships for the force depending on pressure and area, for the inner volume depending

on the length change, for the pressure depending on the volume and the gas flow and for the
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Table 3.1: Parameters and variables of Hildebrandt et al. [13]

symbol meaning validity obtained values experiment

given? described?

M mass specific measured - -

χ polytrophic exponent general experimentally yes -

T temperature general literature standard cond. -

p0 environment pressuregeneral literature standard cond. -

R gas constant general literature - -

ṁg gas flow specific experimentally (no) yes

c valve ratio specific ? no no

η specific heat ratio general literature standard cond. -

bi volume coefficients specific experimentally no no

ci area coefficients specific experimentally no no

fc, fv friction coefficients specific ? no no

friction force depending on the velocity of the contractionresp. extension of the PMA.

On the other hand, there are several properties which are notregarded, as static friction between

the PMA rubber tube and the braided shell and dynamical effects of the underlying position

controller for the valve-slide stroke. This means that there is a cascade control strategy and the

inner loop seems not to be fast enough, because there is an overlap of the two frequency bands.

Also there is no threshold pressure regarded which has to be overcome before any action in

radial direction can take place, and the thickness of the PMAwall is also neglected (discussed

by Chou et al. [6], see Page 25). For the developed controller the pressure is measured instead

of estimated by the given model, because the model of the PMA force which uses the pressure

is not exact enough, e.g. due to the used model of the volume which is too simple. The fric-

tion force is questionable, because there is no static friction of the trolley regarded. Also for

the modeled properties and relationships there are severalparameters not given respectively not

described detailed enough. The model itself is not validated.

Summarizing, several parts of this model can be used in this thesis, but the model of the PMA

volume and the model of the friction force will be replaced byother models. Those parts of the

model which are used in this thesis are presented deeper in Chapter 4.
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Pressure and actuator length as input, actuator force as output

The second discussed model uses the pressure and the actuator length as input and the actuator

force as output. It was published by Chou et al. [6]. This article contains many different parts

and experiments. At first a physical based static model for the force depending on the inner

pressure and the surface area of the PMA is derived. The used PMA is a braided shell PMA,

that means it consists of a rubber tube sheathed with a braided shell. The angle of the braid

fibers with respect to the longitudinal axis is called interweave angle. Figure 3.1 illustrates

the surface of the PMA. The interweave angle changes during the contraction of the PMA. De-

pending on this interweave angle the surface area and the inner volume of the PMA are modeled.

interweave
angle

PMA

vertical

longitudinal

direction

direction

Figure 3.1: Illustration of the interweave angle

This interweave angle cannot be measured online. It has to besubstituted with other described

parameters. Because of the input-output constellation the given model cannot be used in this

thesis.

Next, performed quasi-static and dynamic experiments are described in detail. The measured

pressure and force are graphically shown as response to displacements with illustration of the
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hysteresis. With these experiments the hysteresis is investigated deeper. It is caused by dry fric-

tion between the rubber tube and the braided shell. The result of the study is that the hysteresis

is nearly independent from the velocity. That means the existent friction consists mainly of

Coulomb-friction which is independent from velocity, and the viscous friction is so small that

it can be neglected.

The article gives also a correction term for the influence of the thickness of the PMA wall. The

simulation results of the static model with and without the correction are given. In the estimated

diameter there is a difference of around 20 % and in the estimated volume a difference of around

30 %.

The described model is simplified by considering the force asfunction of the pressure and the

volume change due to the length change, that means the PMA is regarded as a gas spring mod-

eled with experimentally identified coefficients. In this model a pressure threshold to overcome

the radial elasticity of the PMA bladder is regarded. Also a nonlinear term for the non-perfect

cylinder form of the PMA at extreme length is mentioned, but this is out of the usual operating

range, so this term is neglected.

At last a general friction value due to the history dependence of the friction is introduced and

added. It can be used if a simple friction model is sufficient.

Also the simplified model is not useful for this thesis, because it depends on experimentally

identified spring and damping parameters. Although the article does not give a useful model,

there are several hints and discussions about properties which can be regarded.

Partial models and hints to keep in mind

Next there are several partial models of the PMA force. They are divided into models of the

PMA force depending on the interweave angle respectively onthe PMA length which are pre-

sented first and a model of the PMA force depending on the contraction.
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First the model of Caldwell et al. [2] is discussed. In the article there is no description of the

experimental setup which was used to develop the model. The used parameters are assembled

in Table 3.2. According to this article the PMA has got one point of minimal energy. At this

point its internal pressure is minimal and its volume is maximal. Due to elastic effects of the

material this point differs slightly from the relaxed state. The volume can be calculated from

the surface, and the surface area is modeled to depend on the angle of the braid fibers with

respect to the longitudinal axis which is called interweaveangle (see Figure 3.1). Any change

from the point of minimal energy will cause a higher pressureand induce a force to return to

the minimum energy state.

The volume of the PMA is modeled to depend nonlinear on the PMAlength:

V (t) =
πf 2

4h2

(

h2 − z2(t)
)

z(t) (3.3)

V (t) - PMA volume

f - diametric distance parameter

h - helical fiber length

z(t) - PMA length

The PMA force is modeled as

F = Pnew(Sa + 2Ea) (3.4)

F - PMA force

Pnew - new internal pressure after extension or contraction

Sa - surface area of the PMA, depending on the interweave angle

Ea - endplate area of the PMA

It is maximal at maximal extension, minimal in relaxed stateand raises again until maximal

contraction, but with opposite direction. The pressure change with interweave angle is the re-

ciprocal of the volume change. That means that the state change is assumed to be isothermal.

The gas mass inside the PMA is an important quantity, but it isnot described in the article.

This article investigates the force, the surface area and the volume dependent on the interweave

angle. The derived models are physical based. The model is incomplete, and there is no context

given in which the PMA is driven. The interweave angle is no feasible input into the actuator,
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Table 3.2: Parameters and variables of Caldwell et al. [2]

symbol meaning validity obtained values experiment

given? described?

h, f geometric braid parametersspecific calculated yes yes

EEff efficiency factor general literature yes -

but it can be substituted by the geometric braid parametersh andf combined with the actual

length of the PMA. The model of the volume thus dependent on the length of the PMA is used

in this thesis to replace the correspondent model of Hildebrandt et al. [13]. The resulting model

equations are introduced in Chapter 4.

For the design of the controller a black box model is used (seeSubsection 3.1.3) with duty cycle

which represents the gas input as model input and length of the PMA as output.

In a later article Caldwell et al. [3] discuss Polymeric Pseudo Actuators and Pneumatic Muscle

Actuators (PMA). For the PMA they give again a model of the PMAforce depending on the

interweave angle, but the pressure is held constant during the transitions. Depending on the in-

terweave angle the surface area of the PMA is estimated, and depending of the surface area the

force is modeled. This article discusses whether the end caps of the PMA should be included

into the calculation or not. The resulting plot shows that there is only a difference in nearly

maximal extended state, so this property can be neglected inpractical use. Also in this article

there is no context given, and the model is not feasible in practical use, because the interweave

angle cannot be measured online. For substituting this angle there are not enough parameters

given. In this later article the geometric braid parametersare reduced to one parameter which is

not described well enough for use. Also there is no relationship given between the PMA force

and the length change.

Hannaford et al. [12] use a system of two PMAs in parallel witha hydraulic damper, and both in

series with a bi-linear, two spring implementation of an artificial tendon. They give a parabolic
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length-force equation and a hyperbolic length-velocity-force equation, both without describing

the obtainment of the parameters, and they perform work loopexperiments with concentric acti-

vation profiles. They develop a new sensor which acts like a robotic PMA spindle and compare

it to a natural PMA spindle. Because of the input-output constellation with PMA length as input

and the force as output the given model is not useful for this thesis.

Van Ham et al. [11] discuss several properties like the used valves for the PMAs in detail.

Their experimental setup consists of two pneumatic PMAs andone joint. In the text description

the pressure is used as input into the PMAs, and as output the angle and the compliance of

the joint are chosen. According to this, the input of the single PMAs is the pressure and the

output the length change. The angle of the joint depends on a weighted difference of both

inner PMA pressures, and the compliance is determined by a weighted sum of pressures. These

different dependencies allow an independent adjustment ofthe angle and the compliance. The

mathematical model describes the force dependent on the PMAcontraction:

Ft = p · l2 · ft

(

ǫ,
l

R

)

(3.5)

Ft - generated force

p - supplied gauge pressure

l - maximum PMA length

R - unloaded radius

ǫ - contraction

ft - dimensionless function, given for differentR
l

as graph→ too imprecise for use

One problem described earlier in this section is the threshold pressure due to the elasticity of

the rubber tube and the braid of the PMA which has to be overtaken before any action in radial

direction can occur. Also there is some hysteresis caused byfriction between the rubber tube

and the braid. Van Ham et al. avoid both problems by using a pleated instead of a braided pneu-

matic PMA, pictured in Figure 3.2. The pleated PMA consists mainly of a membrane which

is arranged into radially laid out folds that can fold and unfold without a pressure threshold or

friction.
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relaxed contracted

Figure 3.2: Pleated Pneumatic Muscle Actuator (PMA)

The main focus of the article is a detailed investigation of the valves which control the pressure

inside the PMA. The discussion mainly regards the opening and closing time of the valves and

also postulates the use of light-weighted valves. There aretwo different kinds of valves: valves

which work continuously and valves which work with an on-offcontrol. Continuous working

valves are too heavy and too slow, but one valve with on-off control cannot work precisely

enough. As a solution, the article presents an array of fast switching and light on-off-valves.

One of these valves weights 25 g and switches in around 1 ms. The inner volume of the PMA

is set constant. The increasing of the pressure occurs twiceas fast as the decreasing, so the

double number of outlet valves with respect to the inlet valves should be used. In experiments

the best number of valves is identified to two inlet and four outlet valves. The inlet mass flow

will although be larger than outlet mass flow due to differentsupported pressure differences of

the valves.

Summarizing, this article gives no useful model, but some ideas about the valves. Also the arti-

cle describes some advantages of pleated pneumatic PMAs instead of braided PMAs. Because

of the missing model this idea cannot be used in this thesis.

Chou et al. [6] investigate a pneumatic circuit in order to separate properties of pneumatics and

actuator mechanics. They model the pneumatic circuit with elements of an electrical circuit.

29



The parameters of the model are regarded as lumped. The most important state variables in a

pneumatic circuit are pressure and mass flow. So the mass flowω is represented by the current.

The pressure is measured at the beginning (P1) and at the end of the PMA (P2) and their differ-

ence (P1−P2) is regarded as voltage. The gas viscosity caused by tubing and the connections is

modeled as resistanceR, and the gas accumulator is regarded as linear capacitorC. The volume

of the tube is neglected, only the volume of the accumulator is regarded. The state change is

assumed to be isothermal.

The article gives three different successive models withP1 as input andP2 as output. In the

first model, the whole system is modeled as a linear low pass filter. In the second model, the

model of the resistance is improved, and the third model contains additionally a term for the gas

inertia. The parameters of the models are given and their obtainment is described. The results

are very satisfying. In this thesis there is no model of the pneumatic circuit needed, because the

pressure is supplied and therefore the behavior of the gas can be regarded as ideal.

Model of the Friction Force

In the models described above the friction force of the load is not regarded satisfying. Chou

et al. [6] propose to add a typical constant value, Hildebrandt et al. [13] regard only dynamic

friction and the partly models do not regard a load.

Dry friction force behaves very nonlinear. It consists of several components. If the velocity of

the regarded object is different from zero, the object is slipping. During slipping the friction

component which depends on the velocity has got more influence than the static component.

For this dynamic dependency a simple model can be chosen. If the velocity is zero, the object

sticks on the ground or wall, and a friction component which is independent from velocity is

more important. This sticking friction behaves very nonlinear, because a threshold has to be

overcome before the object can move. Models with continuousfriction force are very complex

and numerically difficult to handle, so Karnopp [16] presents another way of modeling the dry

friction. He deals with dry slip-stick friction. His approach is to divide the movement of the

regarded object into two states, slipping and sticking. Karnopp defines a region around zero
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velocity. Inside this region the velocity is assumed to be zero, and the object sticks. There the

friction is modeled to depend on the other forces. Outside this region, the object slips, and there

is an arbitrary friction force law used which depends on the velocity. The principle is illustrated

in Figure 3.3.

Ff

ż

Fth

2dż

Figure 3.3: Characteristics of the Karnopp friction force model, adapted from [16]

3.1.2 Mixed models

In this group of models two different models are discussed. The first one was developed by

Repperger et al. [23, 24]. Their experimental setup is not described exactly, but also consists of

one PMA and a driven mass. The PMA is modeled as a mechanical system with passive parallel

elements, one viscous element and one spring element, and a pressure source as contractile

element. Its parameters are assembled in Table 3.3. The mainmodel equation is the balance of

forces:

Mẍ + B(ẋ)ẋ + K(x)x = u (3.6)

M - mass

x - length change of the actuator

K - spring variable

B - damping variable

u - input, contains pressure and area, unit of force

The spring and the damping variables are both linear second-order polynomials depending on

the length change resp. velocity of the length change of the PMA. Their coefficients are different
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Table 3.3: Parameters and variables of Repperger et al. [23, 24]

symbol meaning validity obtained values experiment

given? described?

M mass specific unit mass - -

K(x) spring variable specific experimentally yes (yes)

B(ẋ) damping variable specific experimentally yes (yes)

for PMA contraction and extension, because it is easier to release the pressure inside the PMA

against the environment pressure than to build it up againstits own rising pressure. These coef-

ficients are identified experimentally. The step responses of the PMA to pressure with different,

constant loads are recorded. From the steady state data the spring coefficients are identified,

additionally the steady state force is determined. This determination of the steady state force is

not described clearly. The total force is measured, and the transient force is determined as the

difference of total and steady state force. With knowing thetransient force the coefficients of

the damping variables are obtained by regression over velocity.

The inputu is not described detailed enough. It is split into the affine control ũ with unit of

pressure andγ, which is an effective area variable. Together they have gotthe unit of force

(u = ũγ). In the descriptions the articles mix force and pressure. Force as input into the PMA

is not feasible, but it is not described how the surface area is obtained which is necessary if the

pressure is used as input. For calculating the force/weigth-ratio of the PMA the relationship:

net force = pressure∗ ∆ surface area of PMA balloon is given and values for∆ surface area are

used, but there is no further explanation about it. In the article the inputu is generated directly

by the controller.

The given model is very simple. It is given as nonlinear differential equation with relative degree

of r = 2 with pressure / force as input and length change of the PMA as output. The different

coefficients for PMA contraction and expansion represent some hysteresis of the PMA. The

velocity-dependent friction is included in the damping variable, and the velocity-independent

friction is included in the spring variable.

There are several properties which are not regarded. There is no term concerning the weight

force, non-modeled nonlinearities or other disturbances.Also, there is no threshold pressure or
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the wall thickness of the PMAs regarded. The input itself is not described clearly. An other dis-

advantage is that all nonlinearities are identified experimentally instead of modeled physically.

The model is not validated. In this form it is not feasible forpractical use.

A second model which uses pressure as input and length changeas output is presented by

Reynolds et al. [26]. The experimental setup consists of two PMAs connected by a pulley

transmission. The pulley carries a load stack. The setup is designed antagonistically, but only

one of the PMAs is used at a time and the other one is fixed, so thesetup acts like one PMA

and a vertically driven mass. For calculations with concrete values the 2:1 transmission of the

pulley has to be regarded. Also in this model the PMA is modeled as mechanical system with

passive parallel elements, a viscous element, a spring element and a contractile element. Its

parameters are assembled in Table 3.4. The main model equation is the balance of forces:

Mẍ + B(p)ẋ + K(p)x = Fce(p) − Mg (3.7)

M - total mass, assumed to be concentrated in the vertically driven mass

x - length change of the actuator

K - spring variable

p - inner pressure of the PMA

B - damping variable

Fce - effective contraction force

g - gravitation constant

One main difference to the model of Repperger et al. [23, 24] isthat the damping and the spring

variable are assumed to depend on the inner PMA pressure instead of the PMA length change

resp. its velocity. Also the effective contraction forceFce is modeled to depend on the inner

pressure. All three variables are modeled as linear first order polynomials. Their parameters

are identified in similar experiments. For identifying the spring and the damping variables a

so-called ’bell-ringer study’ is performed. That means that there are different levels of pressure

which are constant during the single experiments, and the step responses to load are recorded as

length change against time. The spring variable is obtainedvia regression of the spring constant

against pressure from the steady state data, and the dampingvariable is obtained via regression

33



Table 3.4: Parameters and variables of Reynolds et al. [26]

symbol meaning validity obtained values experiment

given? described?

Fce contractile force specific experimentally yes (yes)

M mass specific measured yes -

K spring variable specific experimentally yes (yes)

B damping variable specific experimentally yes (yes)

of the damping constant against pressure from the dynamicaldata. The contractile force is con-

stant, because it is assumed to depend only on pressure whichis held constant.

To obtain the model for the contractile force, a contractionstudy is performed. Here the loads

are different, but constant during the single tests, and thestep responses to pressure are recorded.

The spring and the damping variables are used from the bell-ringer study. Via regression the

coefficients of the force model are obtained. The estimated contractile force is compared to a

theoretical estimate from an equation given in [6]. This implementation is not described further.

A relaxation study is performed to obtain the damping variable during PMA extension. One

constant load is used, and the step response to pressure is recorded. The damping variable is

obtained per regression in the diagram of length change against time. The spring variable is

also estimated, but identical to the spring variable for contraction.

The obtained spring and damping variables at constant pressure are assumed to be the same

functions than in the dynamical case.

The described model is very simple. It is given as a second order differential equation with pres-

sure as input and length change of the actuator as output. With the different damping variables

there is also a hysteresis regarded. The differentiation whether the PMA is longer or shorter

than in relaxed state is regarded in the spring and damping parameters.

There are some properties which are not regarded, e.g. a threshold pressure and the influence

of the thickness of the PMA wall. Also, there is no term for non-modeled nonlinearities and

disturbances. All nonlinearities in the model are identified experimentally instead of modeled
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physically.

This model is the only described model which is validated, but the results are not very exact.

The error comes up to 30 %. For the validation a triangular pressure wave input is used. The

model seems to be feasible in the given form, but it is too simple to be useful.

3.1.3 Black box models

In this subsection a black box model is presented. It was developed by Caldwell et al. [2]. The

experimental setup is the design of an arm. The shoulder and the wrist have both got three de-

grees of freedom, which is realized by the use of respectively three different joints. The elbow

has got one degree of freedom. The system has got an air flow anda pressure regulation. The

piping length from the valves to the PMAs is as short as possible to reduce transport losses, and

the joints move nearly free of static friction. The input into the model is the duty cycle which

is the time the PMA is connected to the pressurized air supplyrelated to the valve pulse period

(25 ms). The output of the model is the length of the PMA.

With experimental tests some input-output data records areobtained. The order of the model

and with this the needed number of parameters is analyzed offline by the help of MATLAB .

According to this result the model equation is

(

1 + a1q
−1 + a2q

−2 + a3q
−3

)

y(k) =
(

b0q
−3 + b1q

−4 + b2q
−5

)

u(k) + d + n(k) (3.8)

y - position sensor reading

u - duty cycle

d - constant which represents the effects of non-zero means inthe input-output data

n(k) - noise

The parameters itself are identified online with recursive least square. For all parameters the

average estimated values are given.

35



3.1.4 Applications

Last, some applications of the PMA are presented. Van der Linde [32] investigates the gait of

a biped robot. For an energy efficient gait, he models two PMAsand a joint as pendulum, and

uses the natural frequency of the robot instead of conventional servo mechanisms which obey a

calculated trajectory. The activation of the PMAs occurs phasic. The results seem to be satisfy-

ing.

Takuma et al. [29] also investigate the gait of a biped robot which walks with PMAs. The robot

consists of three joints actuated by respectively two antagonistic PMAs. The article gives no

mathematical model of a PMA. The focal point is an investigation about the influence of dy-

namic and control parameters during locomotion. The main dynamic parameter the position of

the center of the gravity, and the main control parameter is the waiting period to swing the leg.

Park et al. [20] also use two PMAs and a joint, but they investigate non-cyclic movements of a

robot arm. For a better and softer control of the end point, a flexible link is added. This link is

difficult to control because of the high frequency vibrations. The whole system is divided into

a slow subsystem which represents the rigid body motions anda fast subsystem which repre-

sents the dynamics of the flexible links and the servo valves.The input into the PMAs is the

pressure. The setup and the according physically based model are described in detail, also the

experiments and their results, and the performance seems tobe very good.
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3.2 Performed control strategies

Normally a Pneumatic Muscle Actuator (PMA) shall be driven along a reference trajectory.

Therefore a closed loop control is necessary. The behavior of Pneumatic Muscle Actuators is

very complex and nonlinear, so the controller cannot be designed only by linear standard meth-

ods. Also there are not all properties regarded in the models, because then the model would be

too complex to deal with. There are mainly the approaches to linearize the models dynamically

and apply a linear standard control method respectively a robust control method afterwards, and

to design a nonlinear controller.

In Section 2.3 some existent applications of these approaches are introduced. Here some of

the designs and implementations are presented. Subsection3.2.1 deals with some linearization

methods. Subsection 3.2.2 introduces an application of a robust controller, and Subsection 3.2.3

presents some existing performances of adaptive controllers. Some approaches of robust adap-

tive control are described in Subsection 3.2.4.

3.2.1 Linearization technologies

A nonlinear plant can be dealt with e.g. by linearization. Afterwards, a linear controller can

be designed. In this subsection some possible basic designsand existent implementations are

discussed.

Sliding mode

One of the possible designs of feedback linearization is thesliding mode, which was applied by

Carbonell et al. [4] and Repperger et al. [23]. The general ideais described in [1]. The control

law drives the states of the system to a surface, and after reaching the surface the states slide

along. On this surface the feedback is linear.

Carbonell et al. perform a sliding mode controller. The derived equations are given in the arti-

cle, but the implementation is described very short. The exponential stability is proved.

The tracking of the controller works perfectly, but the control signal chatters, which is a general

drawback of sliding mode controllers. According toÅström et al. [1] this chattering could be
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reduced/ avoided by smoothing the relay characteristics.

Repperger et al. [23] also use the sliding mode, coupled with aVariable Structure Controller

(VSC). They construct a time-varying sliding surfaceS(t). The control law includes the sur-

face variables(t) and forces the state space trajectories onto the surface by computing the model

inputu(t). On the surface which is reached atṡ(t) = 0 the error dynamics are simple exponen-

tial, no more nonlinear.

There are additionally switching conditions, because the controller switches between PMA con-

traction and extension. This switching law is modified to ensure that the composite controller

provides asymptotic tracking stability. The derived equations are given, but the performance of

the controller is not described.

Flatness based controller

Hildebrandt et al. [13] apply a flatness based controller which is model based and works feed-

forward.

This approach bases on differential flatness of the model. Differential flatness means that the

model has got a (vectorial) output which is a function of the (vectorial) input and the (vectorial)

state. Also, it has to be possible to express all inputs and states by the output(s) and its deriva-

tives. So the model equation must be invertible. This property can be used for the controller.

There the nonlinearities of the model are canceled by the ’inverse system’. After linearizing a

simple linear control technology, here a third pole placement controller can be applied.

In the article the mathematical derivations are given complete. The experimental results are

described and plotted and look very good.
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Switching controller

Depending on the character of the non-linearity, it is also possible to design different controllers

for different dynamics of the controlled plant, here PMA contraction and extension.

Ham et al. [11] apply two different controllers which are modified to work as switching con-

trollers. One of them is a modified Pulse Width Modulation (PWM) controller. A positive error

(pressure too low) requests an action of the two inlet valvesand a negative error requests an

action of the four outlet valves. Normally in a PWM controllerdesign there is only one out-

put. Following, the magnitude of the error is used to generate the PWM signal and the sign

determines the used valve. In the article there are more valves used. An improvement of the

control was reached by controlling the different valves separately. The duty cycle which is the

percentage time the valve is connected to the pressure supply is calculated as if there were only

one valve, and if the computed cycle is higher than 100 %, morevalves are used and the duty

cycle is distributed equally to the valves.

The second controller is a bang-bang controller. Normally it regards only the sign of the error.

Here the output signal is split into control for inlet and outlet valves and a dead zone to avoid

oscillations in the requested pressure. Also here the valves are controlled separately, but respec-

tively two outlet valves are merged.

Both controllers are performed for constant volume of the PMA. The bang-bang controller

needs fewer processor time, so in the following the bang-bang controller is used.

The complete joint controller consist of two bang-bang pressure controllers with two different

action zones and a dead zone, one for each PMA, and a higher-level position controller.

The higher level position controller is an adaptive PID-controller. In the experiments it was

tested to switch off temporarily parts of the PID controller, but especially after including the

varying volume of the PMA it was decided to use the full PID controller.

Finally one high level adaptive PID controller combined with two bang-bang-controllers for the

pressure inside the PMAs are used.
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There is no result concerning the performance of the high level controller given. For the per-

formance of the low level pressure control there are two plots given, but not described sufficient.

3.2.2 Robust control technologies

With uncertainties in the model the controller can be designed as a robust controller. A robust

controller is a constant controller which regards bounded variations. The principle of this ap-

proach is described in Subsection 2.3.2. There are many different designs which are possible,

one very important design is the H∞ control, e.g. applied by Osuka et al. [19]. H∞ control

bases on a cost function which considers the desired properties. This cost function contains

weighting matrices representing the importance of the properties. The controller minimizes this

cost function.

Osuka et al. control the angle computed by two PMAs with servo-valves. Whether the con-

trolled variable is the pressure or the mass flow is not clear,but also not interesting here. They

give a nominal plant model which is a black box model identified from the experimentally ob-

tained Bode diagram. Also a multiplicative uncertainty factor δ is estimated from the Bode

diagram.

The article is very short. All functions and parameters are given, also a plot of a result, but not

described well.

3.2.3 Adaptive control technologies

A second way of controlling nonlinear systems is to use an adaptive technology. There, the

controller itself is nonlinear. There are the two differentapproaches direct and indirect adaptive

control which are described in Subsection 2.3.3. In the direct adaption, the parameters of the

controller are adapted directly, in the indirect adaption the parameters of the model are adapted

and according to this the controller parameters are changed. First some applications of direct

adaptive control are presented, second some applications of indirect adaptive control.
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Direct adaptive control

One important direct adaptive control method is the gain scheduling, described in [28]. For ap-

plying this method it has to be known how the dynamics of a process change with the operating

conditions [1]. So the operating conditions are monitored during the process and the parameters

of the controller are adapted according.

Repperger et al. [24] use the gain scheduling method, but theygive only two look-up tables

about the changes of the process dynamics which are described as black box, but no explana-

tion or equation.

Carbonell et al. [4] also apply a gain scheduling controller.They describe their implementation

better. The performance of the controller is shown. The controller works very slowly, and the

exponential stability is proved only for slowly-varying reference signals.

Indirect adaptive control

One important method of indirect adaptive control is the Backstepping control, described in [1,

30]. This is an effective method for the control of nonlinearsystems, but can also be applied for

linear systems. The control objective is to design a state feedback controller which guarantees

that all closed loop signals are bounded and that the system output tracks a given output asymp-

totically. For this, an error equation is derived. Then a control law and a parameter adjustment

law are constructed such that the state of the error equationgoes to zero.

The backstepping approach is applied by Carbonell et al. [4].They give the used equations and

prove the ultimate boundedness of all signals.

In the article the performance of three different controllers is compared. The used controllers

are a sliding mode, a gain scheduling and a backstepping controller. The backstepping con-

troller yields the best result with a good tracking also for fast changing reference signals and

the computed control signal is relatively smooth.
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A second method is an adaptive pole placement controller. The poles of a system are crucial for

the stability, and a pole placement controller cancels instable poles of a plant and gives it new

desired poles.

This method is applied by Caldwell et al. [2]. In the article two controllers with different or-

ders are compared. The controller with the higher order gives a significant improvement of the

performance. In the text it is said that accuracies of 1◦ are possible, but the plotted graphs look

worse.

Medrano-Cerda et al. [18] perform angle and compliance control of two antagonistically cou-

pled PMA, also by using an adaptive pole placement controller. The plotted steady state re-

sponse to a sinusoidal input does not look very good, the controller seems to react relatively

slowly.

3.2.4 Robust adaptive control

Often adaptive and robust control are combined to a robust adaptive controller [28].

Park et al. [20] split their system in a slow and a fast subsystem (see Section 3.1). For the

slow subsystem a robust adaptive controller was developed by using a pole placement approach

which bases onµ-synthesis. The fast subsystem is controlled by sliding mode control scheme

with sliding surface designed using H∞ control.

Also Freeman et al. [10] design a robust adaptive controller. This article does not deal with

PMAs. For the adaptive controller a tuning function and modular design are used, and both are

made robust.

Jiang et al. [15] use a modified adaptive backstepping designfor a class of nonlinear systems.

Also this article does not deal with PMAs. The controller is designed for three types of uncer-

tainties: unknown parameters, uncertain nonlinearities and unmodeled dynamics. In the article

a robustification methodology is described.
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In this chapter several existing models of a PMA and several performed controller strategies are

discussed. In most of the models important parts are identified experimental, so it is not possi-

ble to apply them in this thesis. Many models are not described complete, and only one model

is validated by comparing the simulated output to the real output. The model of Hildebrandt et

al. [13] is the most detailed physical based model. Therefore, with replacing the models of the

volume by the model of Caldwell et al. [2] and with replacing the model of the friction force by

the model of Karnopp [16] the model can be adapted for using inthis thesis.

There are also many different controller strategies implemented. Not all of the controllers are

validated. Because of the different described test methods of the validated controllers a di-

rect comparison is difficult. Also in most articles the control signal which is also important

for the quality of a controller is not given. The best tracking results are achieved by the feed-

back linearization controllers. The control signal of the sliding mode controller implemented

by Carbonell et al. [4] chatters very bad. The control signal of the flatness based controller

implemented by Hildebrandt et al. [13] is not described or plotted. Nevertheless, because of the

good tracking results a flatness based controller is implemented in this thesis.
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Chapter 4

Model of the Pneumatic Muscle Actuator

(PMA)

In this chapter the performed model of the PMA is presented. In Section 4.1 the physical model

is described. The according state space form is introduced in Section 4.2. The extension of the

model of a PMA to a joint driven by a PMA occurs in Section 4.3. Last, the implementation of

the model in MATLAB / Simulink is described and validated in Section 4.4.

4.1 Physical model

4.1.1 General Structure of the Model

In Section 2.2 the two possible main structures of a model aredescribed. In this thesis there is no

real PMA used, so only a physical based model can be performed, because no real input-output

data can be obtained. From the models described in Section 3.1 the models of Hildebrandt et

al. [13] and Caldwell et al. [2] are merged. The general structure of the model is illustrated in

Figure 4.1.

The complete model consists of an intrinsic PMA, a Valve, a pressure supply and a carried load.

The input into the system is the command voltageU(t), and the output is the PMA lengthz(t).

The pressure supply with the pressureps is separated from the PMA by a valve. The command

voltage determines proportionally the orifice areaa(t) of this valve. The mass flow of gaṡmg(t)

from the pressure supply into the PMA is controlled by the valve. Due to this mass flow the

inner pressurep(t) and the inner volumeV (t) of the PMA are changing. Therefore a PMA
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  a(t)

Pressure
Supply

pS

ṁ(t)

Valve

Fm(t)

V (t), p(t)

PMA Load

ms

z(t)

U(t)

Figure 4.1: Main structure of the model

forceFm(t) is generated which can be used to carry a load with the solid massms. The length

z(t) of the PMA can be expressed by the position of the carried load.

4.1.2 Assumptions and properties

In the model of the single PMA the experimental setup consists of a PMA which drives verti-

cally a load. This setup is pictured in Figure 2.2.b. The usedgas for driving the PMA is air.

The pressure source is supplied and therewith the supply pressure is assumed to be constant.

Also the temperature, the specific heat ratio of airη and the polytrophic exponentχ are assumed

to be constant. The valve is assumed to behave ideal. All massis assumed to be concentrated

in the center of gravity of the driven load. The PMA is regarded as piston.

The elasticity effects of the material, the dry friction between the rubber and the shell and ef-

fects of the wall thickness cannot be regarded in this model,because therefore measurements

with a concrete PMA had to be performed.

The threshold pressure which has to be overcome before any action can take place is regarded

as threshold force which depends on the pressure in the Karnopp friction model, described in

Subsection 4.1.6.

The complete model is highly nonlinear, but time-invariant.
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4.1.3 Expected behavior

The basic principle of a PMA is that with rising pressure the PMA induces a force. So the force

is expected to be at its maximum at maximum inner pressure. With raising pressure the area of

the PMA raises and following the PMA shortens. This means that the pressure inside the PMA

is expected to behave inverse to the PMA length.

A heavier driven mass is expected to require a higher pressure, because there a greater force is

needed to drive the mass.

4.1.4 Valve

At first the valve function is modeled. The valve is a 5/3-way-function valve which means that

it can work in both directions. The mass floẇmg depends on the orifice area which depends

on the command voltage, on the pressure inside the PMA, on thesupply pressure and on the

properties of air. The relationship between the mass flow andthe command voltage on the valve

is developed analytical.

a(t) = c · U(t) (4.1)

a(t) [m2] - orifice area of the valve

c
[

m2

s

]

- constant of proportionality on the valve

U(t) [V] - command voltage

ṁg(t) = c · U(t) · ps · ψ(t) (4.2)

ψ(t) =

√

√

√

√

2η

RTs(η − 1)

[

(

p(t)

ps

) 2

η

−

(

p(t)

ps

)
η+2

η

]

(4.3)

ṁg(t)
[

kg
s

]

- supplied mass flow into the PMA

ps

[

N
m2

]

- supply pressure, assumed to be constant

Ts [K] - supply temperature, assumed to be identical to the environment temperature

η [-] - specific heat ratio of air, assumed to be constant

p(t)
[

N
m2

]

- pressure at the valve output, identical to the pressure inside the PMA
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For a negative mass flow the command voltage has to be negative.

4.1.5 PMA

Pressure

Next, the intrinsic PMA is modeled. The main properties of the PMA are the inner pressure and

the volume. The pressure derived from the ideal gas equation:

mg(t) =
p(t)V (t)

RT
(4.4)

mg(t) [kg] - gas mass inside the PMA

p(t)
[

N
m2

]

- pressure inside the PMA

V (t) [m3] - inner volume of the PMA

R
[

J
kgK

]

- specific gas constant for air

T [K] - gas temperature, assumed to be constant and identical to the

environment temperature

The state change is assumed to occur polytrophic, which means that the system can partly

exchange heat energy with the environment. The polytrophicgas law is described by

pV χ = constant (4.5)

χ [-] - polytrophic exponent, constant

From Equation 4.4 and Equation 4.5 the following differential equation can be derived, which

is taken from Hildebrandt et al. [13].

ṗ(t) =
χ

V (t)

(

RTṁg(t) − p(t)V̇ (t)
)

(4.6)

with

V̇ (t) =
dV (t)

dt
=

dV (t)

dz
· ż(t) (4.7)

Volume

For the volume of the PMA the model of Caldwell et al. [2] is used. There the volume is modeled

to depend nonlinear on the length of the PMA. The model equation is derived in Appendix A.1.

This model is based on the assumption that there is one point where the PMA is nearly relaxed.
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At this point the pressure inside the PMA is minimal and the volume maximal. As soon as the

PMA contracts or is elongated the inner pressure rises and the volume is reduced.

V (t) =
πf 2

4h2
· (h2 − z2(t)) · z(t) (4.8)

h [m] - helical fiber length of the PMA

f [m] - diametric distance parameter of the PMA

4.1.6 Load

The second necessary differential equation is the balance of forces which is based on Newton’s

second law. The affecting forces are shown in Figure 4.2.

z

Load

PMA

FmFe FfFi

Fg Fext

Figure 4.2: Scheme of the affecting forces on the PMA

The z-direction is defined like drawn in the figure, z rises with the elongation of the PMA. The

PMA drives a mass vertically.

Fi(t) = Fg + Fext(t) − Fm(t) − Fe(t) − Ff (t) (4.9)

z(t) [m] - z-coordinate of the driven mass, corresponds to the length change of the PMA

Fi [N] - inertial force
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Fg [N] - gravitational force

Fext(t) [N] - external force

Fm(t) [N] - longitudinal PMA force

Fe(t) [N] - elastic force

Ff (t) [N] - friction force of the driven load

Inertial force

The balance of forces assumes that if all forces are balancedthe regarded object does not ac-

celerate [25]. This assumption is only valid if the system isregarded from an inertial reference

frame. This PMA system shall be regarded from a non-inertialframe, which means that the ob-

server moves and accelerates with the system. The observer experiences an acceleration which

does not exist for an observer outside the system. Followingfor the transformation to a non-

inertial frame a so-called pseudoforce, also called inertial force, must be introduced. It affects

the PMA in opposite direction of the movement.

Fi(t) = msz̈(t) (4.10)

ms [kg] - total solid mass, assumed to be concentrated in the driven mass

Gravitational and external force

As written in Section 2.1 the PMA is a pulling actuator. It canonly contract, so for elongation

an antagonistic action must occur. Therefore a weight or an external force, e.g. computed by

a second PMA can be used. These forces act in positive z-direction. In contrast to the external

forceFext(t) the gravitational forceFg does not depend on the time.

Fg = msg (4.11)

g
[m
s2

]

- gravitation constant

PMA force

The PMA force is generated by the contracting of the PMA, which means that at maximal

contraction the PMA force is maximal and at maximal elongation the PMA force is minimal. It
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depends on the inner pressure and the volume change due to thelength change. It helps carrying

the load, so it is defined against the z-direction.

Fm(t) = (p(t) − p0) ·
dV (t)

dz
(4.12)

Fm [N] - longitudinal PMA force

p0

[

N
m2

]

- environment pressure

with
dV (t)

dz
=

πf 2

4h2

(

h2 − 3z2(t)
)

(4.13)

which is derived in Appendix A.1.

The static characteristics of the PMA force in contracted and relaxed state are plotted for differ-

ent loads in Figure 4.3.
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Elastic force

The elastic force is modeled as spring force. Therefore, it depends linearly on the length of the

PMA. It causes contraction of the PMA, so its direction is also against the z-direction.

Fe(t) = Kz(t) (4.14)

K
[

kg
s2

]

- proportional spring constant

Friction force

The direction of the friction force is in general defined against the z-direction. For the friction

the model of Karnopp is used which is described in Subsection3.1.1. There two different modi

of the system are regarded, one describes the system during slipping and one during sticking.

Both modi have got a different friction law.

For the slipping mode a proportional friction law is used:

Ff,slip(t) = Cż(t) (4.15)

Ff,slip [N] - friction force during slipping

C
[

kg
s

]

- proportional friction constant

In the sticking mode the friction depends on the other affecting forces.

Ff,stick(t) = Fext(t) + Fg − Fm(t) (4.16)

Ff,stick [N] - friction force during sticking

The balance of forces (Equation 4.9) has got the force of the PMA as input and the length of the

PMA as output. During the movement, which means during the slipping mode, all other forces

and constants are known or modeled independently. As soon asthe velocity of the load is inside

the zero region, the friction law is switched to the stickinglaw. The PMA length is known from

the last value before the law was switched respectively fromthe initial condition, and instead

the friction force can be calculated with the balance of forces. Due to pressure or load changes

also the friction force changes. As soon as it overcomes a threshold force, the load begins to

move again and the friction law is switched to the slipping law.
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4.2 State space model

In Figure 4.4 the general view of a system is shown. The view contains the intrinsic system,

inputs and outputs. The intrinsic system is described by a (vectorial) state variablex(t). The

inputu(t) and the outputy(t) can also be vectorial.

u(t) x(t) y(t)

Figure 4.4: General view of a system

One method of describing this system mathematical is the state space form. The general state

space form for nonlinear models is:

ẋ(t) = f(x(t), u(t), t) (4.17)

y(t) = h(x(t), u(t), t) (4.18)

with x(t) ∈ R
n being the state vector,̇x(t) ∈ R

n being the first time derivative of the state

vector,u(t) ∈ R
m being the input vector,y(t) ∈ R

q being the output vector andt being the

time.

First, the states, inputs and outputs of the regarded systemare determined:

x(t) =











p(t)

z(t)

ż(t)











(4.19)

u(t) = U(t) (4.20)

y(t) = z(t) (4.21)

with p(t) being the pressure inside the PMA,z(t) the length of the PMA,̇z(t) the time deriva-

tive of the length of the PMA andU(t) the command voltage to the valve.

The regarded system is autonomous, which means that on different times with the same input

and at the same states the system yields the same output. Following, the model equations do not
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depend explicit on the time. Also, the system is linear inu(t) and there is no direct feedthrough,

which means that the outputy(t) does not depend directly on the inputu(t). Therefore, Equa-

tion 4.17 can be rewritten as

˙x(t) = f(x(t)) + g(x(t))u(t) (4.22)

y(t) = h(x(t)) (4.23)

The modeled properties of the PMA system are substituted, simplified and brought into state

space form in Appendix A.2. The physical parameters of the model are assembled to the con-

stant parametersαi which are also defined in Appendix A.2. The resulting state space form

is

ṁg(t) = α1u(t)
√

α2x1(t)α4 − α3x1(t)α5 (4.24)

ẋ1(t) =
α7ṁg(t) − χx1(t) (α8 − α10x

2
2(t)) x3(t)

α8x2(t) − α9x
3
2(t)

(4.25)

ẋ2(t) = x3(t) (4.26)

ẋ3(t) =
1

ms

[

Fext(t) − (x1(t) − p0)
(

α8 − α10x
2
2(t)

)

− Kx2(t) − Ff (t)
]

(4.27)

y(t) = x2(t) (4.28)

whereas Equation 4.24 is no state space equation, but written separately for a better readability

of the equations.

In the slipping mode the friction force is substituted with Equation 4.15:

Ff (t) = Cx3(t) (4.29)

In the sticking mode the statex2(t) is constant and followingx3(t) is zero. Alsoẋ3 is zero.

Therefore, the state space model is reduced to

ẋ1(t) =
α7α1u(t)

√

α2x1(t)α4 − α3x1(t)α5

α8x2 − α9x
3
2,stick

(4.30)

ẋ2,stick = 0 (4.31)

Ff (t) = Fext(t) − (x1(t) − p0)
(

α8 − α10x
2
2,stick

)

− Kx2,stick (4.32)

ystick = x2,stick (4.33)

whereasFf (t) causes no change in the actual outputystick, but is necessary for the change to

the slipping mode.
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4.3 Extension of the model to a joint driven by PMAs

In this thesis a joint driven by PMAs is modeled. Therefore, several experimental setups are

possible. One possibility is the setup of two PMAs which act antagonistically, illustrated in

Figure 2.3.b). A second possible setup is one PMA which worksantagonistically to the weight

of the moved link. This setup is illustrated in Figure 4.5. There are two links of the limb which

are connected by a mechanical joint. The PMA affects the links in their center of gravity. One

of the links is fixed. The moving link is lifted by the contraction of the PMA and lowered by

its weight. The weight is assumed to be concentrated in the affecting point of the PMA at the

moved link. This setup is adequate to the physiological setup where the muscles which actuate

a joint affect at the bones which are connected by the joint.

Angle

Figure 4.5: Joint driven by one PMA

The geometry of the joint is illustrated in Figure 4.6.

s1 =
L

2
− z0 (4.34)

s2(t) =
L

2
−

(

z0 − z(t)
)

(4.35)

h(t) =
L

2
sin

(

α(t)

2

)

(4.36)

β(t) =
1

2
(π − α(t)) (4.37)

54



.

α

1
2
α

1
2
α

ββ

L

L

1
2
L

1
2
L

s1

z

s2

h

z0d

Figure 4.6: Geometry of the joint

L [m] - length of the link

z(t) [m] - actual length of the PMA

z0 [m] - resting length of the PMA

α(t) [rad] - angle of the joint

Now the geometrical relationship between the joint angleα(t) and the PMA lengthz(t) can

be derived by expressingd(t) trigonometric and by adding the lengthes. It has to be regarded

that the direction of the movement is defined opposite, because a longer PMA corresponds to a

smaller joint angle.

d(t) = 2 ·
L

2
cos

(

α(t)

2

)

(4.38)

d(t) = s1 + z0 + s2(t) (4.39)

Setting the expressions equal yields

L cos

(

α(t)

2

)

=
L

2
− z0 + z0 +

L

2
−

(

z0 − z(t)
)

(4.40)

This expression is simplified to

cos

(

α(t)

2

)

= 1 +
z(t) − z0

L
(4.41)
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The resulting relationships for both directions of converting are:

α(t) = 2 · cos−1

(

1 +
z(t) − z0

L

)

(4.42)

z(t) = L · cos

(

α(t)

2
− 1

)

+ z0 (4.43)

In Figure 4.7 this relationship is plotted for three different lengthes of the link. The shorter the

links are the greater is the range of the angle, but this is limited by the length of the PMA which

has to be shorter than the link lengthL.
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Figure 4.7: Relationship between PMA length and joint angle for different lengthes of the links

The affecting forces and torques are drawn in Figure 4.8. Thegravitational forceFg induces a

torqueTg in the joint:

Tg(t) = Fg ·
L

2
cos α(t) (4.44)
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Figure 4.8: Affecting forces and torques

The torqueTn(t) is the torque which is necessary to compensateTg(t). It is induced by the

PMA.

Tn(t) = Fn(t) · h(t) (4.45)

= Fn(t) ·
L

2
sin

(

α(t)

2

)

(4.46)

With Tn(t) = Tg(t) the necessary forceFn(t) is

Fn(t) = Fg ·
cos α(t)

sin α(t)
2

(4.47)

This necessary forceFn(t) is the external forceFext in the balance of forces of the PMA (Equa-

tion 4.9). Because of the assumption that all mass is concentrated in the gravitation centerc of

the driven load there is no additional gravitation force. Some friction occurs in the joint. It is

modeled identical to the friction of the vertically driven load before.

In Figure 4.9 the relationship between the joint angle and the external force is plotted for differ-

ent masses. The external force is very high for a small angle which is the case if the moved link

lies on the ground. Also atα = 0 the external force is not defined. Because of this the initial

angle is greater than zero.
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4.4 Implementation of the model in MATLAB / Simulink

The described model of the PMA is implemented in Simulink. Itis implemented in signal flow

form with several different levels. For single equations ’Embedded Matlab Functions’ are used.

The different implementation variants are printed in Appendix B.2. By opening the control loop

experiments with the model can be performed.

There are three different model variants implemented. Two of the variants simulate the PMA

driving vertically a load; one of them uses the Karnopp friction model and one uses a simple

proportional friction law. The third variant simulates thejoint driven by one PMA.

The input into the PMA is the command voltageU(t), and the output is the PMA lengthz(t)

respectively the joint angleα(t).

The parameters driven massms, temperatureT and supply pressureps can be changed during

the simulation.

4.4.1 Actual values of the model parameters

The actual parameters used in the simulations are assembledin Table 4.1. The PMA parameters

are taken from Caldwell et al. [2].

4.4.2 Simulation results of the model

The modeled system behaves very unstable. Therefore, the only possible simulated experiments

are to record the step response and the impulse response to the input. At timet = 0 s the input

u(t) is set from 0 to 0.02 V.

In Figure 4.10 the simulated pressure and length values to the input step are plotted with differ-

ent friction models. The first friction model is a simple proportional law, the second model is

the model of Karnopp. The driven mass isms = 1 kg. The threshold force isFf,stick,thr = 0.5

N, and the threshold velocity iṡzthr = 0.0001 m
s .

As expected, with the Karnopp friction model the PMA length remains constant for a longer

time with nevertheless rising pressure. Due to this pressure rising the characteristics of the PMA
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Table 4.1: Actual values of the model parameters

symbol meaning value unit

R gas constant of air 287
[

J
kg K

]

η specific heat ratio 1.4 [-]

T = Ts = T0 temperature 298 [K]

p0 environment pressure 101325
[

N
m2

]

ps supply pressure 303975
[

N
m2

]

c constant of proportionality of the valve 10-7
[

m2

V

]

χ polytrophic exponent 1.26 [-]

h helical fiber length 0.152 [m]

f diametric distance parameter 0.0145 [m]

ms mass 0.5 . . . 1.5 [kg]

g gravitational constant 9.81
[m
s2

]

C slipping friction constant 20
[

kg
s

]

K elastic force constant 40
[m
s2

]

żthr velocity threshold 0.0001
[m

s
]

Fthr force threshold 0.5 [N]

L length of the link 0.1 [m]

z0 relaxation length of the PMA 0.079 [m]

zmin length of the PMA at maximum contraction 0.052 [m]

zmax length of the PMA at maximum elongation 0.143 [m]

length is not exactly time-shifted.

In Figure 4.11 the experiment is repeated with the impulse input. The input is set again to 0 V

at timet = 0.25 s. The difference to the step response is very small.

In Figure 4.12 the characteristics of the PMA length and the pressure over the time are plotted

for different driven masses. For the friction the Karnopp model is used. The step in the input

occurs at time zero, and the initial value of the PMA length isfixed. The initial value of the

inner pressure is calculated with the static relationship

x̄1 =
Fext − Kx̄2

α8 − α10x̄
2
2

+ p0 (4.48)
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As expected in Subsection 4.1.2 the inner pressure of the PMAis higher for a heavier driven

mass. Also, the pressure behaves inverse to the length, thatmeans that a rising pressure causes

a shortening of the PMA.

In Figure 4.13 the experiment is repeated with the impulse input. The input is set again to 0 V

at timet = 0.35 s. Also here the difference to the step response is very small.

The same experiment is performed with the joint angle. In Figure 4.14 the step response is

simulated. As described in Section 4.3, the joint angle behaves inverse to the PMA length and

following in equal direction to the pressure.

In Figure 4.15 the impulse response of the joint angle is simulated. Also here the valve is closed

at timet = 0.35 s. Also here the difference is minimal. Following, the modelbehaves very un-

stable.
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Figure 4.10: Step response of length and pressure for different friction models
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Figure 4.11: Impulse response of length and pressure for different friction models
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0.05

0.055

0.06

0.065
Length of the PMA

Time [s]

z 
[m

]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
1

1.5

2

2.5

3
x 10

5 Pressure inside the PMA

Time [s]

p 
[N

/m
2 ]

m
s
 = 1.5 kg

m
s
 = 1 kg

m
s
 = 0.5 kg

valve closed
↓

Figure 4.13: Impulse response of length and pressure for different driven masses

63



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
1

1.1

1.2

1.3

1.4

1.5
Angle of the joint

α 
[r

ad
]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
1

1.5

2

2.5

3
x 10

5

p 
[N

/m
2 ]

Pressure inside the PMA

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

5

10

15

Time [s]

F
ex

t [N
]

External force

m
s
 = 1.5 kg

m
s
 = 1 kg

m
s
 = 0.5 kg

Figure 4.14: Step response of joint angle and pressure for different driven masses
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Figure 4.15: Impulse response of joint angle and pressure for different driven masses
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Chapter 5

Closed-loop control

In this chapter the controller for the model is described. Ascontroller a flatness based controller

is chosen and introduced in Section 5.1. In Section 5.2 the application on the PMA driving

vertically a load is described. In Section 5.3 the control system is extended to the control of

the joint angle. The implementation of the controller in MATLAB / Simulink and the performed

experiments are described and discussed in Section 5.4.

5.1 Flatness based control

The model of the PMA behaves unstable, so it is necessary to stabilize it. Also it is desired that

the PMA follows a given trajectory. So a closed loop trackingcontroller has to be designed.

The model is strongly nonlinear, so the controller has to be able to deal with the nonlinearities.

Some basic working principles are described in Section 2.3,and some performed designs are

reviewed in Section 3.2. The main approaches are the dynamical linearization of the model in

order to design a linear controller and the design of a nonlinear controller. In general, lineariza-

tion methods combined with linear controller designs are numerically easier to deal with. In

the actual model there are no uncertainties in the parameters, so it is not necessary to design an

adaptive controller. So a linearization method can be used.Feedback linearization means that

the nonlinearities of the model are canceled by the model input. Following, the nonlinearities

appear in the input. This is a general drawback of feedback linearization, because due to physi-

cal limits of the actuator this could cause problems [17].

There are different possible designs of a feedback linearization, described in 3.2.1. Here the

input-output linearization is more interesting than the input-state-linearization, because in a
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tracking control system the output is more important than the state. There are also the classifi-

cations ’exact feedback linearization’ and ’approximatedfeedback linearization’. This depends

on the observability and the controllability of the system.If the system is both, it is exactly

linearizable.

5.1.1 Basic idea of the controller

The structure of a flatness based controller is printed in Figure 5.1. This controller works with

exact feedback linearization. The basic idea is to generatean input into the plant which cancels

the nonlinearities of the plant. Therefore the plant is inverted, so that the inverse system and

the plant together set up a linear system. This system can be controlled by a linear tracking

controller.

The actual outputy(t) of the nonlinear plant is fed into the tracking control. According to

the desired trajectoryyd(t) the tracking controller generates an inputν(t) into the linear plant

system. In the inverse system this inputν(t) is transformed into the inputu(t) into the nonlinear

plant. With this inputu(t) the nonlinear plant is driven onto the desired trajectory.

tracking

control

lineartrajectory

computation inverse

system plant

linear plant system

nonlinear
...
y d, ÿd, ẏd, yd

ν uy
d

y

Figure 5.1: Structure of the control system

5.1.2 Prerequisites and necessary tools

Differential flatness of the model

One prerequisite for applying a flatness based controller isthat the model is differential flat.

This concept is described in [9] and [33]. Differential flatness means that there is one output of

the plant (or a set of outputs) which can be described by termsdepending on the state vector and
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the input and a finite number of its derivatives. The states and the input have to be describable

by terms depending on this flat output and a finite number of itsderivatives:

y = y(x, u, u̇, . . . , u(l)) (5.1)

x = x(y, ẏ, . . . , y(q)) (5.2)

u = u(y, ẏ, . . . , y(q)) (5.3)

This property is necessary for inverting the plant, becausein the inverse system all nonlinear-

ities of the plant have to be included in the output of the nonlinear plant to obtain the exact

cancelation. Also the states of the nonlinear plant have to be describable by the output, because

if not the generated input into the nonlinear plant cannot cancel all the nonlinearities.

Relative degree

Differential flatness is a concept of exact feedback linearization. A system is exact linearizable

if it is controllable and observable, which means that thereare no internal (zero) dynamics.

This requirement is fulfilled if the relative degreer of the system is equal to the ordern of the

system. If the system is controllable, but not observable, it is exact input-state linearizable, but

not exact input-output linearizable. Otherwise the desired linearization has to be approximated.

The effectiveness of the approximated linearization depends on the stability of the unobservable

or uncontrollable parts of the system.

The relative degreer is the number of times the output equation has to be derived until the input

appears.

Following, the relative degree is also the number of derivatives which have to be regarded in the

calculations to cover all nonlinearities. That means that the trajectory error andr derivatives

have to be compensated by the tracking controller. Because ofthat the desired trajectory has to

be derivabler times.
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5.2 Length control of the single PMA

In this section the controller is developed for the PMA driving a load vertically. Therefore the

controller of Hildebrandt et al. [13] is modified. First the controller is designed for a propor-

tional friction law and then the Karnopp friction model is applied.

5.2.1 Fulfilment of the prerequisites

In this subsection it is shown that the flatness based controller can be used for controlling the

model of the PMA. First the relative degree of the model is obtained and therewith the possibility

of exact linearization is shown. Next, the differential flatness of the model is shown.

Identification of the relative degree

For obtaining the relative degree, the output equation is derived with respect to the time until

the input appears.

For a better readability of the equations the dependencies on time are not notated here.y, u, all

xi and the external forceFext depend on the time. Following, also allψi depend on the time.

First some abbreviations which also include the states and its derivatives are introduced to sim-

plify the differential equation of the pressure (Equation 4.24 and 4.25):

ψ1(x1) = a1

√

a2x
a4

1 − a3x
a5

1 (5.4)

ψ2(x1, x2) =
a7

V (x2)
ψ1(x1) (5.5)

ψ3(x1, x2, x3) =
χ

V (x2)
x1(a8 − a10x

2
2)x3 (5.6)

The abbreviated equation is:

ẋ1(t) = ψ2(x1, x2)u(t) − ψ3(x1, x2, x3) (5.7)

Next the output equation (Equation 4.28) is derived.
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y = x2 (5.8)

ẏ = x3 = ẋ2 (5.9)

ÿ =
1

ms

(Fext + Fg − Fm − Fe − Ff )

=
1

ms

(

Fext + msg − (x1 − p0)(a8 − a10x
2
2) − Kx2 − Cx3

)

=
1

ms

(

Fext + msg − a8x1 + a10x1x
2
2 + a8p0 − a10p0x

2
2 − Kx2 − Cx3

)

(5.10)

...
y =

1

ms

(

−a8ẋ1 + a10ẋ1x
2
2 + 2a10(x1 − p0)x2x3 + Ḟext − Kẋ2 − Cẋ3

)

(5.11)

Also here some abbreviations are introduced to simplify thethird derivative of the output (Equa-

tion 5.11):

ψ4(x1, x2, x3, ẋ3) =
2

ms

a10(x1 − p0)x2x3 +
1

ms

Ḟext −
K

ms

ẋ2 −
C

ms

ẋ3 (5.12)

ψ5(x1, x2) = −
1

ms

(a8 − a10x
2
2)ψ2(x1, x2) (5.13)

ψ6(x1, x2, x3, ẋ3) =
1

ms

(a8 − a10x
2
2)ψ3(x1, x2, x3) + ψ4(x1, x2, x3, ẋ3) (5.14)

The abbreviated equation is

...
y =

1

ms

(a10x
2
2 − a8)ẋ1 + ψ4(x1, x2, x3, ẋ3)

=
1

ms

(a10x
2
2 − a8)(ψ2(x1, x2)u − ψ3(x1, x2, x3)) + ψ4(x1, x2, x3, ẋ3)

= ψ5(x1, x2)u + ψ6(x1, x2, x3, ẋ3) (5.15)

The inputu appears in the third derivative of the output equation, so the relative degree of the

system isr = 3. The ordern of the system is the number of states which is alson = 3. So the

system is controllable and observable which means that there are no internal (zero) dynamics.

Following, the desired exact input-output linearization is possible.

Also, the desired trajectory has to be at least three times differentiable.

Differential flatness of the PMA model

The PMA can be in several different states and modi. It can be in relaxed, elongated or con-

tracted state. Another criterion is whether the driven loadis sticking or slipping. The latter
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criterion concerns the modeled friction force. First, the slipping modus is discussed.

According to Equation 5.8 Equation 5.1 is fulfilled.

x1 =
Fext − Ky − Cẏ − msÿ

a8 − a10y2
+ p0 (from Equation 4.27) (5.16)

x2 = y (5.17)

x3 = ẋ2 = ẏ (5.18)

Equation 5.2 is mainly fulfilled, the only problem occurs as apole aty =
√

a8

a10
. In this case the

PMA is in elongated state.

With Equation 4.24, 4.25, 5.4, 5.5 and 5.6 the state derivative ẋ1 is expressed as

ẋ1 = ψ2(x1)u − ψ3(x1, x2, x3) (5.19)

and with Equations 5.16, 5.17 and 5.18 the inputu can be described as

u =
ẋ1(y, ẏ, ÿ,

...
y ) + ψ3(y, ẏ, ÿ)

ψ2(y, ẏ, ÿ)
(5.20)

Also Equation 5.3 is fulfilled with the exception inner pressure = supply pressure. This is un-

critical, because the parameters like the driven mass can bechosen so that the problem does not

occur in the possible range of length values. So in contracted and relaxed state the model of the

plant is differential flat.

During the sticking mode the velocity and the acceleration of the PMA are set to zero. There-

fore, the balance of forces (Equation 4.9) is in sticking mode no differential equation, but re-

duced to an algebraic equation (Equation 4.16). So in sticking mode Equation 5.16 is reduced

to

x1 =
Fext − Ky

a8 − a10y2
+ p0 (5.21)

which is nevertheless differential flat with the described exception in elongated state.

In sticking mode the input equation (Equation 5.20) is

u =
ẋ1(y)

ψ2(y)
(5.22)
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which is also flat with the exception inner pressure = supply pressure. The other equations are

identical to the equations for the slipping mode.

Therefore, the plant is differential flat with the two described exceptions, one pole in elongated

state and one pole atx1 = ps.

Following, if the PMA is also driven in elongated state another controller has to be used or other

solutions have to be found. In this thesis the PMA is only driven in contracted and relaxed state,

so inside the used range of values the problem does not occur.

Summarizing, the required prerequisites are fulfilled, so the PMA can be controlled by a flatness

based controller.

5.2.2 Controller equations

In this subsection the equations for the controller are derived. Therefore the tracking control

and the inverse system have to be developed.

Tracking control

The PMA shall be driven along a given trajectory. For this tracking control a simple linear ap-

proach can be used, here a pole placement controller. The order of the controller has to be the

relative degreer of the system. Following, the desired trajectoryyd(t) has to be at leastr = 3

times differentiable.

The tracking errore(t) and its derivatives are defined as

e(t) := −(y(t) − yd(t)) (5.23)

ė(t) := −(ẏ(t) − ẏd(t)) (5.24)

ë(t) := −(ÿ(t) − ÿd(t)) (5.25)

...
e (t) := −(

...
y (t) −

...
y d(t)) (5.26)

whereas the minus is due to the negative relation between thecomputed inputu(t) into the

model and the model outputy(t), which means that a positive model input leads to a smaller
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model output.

The differential equation

0 =
...
e (t) + K2ë(t) + K1ė(t) + K0e(t) ∀Ki ≥ 0 (5.27)

guarantees an asymptotic tracking.

The controller parametersKi are calculated from the desired polesPi of the closed loop control

system. Therefore the error differential equation is Laplace transformed and divided byE(s).

0 = s3E(s) + K2s
2E(s) + K1sE(s) + K0E(s) (5.28)

0 = s3 + K2s
2 + K1s + K0 (5.29)

With

s3 + K2s
2 + K1s + K0 = (s − P1)(s − P2)(s − P3) (5.30)

= s3 − (P1 + P2 + P3)s
2 + (P1P2 + P2P3 + P1P3)s − P1P2P3

(5.31)

the controller parameters are obtained as:

K2 = −(P1 + P2 + P3) (5.32)

K1 = P1P2 + P2P3 + P1P3 (5.33)

K0 = −P1P2P3 (5.34)

with Pi ≤ 0.

The computed inputν(t) into the linear plant system is set to the third derivative ofthe real

trajectory [13]:

ν(t) =:
...
y (t) (5.35)

With Equation 5.23 - 5.26 follows

ν(t) = −
...
y d(t) + K2ë(t) + K1ė(t) + K0e(t) (5.36)
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Inverse system

The inverse system transforms the computed input into the linear systemν(t) into the inputu(t)

into the nonlinear plant. Therefore, Equation 5.15 and Equation 5.35 are put together to

ν(t) = ψ5

(

y(t), ẏ(t), ÿ(t)
)

u(t) + ψ6

(

y(t), ẏ(t), ÿ(t)
)

(5.37)

and transformed to

u(t) =
ν(t) − ψ6

(

y(t), ẏ(t), ÿ(t)
)

ψ5

(

y(t), ẏ(t), ÿ(t)
) (5.38)

This inputu(t) into the nonlinear system contains the linear compensationof the trajectory

error and the exact cancelation of the nonlinearities. Following, with this inputu(t) the PMA is

driven along the desired trajectory.

5.2.3 Application of the Karnopp friction

The friction force is modeled at first proportional to the velocity of the movement. In a second

step the model is extended by the model of Karnopp [16], described in Subsection 3.1.1. Here

the mode of the PMA is split into a slipping mode where the PMA is moving and the friction

is described by a simple model and a sticking mode where the PMA is resting. This sticking

friction force is modeled to depend on the other forces whilethe length of the PMA is constant.

For the resting a region is defined where the velocity of the PMA is near to zero and the sticking

friction force is also small. Inside this region the velocity and also the acceleration are set to

zero. This occurs in the model, so the controller itself doesnot switch between the different

modi.

The controller is dimensioned for the slipping mode. The accurate control depends on the

knowledge and the correctness of the velocity and the acceleration at every time. During stick-

ing mode the knowledge is assured, so the model is still differential flat and the controller can

work. The velocity and acceleration values are not correct during sticking mode, so the accu-

racy of the tracking and the smoothness of the control signalwill be reduced. Following, also

the smoothness of the state characteristics will be reduced.

73



5.3 Extension to the control of the joint

The desired trajectory is given as joint angle. With Equation 4.43 the trajectory is transformed

into the desired length trajectory. The simulated model output is computed for the PMA length

and then transformed with Equation 4.42 into the joint angle. The tracking error is computed

with the length values. Also in the inverse system the calculations takes place with the PMA

length, but there the joint angle is needed explicitly. In Equation 5.12 the derivative of the

external forceḞext occurs. In the control of the PMA length with a vertically driven mass the

external forceFext is the gravitational force which is constant. In the controlof the joint angle

the external forceFext(t) depends on the time-dependent angleα(t) which depends nonlinear

geometrical on the PMA length. Therefore, the time derivatives of the external force and the

joint angle have to be calculated by using Equation 4.47 and Equation 4.42.

α(t) = 2 · cos−1

(

1 +
z(t) − z0

L

)

for z(t) 6= z0

α̇(t) = −
2ż(t)

L

√

1 −
(

1 + z(t)−z0

L

)2
(5.39)

Fext(t) = Fg ·
cos α(t)

sin α(t)
2

Ḟext(t) = −Fg ·
α̇(t) sin α(t) sin α(t)

2
+ α̇(t)

2
cos α(t)

2
cos α(t)

sin2 α(t)
2

(5.40)

The other necessary equations are taken from the PMA length control.

5.4 Implementation of the controller in MATLAB / Simulink

The described controller is implemented in Simulink. It is included into the implementation

of the model. The controller implementations for the different model variants are printed in

Appendix B.2. There also the handling of the control is explained.

The concrete experiments which are performed with the closed-loop control of the PMA are

described and their results are discussed in Subsection 5.4.1, the properties and the values of

the varied parameters are given in Subsection 5.4.2, and theplotted characteristics are given in

Subsection 5.4.3.
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5.4.1 Performed experiments with the closed loop control system

To test the performance of the implemented controller several different experiments are simu-

lated. Mainly the experiments are performed as follows: Att = 0 s the load is applied. The

initial value of the PMA length respectively the joint anglediffers from the desired value. At

t = 3 s the investigated parameter is changed abruptly, and att = 6 s it is changed back to the

initial value. The desired trajectory cannot be changed abruptly, because the controller requires

that it has to be three times differentiable. So the investigated desired trajectories are constant

and sinusoidal.

Control of the vertically driven load, Karnopp friction mod el

At first the onset behavior of the control of the vertically driven mass is tested for different

loads. It is shown in Figure 5.2.

The tracking occurs fast. After 0.3 s the desired value is achieved for the medium and the heavy

load. It is noticeable that for the lightweight load the variables oscillate slightly, so the desired

length is achieved after 0.5 s.

The controller also works quite accurate, the maximum errorafter achieving the desired trajec-

tory is in the order of10−5 m for the medium and the heavy load and10−4 m for the lightweight

load. The maximum error occurs at the sticking mode.

The control signal is smooth during the slipping mode. In thesticking mode, there are abrupt

peaks and little chatters caused by the Karnopp friction model (see Subsection 5.2.3). As ex-

pected, the magnitude of the command voltages corresponds to the weight of the driven load.

A heavier load requires a higher pressure, so for the same speed of the controller a higher mass

flow which depends proportional on the command voltage is required.

The second experiment investigates the performance of the controller with abrupt changes in

the load. The desired trajectory is a constant value. The load is applied att = 0 s, reduced at
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t = 3 s and raised att = 6 s. The simulated characteristics are given in Figure 5.3.

At the reduction of the load the PMA shortens 2 mm and at the raising the PMA elongates 1.3

mm, but after 0.35 s the disturbance is compensated by reducing respectively raising the pres-

sure.

The control signal is smaller at the reduction of the load than at the rising, also at the reduction

the error is greater than at the raise. This signifies that theelongation of the PMA and therewith

the pressure release occurs faster than the contraction andtherewith the pressure generation.

The third experiment is the same experiment as the second onebut with a sinusoidal desired

trajectory. Here the disturbances occur during slipping mode. The characteristics are given in

Figure 5.4.

In the slipping mode the trajectory error is smaller and the control signal is smoother, because

the controller can react more adequate. The trajectory errors and the compensation time at the

load variations are not significant smaller than with the constant trajectory. Also the magnitude

of the control signal is not significant different, but the control signal is smoother.

It is noticeable that the pressure behaves within the direction of the PMA length. Due to the

characteristics of the PMA force a shorter PMA requires a lower pressure for inducing the same

force, so the controller generates an adequate mass flow.

Control of the vertically driven load, proportional fricti on law

To investigate the influence of the friction model the secondand the third experiment are re-

peated with a simple proportional friction law. In the forthexperiment the desired trajectory is

constant. The characteristics are plotted in Figure 5.5.

Here the tracking is nearly perfect, the error after onset and after compensating the disturbances

in the load is in the order of10−8 m. The trajectory errors at the disturbances, the magnitudes of

the control signal and the compensation times are not significant different from the values with
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the Karnopp friction model, but the control signal and the pressure and length characteristics

are very smooth and the changes due to the disturbances are very clear.

In the fifth experiment the desired trajectory is sinusoidal. The characteristics are given in Fig-

ure 5.6. Also here the significant differences are the smoothness and clearness of the control

signal, pressure and length characteristics.

Control of the joint angle, Karnopp friction model

In the next experiments the performance of the joint angle controller is tested. The friction

force is modeled with the Karnopp model. In the working rangeof the angle the external force

is higher than the gravitation force (see Figure 4.9), so thedriven mass has to be reduced for

the joint angle experiments. Alternatively, the length of the links could be reduced, but this is

limited by the length of the PMA, because the link has to be longer than the PMA in relaxed

state.

The second and third experiment are repeated with the control of the joint angle which means

that the reaction of the controller to an abrupt change of theload is investigated. The load is

applied att = 0 s, reduced att = 3 s and raised att = 6 s.

In the sixth experiment the desired trajectory is a constantvalue. The characteristics are plotted

in Figure 5.7.

The joint angle behaves inverse to the PMA length and following inverse to the pressure. The

observed variables oscillate slightly with the reduced mass.

The control signal is quite smooth, it contains no peaks, thedeviations are waves started with a

small chatter.
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The trajectory error at the mass reduction is 0.15 rad, at themass raise 0.07 rad and without the

disturbances maximal 0.02 rad. The compensation times are similar to the compensation time

of the length control. The onset time is with 0.25 s shorter, but the initial error is smaller than

in the length control.

The seventh experiment is the same experiment as the sixth one but with a sinusoidal desired

trajectory. The characteristics are plotted in Figure 5.8.

Here the trajectory error at the load reduction is with 0.1 rad significant smaller than in the

experiment before, but the compensation time is with 0.7 s longer.

During the slipping mode the characteristics of the variables are smooth.

In the next experiments the controller performance at fluctuations in the supply pressure is in-

vestigated. It has to be remarked that the supply pressure cannot be reduced under the actual

pressure value, because this causes numerical problems.

In the eights experiment, shown in Figure 5.9, the supply pressure is reduced abruptly att = 3

s and raised att = 6 s to the initial value. The expected result of a lower supply pressure is a

higher magnitude of the command voltage, because due to the smaller pressure difference the

orifice area of the valve has to be greater for obtaining the same mass flow. This effect can

be seen in the plot. In the characteristics of the angle and the pressure there is no significant

difference.

In the ninth experiment the supply pressure is raised att = 3 s and reduced att = 6 s. In

Figure 5.10 the described effect occurs in the other direction, which means that the magnitude

of the command voltage is smaller during the higher supply pressure.

In Figure 5.11 the tenth experiment is plotted. There the ninth experiment is performed with a

sinusoidal desired trajectory. Also here the magnitude of the command voltage is smaller at a

higher supply pressure. In the other variables there is no significant difference.
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Changes in the temperature are investigated in the eleventh experiment, given in Figure 5.12.

The temperature is raised att = 3 s and reduced att = 6 s to the initial value. There is no sig-

nificant change in the characteristics. Following, the controller seems to be robust for changes

in the temperature.

Effects of the threshold parameters for the Karnopp friction model

The Karnopp friction model requires two threshold parameters, the threshold velocitẏzthr and

the threshold friction forceFthr. In the next experiments the effects of changes in these param-

eters are investigated. Therefore the driven mass is varied. It is applied att = 0 s, reduced at

t = 3 s and raised att = 6 s. In the experiments the joint angle is controlled, and the desired

trajectory is sinusoidal.

The twelfth experiment is identical to the seventh, but plotted again for comparison in Fig-

ure 5.13. The velocity threshold is low and the force threshold is medium-sized.

In the thirteenth experiment, printed in Figure 5.14, the velocity threshold is high and the force

threshold is medium-sized. Here the control signal chatters more than with the lower threshold.

Also there are more oscillations for the smaller weight. Especially for the smaller weight the

tracking error is higher than with the lower threshold. In the Karnopp friction model the ve-

locity near to zero shall be regarded as zero, so the lower threshold withżthr = 0.1
[mm

s
]

is

chosen as parameter.

The threshold force is reduced in the fourteenth experiment. The characteristics are given in

Figure 5.15. In the fifteenth experiment, given in Figure 5.16, the threshold force is raised.

During the slipping mode, there are no differences. At the sticking mode there are wavelike

deviations in the angle, the pressure and the command voltage which raise with raising thresh-

old force. Also the tracking error is higher during the sticking mode. With the threshold force

it is described which force has to be generated to start a movement of the joint or load. The

medium-sized threshold force isFthr = 0.5 N which corresponds to a load of 50 g. With a mass

range ofms = 0.5 to 1.5 kg this seems to be realistic. So the medium-sized thresholdforce is
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used as parameter for the simulations.

The experiments show that with a supply pressure of 3 bar which is the working range also

postulated in the literature the single PMA used in this thesis can carry loads in the range of 0.5

to 1.5 kg. In the described joint design the range of the weight is between 0.5 and 1 kg with

the range of the angle between 0.75 rad respectively 0.9 rad and 1.5 rad. These ranges could be

extended by raising the supply pressure, but it is questionable if the material of the PMA can

withstand the higher pressure for longer time. The controller can deal with fluctuations of the

driven mass and the supply pressure. The temperature has no influence on the experiments.

5.4.2 Actual parameters for the closed-loop control experiments

Actual values of the controller parameters

The actual controller parameters are given in Table 5.1.

Table 5.1: Actual values of the controller parameters

symbol meaning value unit

P1, P2, P3 applied poles -25 [-]

K2 controller parameter 75 [-]

K1 controller parameter 1875 [-]

K0 controller parameter 15625 [-]

Values of the varied model parameters

The parameter values which are used in the single experiments are assembled in Table 5.2.

5.4.3 Results of the experiments

In the first subplot the command voltage as input into the model is given. In the second subplot

the simulated and the desired trajectory are plotted. The trajectory error is given in the third

subplot asy(t) − yd(t), and the pressure characteristics are plotted in the forth subplot.
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Table 5.2: Properties and values of the varied parameters
number driven supply threshold threshold

of mass pressure temperature velocity force Figure

exp. ms [kg] ps [ N
m2 ] T [K] żthr [ m

s ] Fthr[N ]

1 0.5, 1 and 3 303975 298 0.0001 0.5 5.3

2 1.5 1 1.5 303975 298 0.0001 0.5 5.3

3 1.5 1 1.5 303975 298 0.0001 0.5 5.4

4 1.5 1 1.5 303975 298 - - 5.5

5 1.5 1 1.5 303975 298 - - 5.6

6 0.75 0.5 0.75 303975 298 0.0001 0.5 5.7

7 0.75 0.5 0.75 303975 298 0.0001 0.5 5.8

8 0.75 303975 202488 303975 298 0.0001 0.5 5.9

9 0.75 303975 506625 303975 298 0.0001 0.5 5.10

10 0.75 303975 506625 303975 298 0.0001 0.5 5.11

11 0.75 303975 298 318 298 0.0001 0.5 5.12

12 0.75 0.5 0.75 303975 298 0.0001 0.5 5.13

13 0.75 0.5 0.75 303975 298 0.02 0.5 5.14

14 0.75 0.5 0.75 303975 298 0.0001 0.15 5.15

15 0.75 0.5 0.75 303975 298 0.0001 1 5.16
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Figure 5.5: Length control with abruptly changed driven mass, proportional friction law and

constant desired trajectory
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sinusoidal desired trajectory
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Figure 5.7: Angle control with abruptly changed driven massand constant desired trajectory
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Figure 5.8: Angle control with abruptly changed driven massand sinusoidal desired trajectory
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Figure 5.9: Angle control with abruptly decreasing and normalizing supply pressure and con-

stant desired trajectory
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Figure 5.10: Angle control with abruptly increasing and normalizing supply pressure and con-

stant desired trajectory
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Figure 5.11: Angle control with abruptly increasing and normalizing supply pressure and sinu-

soidal desired trajectory
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Figure 5.12: Angle control with abruptly changed temperature and constant desired trajectory
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Figure 5.13: Angle control with low threshold velocity
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Figure 5.14: Angle control with high threshold velocity
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Figure 5.15: Angle control with low threshold force
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Figure 5.16: Angle control with high threshold force
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Chapter 6

Conclusions and outlook

In this thesis a closed loop control of an artificial joint actuated by Pneumatic Muscle Actuators

(PMA) was designed.

Starting from a detailed literature review a physical basedmodel was developed and imple-

mented in MATLAB / Simulink. In simulated experiments the model was validated and its be-

havior was investigated. Physically the PMA contracts at rising inner pressure. This relation

was also observed in the simulations. The PMA behaves very unstable.

There were two different friction models applied and compared. The friction model which dis-

tinguishes between the slipping and the sticking modus of the PMA represents the occurring

friction more adequate than the simple proportional friction law.

The PMA was modeled and implemented in its basic form by driving a load vertically. For

different applications the external force which affects the PMA has to be exchanged. This was

done in the design of a mechanical joint. Also the model of thejoint was validated simulative.

A possible further research topic is the validation of the PMA model by performing experiments

with a real PMA.

Next a closed loop tracking control was applied. Therefore aflatness based controller combined

with a pole placement tracking controller was designed. Theprerequisites for applying this con-

trol method are fulfilled in relaxed and contracted state of the PMA. The performance of the

closed loop control system was validated by MATLAB / Simulink simulations. It was shown that
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the controller can compensate abruptly mass changes and fluctuations in the supply pressure

and in the temperature.

Also the controller performance was compared for the two different friction laws. It works very

good for the proportional friction law. The control signal is smooth and the tracking occurs fast

and exact. With the slip-stick model there occur some effects like a slightly chattering in the

control signal and some roughnesses in the control signal and the state characteristics. These

effects occur during sticking mode, but they are not very strong.

Two possible further research topic are the the control of a PMA in extended state and the vali-

dation of the closed loop control system by performing experiments with a real PMA.
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[8] C.L. Dym and E.S. Ivey.Principles of Mathematical Modeling. Academic Press, Harcourt

Brace and Company, 1980.
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Appendix A

Mathematical derivations

A.1 Derivation of the volume of the PMA

PMA

α

l

C

z

h

Figure A.1: Illustration of the geometric variables of the PMA

For the volume model equation the shell of the PMA is ’opened’. It is presented schematic in

Figure A.1. The shell consists mainly of a braid which forms many little trapezoids. The angle

of the single braid fibers with respect to the longitudinal axis is called interweave angleα. It

changes during the contraction and extension of the PMA. In dependency of this interweave
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angleα(t) the lengthz(t) and the circumferenceC(t) of the PMA are expressed. The diameter

D(t) of the PMA is proportional to the circumference.

z(t) = 2 · A · l · cos α(t) (A.1)

C(t) = 2 · B · l · sin α(t) (A.2)

D(t) =
1

π
· C(t) (A.3)

A [-] - number of trapezoids in z-direction (longitudinal)

B [-] - number of trapezoids in y-direction (radial)

l [m] - side length of the trapezoids

The constant parameters of these equations are assembled for simplifying and included into the

Equations A.1 - A.3.

h = 2 · A · l (A.4)

f =
1

π
· 2 · B · l (A.5)

z(t) = h · cos α (A.6)

D(t) = f · sin α (A.7)

h [m] - helical fiber length of the PMA

f [m] - diametric distance parameter of the PMA

The surface areaS(t) of the PMA is derived as

S(t) = C(t) · z(t) = π · D(t) · z(t) (A.8)

The volumeV (t) of the PMA is determined as

V (t) =
π

4
· D2(t) · z(t) (A.9)

Next the Equations A.6 and A.7 are included:

V (t) =
π

4
· f 2 · sin2 α(t) · h · cos α(t) (A.10)

The interweave angleα cannot be measured online, so it is replaced by a function of the length

of the PMA. According to Equation A.6cos α can be replaced directly. To replacesin2 α Equa-

tion A.6 is squared and the trigonometric law

sin2 α + cos2 α = 1 (A.11)
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is applied:

z2(t) = h2(1 − sin2 α) (A.12)

which yields

sin2 α =
h2 − z2(t)

h2
(A.13)

with

0 ≤ sin α ≤ 1 (A.14)

which means

0 ≤ α ≤
π

2
(A.15)

Now Equation A.10 can be rewritten as:

V (t) =
πf 2

4h2
·
(

h2 − z2(t)
)

· z(t) (A.16)

respectively

V (t) =
πf 2

4
· z(t) −

πf 2

4h2
· z3(t) (A.17)

The first derivative with respect to the length is

dV (t)

dz(t)
=

πf 2

4
−

3πf 2

4h2
· z2(t) (A.18)

respectively
dV (t)

dz(t)
=

πf 2

4h2
·
(

h2 − 3z2(t)
)

(A.19)

A.2 Development of the state space form

A.2.1 Assembling and simplification of the modeled properties:

The mass flow through the valve is described by Equation 4.2 and Equation 4.3. The physical

parameters are summarized for simplification:

α1 := c · ps (A.20)

α2 :=
2η

RT (η − 1)
· p

−
2

η

s (A.21)

α3 :=
2η

RT (η − 1)
· p

−
η+2

η

s (A.22)

α4 :=
2

η
(A.23)

α5 :=
η + 2

η
(A.24)

(A.25)
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The simplified equation for the mass flow is:

ṁg(t) = α1 · U(t) ·
√

α2 · p(t)α4 − α3 · p(t)α5 (A.26)

The inner pressure, derived from ideal gas equation (Equation 4.4) is with

α6 :=
1

RT
(A.27)

summarized to

mg(t) = α6p(t)V (t) (A.28)

Also the polytrophic gas law is important:

pV χ = constant (A.29)

The differential equation for the pressure (Equation 4.6) is simplified with

α7 := χRT (A.30)

(A.31)

to:

ṗ(t) = α7 ·
ṁg(t)

V (t)
− χ ·

p(t)V̇ (t)

V (t)
(A.32)

whereas

V̇ (t) =
dV (t)

dt
=

dV (t)

dz
· ż(t) (A.33)

The equation for the volume (Equation 4.8) is summarized with

α8 :=
π

4
f 2 (A.34)

α9 :=
πf 2

4h2
(A.35)

to

V (t) = α8z(t) − α9z
3(t) (A.36)

The derivative of the volume with respect to the PMA length (Equation 4.13) is simplified with

α10 :=
3πf 2

4h2
(A.37)

102



to
dV (t)

dz
= α8 − α10z

2(t) (A.38)

The second main equation is the balance of forces:

msz̈(t) = msg + Fext − Fm(t) − Fe(t) − Ff (t) (A.39)

The generated PMA forceFm(t) is modeled as

Fm(t) = (p(t) − p0) ·
dV (t)

dz
(A.40)

the elastic forceFe(t) depends linear on the PMA length

Fe(t) = K · z(t) (A.41)

and the friction force depends linear on the velocity.

Ff (t) = C · ż(t) (A.42)

A.2.2 Overall system

ṁg(t) = α1U(t)
√

α2p(t)α4 − α3p(t)α5 (A.43)

ṗ(t) =
α7ṁg(t) − χp(t) (α8 − α10z

2(t)) ż(t)

α8z(t) − α9z3(t)
(A.44)

z̈(t) =
1

ms

[

msg + Fext − (p(t) − p0)
(

α8 − α10z
2(t)

)

− Kz(t) − Cż(t)
]

(A.45)

A.2.3 State space form

First, the input, output and state variables are determined:

x(t) =











p(t)

z(t)

ż(t)











(A.46)

u(t) = U(t) (A.47)

y(t) = z(t) (A.48)
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Substituting into the model of the overall system yields thefollowing set of equations. For

simplicity, the weight force of the load,msg, is integrated into the external forceFext. Also, the

gas mass is no state, but the equation for the mass flow (Equation A.49) is written separately for

a better readability of the equations.

ṁg(t) = α1u(t)
√

α2x1(t)α4 − α3x1(t)α5 (A.49)

ẋ1(t) =
α7ṁg(t) − χx1(t) (α8 − α10x

2
2(t)) x3(t)

α8x2(t) − α9x
3
2(t)

(A.50)

ẋ2(t) = x3(t) (A.51)

ẋ3(t) =
1

ms

[

Fext + (x1(t) − p0)
(

α8 − α10x
2
2(t)

)

− Kx2(t) − Cx3(t)
]

(A.52)
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Appendix B

Programs

In this chapter the Simulink models of the closed loop control are printed and their handling is

explained. At first the control of the driven load with proportional friction is described, second

the control of the driven load with Karnopp friction model. Last, the implementation of the

control of the joint with Karnopp friction model is described. In every implementation the loop

can be opened so that the model can be simulated separately.

B.1 Initialization

In the init-file the parameters and initial conditions of thesimulink model are set. It is called as

callback function from the ’init’-block in the model. This file is used by all implementations;

for the control of the angle the external force has to be changed.

% i n i t .m

% i n i t i a l i z e s t h e s i m u l i n k model PMAsystem . mdl : s e t s sample t ime ,

% paramete rs and i n i t i a l c o n d i t i o n s f o r t h e ODEs

% i s a u t o m a t i c a l l y c a l l e d by t h e b lo ck ’ I n i t ’ i n t h e h i g h e s t sys tem l e v e l

% au tho r : Sab ine Haumann

c l e a r a l l ;

c l c ;

c l o s e a l l ;

% Sample t ime

t s = 0 ; %[ s ] sample t ime

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Model parameter %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

105



% Ai r p r o p e r t i e s

param . R = 2 8 7 ; %[ J / kgK ] gas c o n s t a n t f o r a i r

param . e t a = 1 . 4 1 ; %[ − ] s p e c i f i c hea t r a t i o o f a i r

% Env i ronment p r o p e r t i e s

param . T = 2 9 8 ; %[K ] t e m p e r a t u r e

param . p 0 = 1 0 1 3 2 5 ; %[N/mˆ 2 ] env i ronmen t p r e s s u r e

% Supp ly p r o p e r t i e s

param . p s = 5∗1 0 1 3 2 5 ; %[N/mˆ 2 ] s u p p l y p r e s s u r e

% Valve p r o p e r t i e s

param . c = ( 1 e−7 ) ; %[mˆ 2 / V ] v a l v e c o n s t a n t o f p r o p o r t i o n a l i t y

% PMA p r o p e r t i e s

param . c h i = 1 . 2 6 ; %[ − ] p o l y t r o p h i c exponen t

param . h = 0 . 1 5 2 ; %[m] h e l i c a l f i b e r l e n g t h o f t h e PMA

param . f = 0 . 0 1 4 5 ; %[m] d i a m e t r i c d i s t a n c e parameter

a8 = p i / 4 ∗ param . f∗param . f ;

%[mˆ 2 ] summarized parameter

a10 = 3 / 4 ∗ p i ∗param . f∗param . f / ( param . h∗param . h ) ;

%[ − ] summarized parameter

% Load p r o p e r t i e s

param .M = 1 ; %[ kg ] d r i v e n mass

param . g = 9 . 8 1 ; %[m/ s ˆ 2 ] g r a v i t a t i o n c o n s t a n t

param . C = 2 0 ; %[ kg / s ] f r i c t i o n c o e f f i c i e n t

param .K = 4 0 ; %[ kg / s ˆ 2 ] e l a s t i c c o e f f i c i e n t

% J o i n t p r o p e r t i e s

param . L = 0 . 1 ; %[m] l e n g t h o f one l i n k

param . z0 = 0 . 0 7 9 ; %[m] r e l a x a t i o n l e n g t h o f t h e PMA

% S w i t c h i n g t h r e s h o l d s ( whether sys tem i s s l i p p i n g or s t i c ki n g )

param . F t h r = 0 . 5 ; %[N ] t h r e s h o l d s t i c k i n g f r i c t i o n f o r c e

param . z d o t t h r = 0 . 0 0 0 1 ; %[m/ s ] t h r e s h o l d v e l o c i t y

% I n i t i a l c o n d i t i o n s

% x = [ p z z d o t ]

z0 = 0 . 0 6 5 ; %[m] i n i t i a l PMA l e n g t h

a lpha0 = 2∗ acos( 1+ ( z0−param . z0 ) / param . L ) ;

%[ rad ] i n i t i a l j o i n t ang le

F ex t0 = param .M∗param . g %[N ] e x t e r n a l f o r c e f o r a v e r t i c a l l y

% d r i v e n load (= g r a v i t a t i o n a l f o r c e )

% F ex t0 = param .M∗param . g∗ cos ( a lpha0 ) . / s i n ( a lpha0 / 2 ) ;
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%[N ] e x t e r n a l f o r c e f o r a j o i n t

p0 = ( F ex t0 − param .K∗z0 ) . / ( a8 − a10∗z0 .∗ z0 ) + param . p0 ;

%[N/mˆ 2 ] i n i t i a l i n n e r p r e s s u r e

x i n i t = [ p0 z0 0 ] ;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% C o n t r o l l e r parameter %

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% d e s i r e d p o l e s o f t h e c l o s e d loop c o n t r o l

P1 = −25;

P2 = −25;

P3 = −25;

% c o r r e s p o n d i n g c o n t r o l l e r pa ramete rs

param . K2 = − P1 − P2 − P3 ;

param . K1 = P1∗P2 + P2∗P3 + P3∗P1 ;

param . K0 = − P1∗P2∗P3 ;

B.2 Simulink model of the closed loop PMA control system

B.2.1 Control of the driven load with proportional friction law

In Figure B.1 the main level is printed. With the hand switch itcan be decided whether the ex-

periments are performed with the model of the PMA or with the closed loop control. Not only

the output, but also its derivatives and the pressure are fedinto the controller; this is numeri-

cally necessary, because Simulink executes the setting of the parameters in the initialization as

steps, and therefore the numerically derivatives at initialization are infinite. So the calculated

derivatives are additionally transferred.

In Figure B.2 the init block is plotted. Here the init functionis called as callback and the

parameters are abbreviated. Also here the parameters mass,temperature and supply pressure

can be varied during the simulations by switching to the stepfunction blocks. It has to be

regarded that the initial value has to be identical to the value given in the init file. The parameters

are written into the memory store block ’modelparameters’. The Embedded Matlab function

is:

% Embedded Mat lab f u n c t i o n : summarize

% summar izes t h e p h y s i c a l pa ramete rs
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Figure B.1: Main level of the control of a driven load with proportional friction law

f unc t i on [ a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 ] = summarize ( ps , T , c , R , e ta , ch i , h , f ,M, g , C ,K)

a1=c∗ p s ;

a2=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−2/ e t a ) ;

a3=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−( e t a + 2 ) / e t a ) ;

a4 =2/ e t a ;

a5 =( e t a + 2 ) / e t a ;

a6 = 1 / (R∗T ) ;

a7= c h i∗R∗T ;

a8=p i / 4 ∗ f ∗ f ;

a9=p i / 4 ∗ f ∗ f / ( h∗h ) ;

a10 = 3 / 4 ∗ p i ∗ f ∗ f / ( h∗h ) ;

The input generation (Figure B.3) is only necessary for the model experiments, here the valve

can be closed and opened. This can occur constant or as step oras impulse. The input data is

saved in the Matlab workspace.

In the subsystem ’Desiredtrajectory’ (Figure B.4) the desired trajectory can be chosen be-

tween a constant and a sinusoidal trajectory. The desired trajectory data is saved in the Matlab

workspace.
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Figure B.2: Init block of the control of a driven load with proportional friction law

In the subsystem ’PMAmodel’ (Figure B.5) the PMA is modeled with the valve and the intrin-

sic PMA.

In the subsystem ’PMA’ (Figure B.6) the intrinsic PMA is modeled. The main parts are the

calculation of the inner pressure and the length of the PMA.

In the subsystem ’Internal pressure of the PMA’ (Figure B.7) the internal pressure of the PMA

is calculated by integrating the model equation. The pressure data is saved in the Matlab

workspace. The model equation is implemented as:

% Embedded Mat lab f u n c t i o n : p r e s s u r e

% c a l c u l a t e s t h e d e r i v a t i v e o f t h e p r e s s u r e

f unc t i on pdot = p r e s s u r e ( mdotg , p ,V, dVdz , z , zdot , ch i , a7 )

pdo t = 1 /V ∗ ( a7∗mdot g − c h i∗p∗dVdz∗ zdo t ) ;

One necessary variable is the volume of the PMA which is calculated in the subsystem ’PMA

volume’ (Figure B.8) and in the function:

% Embedded Mat lab f u n c t i o n

% c a l c u l a t e s t h e PMA volume

% and t h e d e r i v a t i v e w i t h r e s p e c t t o t h e l e n g t h

109



Figure B.3: Input generation for the control of a driven load with proportional friction law

Figure B.4: Desired trajectory for the control of a driven load with proportional friction law

f unc t i on [ V, dVdz ] = volume ( z , a8 , a9 , a10 )

V = a8∗z − a9∗z∗z∗z ;

dVdz = a8 − a10∗z∗z ;

In the subsystem ’PMA length’ (Figure B.9) the length of the PMA is calculated. Mainly the

affecting forces are calculated in two subsystems, added and integrated two times. The length

data is saved in the Matlab workspace.

In the subsystem ’PMA force’ (Figure B.10) the longitudinal PMA force is calculated. The

Embedded Matlab function is:

% Embedded Mat lab f u n c t i o n : PMAforce

% c a l c u l a t e s t h e l o n g i t u d i n a l PMA f o r c e

f unc t i on F m = PMA force ( p , z , p 0 , a8 , a10 )

dVdz = ( a8 − a10∗z∗z ) ;

F m = ( p − p 0 ) ∗ dVdz ;

In the subsystem ’Other forces’ (Figure B.11) the other affecting forces (elastic force, propor-

tional friction force and gravitational force) are calculated.

In the subsystem ’valve’ (Figure B.12) the valve is modeled. The Embedded function is:
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Figure B.5: PMA model for the control of a driven load with proportional friction law

% Embedded Mat lab f u n c t i o n : v a l v e

% models t h e v a l v e

f unc t i on mdot g = v a l v e ( p ,U, a1 , a2 , a3 , a4 , a5 )

abb = a2∗p ˆ a4 − a3∗p ˆ a5 ;

i f abb < 0

mdot g = − a1 ∗ U ∗ sq r t (−abb ) ;

e l s e

mdot g = a1 ∗ U ∗ sq r t ( abb ) ;

end

Next the controller implementation is presented. In the subsystem ’PMAController’ (Fig-

ure B.13) the controller with trajectory computation, tracking control and the inverse system is

given.

In the subsystem ’Trajectory computation’ (Figure B.14) thederivatives of the desired trajec-

tory are computed. Because of the numerical problems the derivations are calculated manually.

For the constant desired trajectory the constants zero and for the sinusoidal desired trajectory

the sinus generators have to be chosen as derivatives.

In the subsystem ’Tracking control’ (Figure B.15) the lineartracking control takes place. The

Embedded function is:

% Embedded Mat lab f u n c t i o n : t r a c k i n g

% l i n e a r t r a c k i n g c o n t r o l

f unc t i on ny = t r a c k i n g ( e , edo t , e 2do t , yd 3dot , K2 , K1 , K0)

ny = yd 3do t + K2∗ e 2 d o t + K1∗ e d o t + K0∗e ;

In the subsystem ’Inverse system’ (Figure B.16) the intrinsic control signal is computed. The

Embedded function is
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Figure B.6: Intrinsic PMA model in the control of a driven loadwith proportional friction law

% Embedded Mat lab f u n c t i o n : i n vs y s

% I n v e r s e system , g e n e r a t e s i n p u t u ( t ) which c a n c e l s t h e n o nl i n e a r i t i e s o f t h e sys tem

f unc t i on u = i n v s y s ( y , y do t , y 2dot , x1 , ny , a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 , g , ms , p 0 ,K, C , c h i )

% A b b r e v a t i o n s

V = a8∗y − a9∗y∗y∗y ;

p s i 1 = a1∗ sq r t ( a2∗x1 ˆ a4 − a3∗x1 ˆ a5 ) ;

p s i 2 = a7 /V∗ p s i 1 ;

p s i 3 = c h i /V∗x1∗ ( a8−a10∗y∗y )∗ y d o t ;

p s i 4 = 2 / m s∗a10∗ ( x1−p 0 )∗ y∗ y d o t − K/ m s∗ y d o t − C/ m s∗ y 2do t ;

p s i 5 = −1/ m s∗ ( a8−a10∗y∗y )∗ p s i 2 ;

p s i 6 = 1 / m s∗ ( a8−a10∗y∗y )∗ p s i 3 + p s i 4 ;

% Genera t i on o f t h e i n p u t

u =( ny−p s i 6 ) / p s i 5 ;
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Figure B.7: Internal pressure in the control of a driven load with proportional friction law

Figure B.8: Volume in the control of a driven load with proportional friction law

Figure B.9: PMA length in the control of a driven load with proportional friction law
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Figure B.10: PMA force in the control of a driven load with proportional friction law

Figure B.11: Other forces in the control of a driven load with proportional friction law

Figure B.12: Valve in the control of a driven load with proportional friction law
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Figure B.13: Controller of a driven load with proportional friction law

Figure B.14: Trajectory computation for the control of a driven load with proportional friction

law

Figure B.15: Tracking control for a driven load with proportional friction law
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Figure B.16: Inverse system for the control of a driven load with proportional friction law
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B.2.2 Control of the driven load with Karnopp friction law

In this subsection the implementation of the control of the driven load with the Karnopp friction

model is presented. Most of the features are identical to theimplementation with the simple

proportional friction law. In Figure B.17 the main level is printed.

Figure B.17: Main level of the control of a driven load with Karnopp friction model

In Figure B.18 the init block is plotted. With the hand switch it can be decided whether the

experiments are performed with the model of the PMA or with the closed loop control. The

Embedded Matlab function is:

% Embedded Mat lab f u n c t i o n : summarize

% summar izes t h e p h y s i c a l pa ramete rs

f unc t i on [ a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 ] = summarize ( ps , T , c , R , e ta , ch i , h , f ,M, g , C ,K)

a1=c∗ p s ;

a2=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−2/ e t a ) ;

a3=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−( e t a + 2 ) / e t a ) ;

a4 =2/ e t a ;

a5 =( e t a + 2 ) / e t a ;

a6 = 1 / (R∗T ) ;

a7= c h i∗R∗T ;

a8=p i / 4 ∗ f ∗ f ;

a9=p i / 4 ∗ f ∗ f / ( h∗h ) ;

a10 = 3 / 4 ∗ p i ∗ f ∗ f / ( h∗h ) ;
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Figure B.18: Init block of the control of a driven load with Karnopp friction model

The input generation (Figure B.19) is only necessary for the model experiments. Here the valve

can be closed and opened. This can occur constant or as step oras impulse. The input data is

saved in the Matlab workspace.

In the subsystem ’Desiredtrajectory’ (Figure B.20) the desired trajectory can be chosen be-

tween a constant and a sinusoidal trajectory. The desired trajectory data is saved in the Matlab

workspace.

In the subsystem ’PMAmodel’ (Figure B.21) the PMA is modeled with the valve and the in-

trinsic PMA.

In the subsystem ’PMA’ (Figure B.22) the intrinsic PMA is modeled. The main parts are the

calculation of the inner pressure and the length of the PMA.
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Figure B.19: Input generation for the control of a driven loadwith Karnopp friction model

Figure B.20: Desired trajectory for the control of a driven load with Karnopp friction model

In the subsystem ’Internal pressure of the PMA’ (Figure B.23)the internal pressure of the

PMA is calculated by integrating the model equation. The pressure data is saved in the Matlab

workspace. The model equation is implemented as:

% Embedded Mat lab f u n c t i o n : p r e s s u r e

% c a l c u l a t e s t h e d e r i v a t i v e o f t h e i n n e r p r e s s u r e

f unc t i on pdot = p r e s s u r e ( mdotg , p ,V, dVdz , z , zdot , ch i , a7 )

pdo t = 1 /V ∗ ( a7∗mdot g − c h i∗p∗dVdz∗ zdo t ) ;

One necessary variable is the volume of the PMA which is calculated in the subsystem ’PMA

volume’ (Figure B.24) and in the function:

% Embedded Mat lab f u n c t i o n

% c a l c u l a t e s t h e PMA volume

% and t h e d e r i v a t i v e w i t h r e s p e c t t o t h e l e n g t h

f unc t i on [ V, dVdz ] = volume ( z , a8 , a9 , a10 )

V = a8∗z − a9∗z∗z∗z ;

dVdz = a8 − a10∗z∗z ;

In the subsystem ’PMA length’ (Figure B.25) the length of the PMA is calculated. Mainly the

affecting forces are calculated in two subsystems, added and integrated two times. The second

derivative is multiplied by a state value which represents the sticking and the slipping mode

of the PMA. For slipping this value is one, so the integrations occur as with the proportional
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Figure B.21: PMA model for the control of a driven load with Karnopp friction model

friction. During sticking the state is zero, so the derivative is zero and the PMA length remains

constant. The length data is saved in the Matlab workspace.

In the subsystem ’PMA force’ (Figure B.26) the longitudinal PMA force is calculated. The

Embedded Matlab function is:

% Embedded Mat lab f u n c t i o n : PMAforce

% c a l c u l a t e s t h e l o n g i t u d i n a l PMA f o r c e

f unc t i on F m = PMA force ( p , z , p 0 , a8 , a10 )

dVdz = ( a8 − a10∗z∗z ) ;

F m = ( p − p 0 ) ∗ dVdz ;

In the subsystem ’Other forces’ (Figure B.27) the other affecting forces are calculated. The

elastic force, the gravitational force and the slipping friction force are calculated like before.

The status is calculated in the Embedded function:

% Embedded mat lab f u n c t i o n

% d e t e c t s whether t h e PMA i s i n s l i p p i n g or i n s t i c k i n g mode

f unc t i on s t a t u s = s t i c k s l i p ( zdot , z d o tt h r , F s , F t h r )

i f ( abs( zdo t ) < z d o t t h r ) && ( abs( F s ) < F t h r ) %s t i c k i n g

s t a t u s = 0 ;

e l s e

s t a t u s = 1 ; %s l i p p i n g

end

The sticking friction force is calculated in the Embedded function:

% Embedded Mat lab f u n c t i o n : s t i c k

% C a l c u l a t e s t h e s t i c k i n g f r i c t i o n f o r c e

f unc t i on F s = s t i c k ( s t a t u s , Fm , F e , F g )

i f s t a t u s = = 1

F s = 0 ;

e l s e
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Figure B.22: Intrinsic PMA model in the control of a driven load with Karnopp friction model

F s = F g − F e − F m ;

end

In the subsystem ’valve’ (Figure B.28) the valve is modeled. The Embedded function is:

% Embedded Mat lab f u n c t i o n : v a l v e

% models t h e v a l v e

f unc t i on mdot g = v a l v e ( p ,U, a1 , a2 , a3 , a4 , a5 )

abb = a2∗p ˆ a4 − a3∗p ˆ a5 ;

i f abb < 0

mdot g = − a1 ∗ U ∗ sq r t (−abb ) ;

e l s e

mdot g = a1 ∗ U ∗ sq r t ( abb ) ;

end

Next the controller implementation is presented. In the subsystem ’PMAController’ (Fig-

ure B.29) the controller with trajectory computation, tracking control and the inverse system is

given. It is identical to the controller of the system with the proportional friction law.

In the subsystem ’Trajectory computation’ (Figure B.30) thederivatives of the desired trajec-

tory are computed. For the constant desired trajectory the constants zero and for the sinusoidal

desired trajectory the sinus generators have to be chosen asderivatives.
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Figure B.23: Internal pressure in the control of a driven loadwith Karnopp friction model

Figure B.24: Volume in the control of a driven load with Karnopp friction model

In the subsystem ’Tracking control’ (Figure B.31) the lineartracking control takes place. The

Embedded function is:

% Embedded Mat lab f u n c t i o n : t r a c k i n g

% l i n e a r t r a c k i n g c o n t r o l

f unc t i on ny = t r a c k i n g ( e , edo t , e 2do t , yd 3dot , K2 , K1 , K0)

ny = yd 3do t + K2∗ e 2 d o t + K1∗ e d o t + K0∗e ;

In the subsystem ’Inverse system’ (Figure B.32) the intrinsic control signal is computed. The

Embedded function is

% Embedded Mat lab f u n c t i o n : i n vs y s

% I n v e r s e system , g e n e r a t e s i n p u t u ( t ) which c a n c e l s t h e n o nl i n e a r i t i e s o f t h e sys tem

f unc t i on u = i n v s y s ( y , y do t , y 2dot , x1 , ny , a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 , g , ms , p 0 ,K, C , c h i )

% A b b r e v a t i o n s

V = a8∗y − a9∗y∗y∗y ;

p s i 1 = a1∗ sq r t ( a2∗x1 ˆ a4 − a3∗x1 ˆ a5 ) ;

p s i 2 = a7 /V∗ p s i 1 ;

p s i 3 = c h i /V∗x1∗ ( a8−a10∗y∗y )∗ y d o t ;

p s i 4 = 2 / m s∗a10∗ ( x1−p 0 )∗ y∗ y d o t − K/ m s∗ y d o t − C/ m s∗ y 2do t ;

p s i 5 = −1/ m s∗ ( a8−a10∗y∗y )∗ p s i 2 ;

p s i 6 = 1 / m s∗ ( a8−a10∗y∗y )∗ p s i 3 + p s i 4 ;
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Figure B.25: PMA length in the control of a driven load with Karnopp friction model

Figure B.26: PMA force in the control of a driven load with Karnopp friction model

% Genera t i on o f t h e i n p u t

u =( ny−p s i 6 ) / p s i 5 ;
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Figure B.27: Other forces in the control of a driven load with Karnopp friction model

Figure B.28: Valve in the control of a driven load with Karnoppfriction model
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Figure B.29: Controller of a driven load with Karnopp frictionmodel

Figure B.30: Trajectory computation for the control of a driven load with Karnopp friction

model

Figure B.31: Tracking control for a driven load with Karnopp friction model
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Figure B.32: Inverse system for the control of a driven load with Karnopp friction model
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B.2.3 Control of the driven joint with Karnopp friction law

In this subsection the implementation of the control of the driven joint with the Karnopp friction

model is presented. Most of the features are identical to theimplementations of the driven load.

In Figure B.33 the main level is printed. The intrinsic calculations take place with the PMA

length.

Figure B.33: Main level of the control of a driven joint with Karnopp friction model

With the subsystem ’length2ang’ (Figure B.34) the length is converted to the joint angle. The

angle and the length data are saved in the Matlab workspace. The Embedded function is

% Embedded Mat lab f u n c t i o n : l eng th2ang

% c o n v e r t s t h e PMA l e n g t h t o t h e j o i n t ang le

f unc t i on a lp h a = l e n g t h 2 a n g ( z , L , z0 )

a l p h a = 2∗ acos( 1+ ( z−z0 ) / L ) ;

In Figure B.35 the init block is plotted. With the hand switch it can be decided whether the

experiments are performed with the model of the PMA or with the closed loop control. The

Embedded Matlab function is:

% Embedded Mat lab f u n c t i o n : summarize

% summar izes t h e p h y s i c a l pa ramete rs

f unc t i on [ a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 ] = summarize ( ps , T , c , R , e ta , ch i , h , f ,M, g , C ,K)
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Figure B.34: Conversion length to angle in the control of a driven joint with Karnopp friction

model

a1=c∗ p s ;

a2=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−2/ e t a ) ;

a3=2∗ e t a / ( R∗T∗ ( e ta−1 ) ) ∗ p s ˆ(−( e t a + 2 ) / e t a ) ;

a4 =2/ e t a ;

a5 =( e t a + 2 ) / e t a ;

a6 = 1 / (R∗T ) ;

a7= c h i∗R∗T ;

a8=p i / 4 ∗ f ∗ f ;

a9=p i / 4 ∗ f ∗ f / ( h∗h ) ;

a10 = 3 / 4 ∗ p i ∗ f ∗ f / ( h∗h ) ;

Figure B.35: Init block of the control of a driven joint with Karnopp friction model
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The input generation (Figure B.36) is only necessary for the model experiments. Here the valve

can be closed and opened. This can occur constant or as step oras impulse. The input data is

saved in the Matlab workspace.

Figure B.36: Input generation for the control of a driven joint with Karnopp friction model

In the subsystem ’Desiredtrajectory’ (Figure B.37) the desired trajectory can be chosen be-

tween a constant and a sinusoidal trajectory. The desired trajectory data is saved in the Matlab

workspace.

Figure B.37: Desired trajectory for the control of a driven joint with Karnopp friction model

In the subsystem ’PMAmodel’ (Figure B.38) the PMA is modeled with the valve and the in-

trinsic PMA.

In the subsystem ’PMA’ (Figure B.39) the intrinsic PMA is modeled. The main parts are the

calculation of the inner pressure and the length of the PMA.
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Figure B.38: PMA model for the control of a driven joint with Karnopp friction model

In the subsystem ’Internal pressure of the PMA’ (Figure B.40)the internal pressure of the

PMA is calculated by integrating the model equation. The pressure data is saved in the Matlab

workspace. The model equation is implemented as:

% Embedded Mat lab f u n c t i o n : p r e s s u r e

% c a l c u l a t e s t h e f i r s t d e r i v a t i v e o f t h e i n n e r p r e s s u r e

f unc t i on pdot = p r e s s u r e ( mdotg , p ,V, dVdz , z , zdot , ch i , a7 )

pdo t = 1 /V ∗ ( a7∗mdot g − c h i∗p∗dVdz∗ zdo t ) ;

One necessary variable is the volume of the PMA which is calculated in the subsystem ’PMA

volume’ (Figure B.41) and in the function:

% Embedded Mat lab f u n c t i o n

% c a l c u l a t e s t h e PMA volume

% and t h e d e r i v a t i v e w i t h r e s p e c t t o t h e l e n g t h

f unc t i on [ V, dVdz ] = volume ( z , a8 , a9 , a10 )

V = a8∗z − a9∗z∗z∗z ;

dVdz = a8 − a10∗z∗z ;

In the subsystem ’PMA length’ (Figure B.42) the length of the PMA is calculated. Mainly the

affecting forces are calculated in two subsystems, added and integrated two times. The second

derivative is multiplied by a state value which represents the sticking and the slipping mode

of the PMA. For slipping this value is one, so the integrations occur as with the proportional

friction. During sticking the state is zero, so the derivative is zero and the PMA length remains

constant.

In the subsystem ’PMA force’ (Figure B.43) the longitudinal PMA force is calculated. The

Embedded Matlab function is:

% Embedded Mat lab f u n c t i o n : PMAforce

% c a l c u l a t e s t h e l o n g i t u d i n a l PMA f o r c e

f unc t i on F m = PMA force ( p , z , p 0 , a8 , a10 )
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Figure B.39: Intrinsic PMA model in the control of a driven joint with Karnopp friction model

dVdz = ( a8 − a10∗z∗z ) ;

F m = ( p − p 0 ) ∗ dVdz ;

In the subsystem ’Other forces’ (Figure B.44) the other affecting forces are calculated. The

elastic force and the slipping friction force are calculated like before. The status is calculated in

the Embedded function:

% Embedded mat lab f u n c t i o n

% d e t e c t s whether t h e PMA i s i n s l i p p i n g or i n s t i c k i n g mode

f unc t i on s t a t u s = s t i c k s l i p ( zdot , z d o tt h r , F s , F t h r )

i f ( abs( zdo t ) < z d o t t h r ) && ( abs( F s ) < F t h r ) %s t i c k i n g

s t a t u s = 0 ;

e l s e

s t a t u s = 1 ; %s l i p p i n g

end

The sticking friction force is calculated in the Embedded function:

% Embedded Mat lab f u n c t i o n : s t i c k

% C a l c u l a t e s t h e s t i c k i n g f r i c t i o n f o r c e

f unc t i on F s = s t i c k ( s t a t u s , Fm , F e , F e x t )

i f s t a t u s = = 1%s t i c k i n g mode

F s = 0 ;

e l s e

F s = F e x t − F e − F m ;

end
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Figure B.40: Internal pressure in the control of a driven joint with Karnopp friction model

Figure B.41: Volume in the control of a driven joint with Karnopp friction model

The gravitational force is exchanged by the external force.This force is calculated by

% Embedded Mat lab f u n c t i o n : e x t

% C a l c u l a t e s t h e e x t e r n a l f o r c e

f unc t i on F e x t = e x t ( a lpha , Fg )

F e x t = F g∗ cos( a l p h a ) /s i n ( a l p h a / 2 ) ;

Therefore, the length has to be converted to the angle:

% Embedded Mat lab f u n c t i o n : l eng th2ang

% c o n v e r t s t h e PMA l e n g t h t o t h e j o i n t ang le

f unc t i on a lp h a = l e n g t h 2 a n g ( z , L , z0 )

a l p h a = 2∗ acos( 1+ ( z−z0 ) / L ) ;

In the subsystem ’valve’ (Figure B.45) the valve is modeled. The Embedded function is:

% Embedded Mat lab f u n c t i o n : v a l v e

% models t h e v a l v e

f unc t i on mdot g = v a l v e ( p ,U, a1 , a2 , a3 , a4 , a5 )

abb = a2∗p ˆ a4 − a3∗p ˆ a5 ;

i f abb < 0

mdot g = − a1 ∗ U ∗ sq r t (−abb ) ;

e l s e

mdot g = a1 ∗ U ∗ sq r t ( abb ) ;

end
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Figure B.42: PMA length in the control of a driven joint with Karnopp friction model

Figure B.43: PMA force in the control of a driven joint with Karnopp friction model

Next the controller implementation is presented. In the subsystem ’PMAController’ (Fig-

ure B.46) the controller with trajectory computation, tracking control and the inverse system is

given.

In the subsystem ’Trajectory computation’ (Figure B.47) thedesired trajectory and its deriva-

tives are computed. For the constant desired trajectory theconstants zero and for the sinusoidal

desired trajectory the sinus generators have to be chosen asderivatives.

The desired trajectory is given as angle, so it has to be converted to the length with the subsystem
’angle2length’ (Figure B.48) and the Embedded function

% Embedded Mat lab f u n c t i o n : ang2 leng th
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Figure B.44: Other forces in the control of a driven joint withKarnopp friction model

% c o n v e r t s t h e j o i n t ang le t o t h e PMA l e n g t h

f unc t i on z = a n g 2 l e n g t h ( a lpha , L , z0 )

z = L∗ ( cos( a l p h a / 2 )−1 ) + z0 ;

In the subsystem ’Tracking control’ (Figure B.49) the lineartracking control takes place with

the PMA length. The Embedded function is:

% Embedded Mat lab f u n c t i o n : t r a c k i n g

% l i n e a r t r a c k i n g c o n t r o l

f unc t i on ny = t r a c k i n g ( e , edo t , e 2do t , yd 3dot , K2 , K1 , K0)

ny = ( yd 3do t + K2∗ e 2 d o t + K1∗ e d o t + K0∗e ) ;

In the subsystem ’Inverse system’ (Figure B.50) the intrinsic control signal is computed. The

Embedded function is

% Embedded Mat lab f u n c t i o n : i n vs y s

% I n v e r s e system , g e n e r a t e s i n p u t u ( t ) which c a n c e l s t h e n o nl i n e a r i t i e s o f t h e sys tem

f unc t i on u = i n v s y s ( y , y do t , y 2dot , x1 , ny , a1 , a2 , a3 , a4 , a5 , a6 , a7 , a8 , a9 , a10 , g , ms , p 0 ,K, C , ch i , L , z0 )

% E x t e r n a l f o r c e

p s i 0 = 1+( y−z0 ) / L ;

a l p h a = 2∗ acos( p s i 0 ) ;

a l p h a d o t = −2∗ y d o t / ( L∗ sq r t (1− p s i 0∗ p s i 0 ) ) ;

F e x t = m s∗g∗ cos( a l p h a ) /s i n ( a l p h a / 2 ) ;

F e x t d o t = m s∗g∗(− a l p h a d o t∗ s i n ( a l p h a )∗ s i n ( a l p h a /2)−0.5∗ a l p h a d o t∗ cos( a l p h a / 2 )∗ cos( a l p h a ) ) / (s i n ( a l p h a / 2 )∗ s i n ( a l p

% A b b r e v a t i o n s

V = a8∗y − a9∗y∗y∗y ;
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Figure B.45: Valve in the control of a driven joint with Karnopp friction model

Figure B.46: Controller of a driven joint with Karnopp friction model

p s i 1 = a1∗ sq r t ( a2∗x1 ˆ a4 − a3∗x1 ˆ a5 ) ;

p s i 2 = a7 /V∗ p s i 1 ;

p s i 3 = c h i /V∗x1∗ ( a8−a10∗y∗y )∗ y d o t ;

p s i 4 = 2 / m s∗a10∗ ( x1−p 0 )∗ y∗ y d o t − K/ m s∗ y d o t − C/ m s∗ y 2do t + F e x t d o t / m s ;

p s i 5 = −1/ m s∗ ( a8−a10∗y∗y )∗ p s i 2 ;

p s i 6 = 1 / m s∗ ( a8−a10∗y∗y )∗ p s i 3 + p s i 4 ;

% Genera t i on o f t h e i n p u t

u =( ny−p s i 6 ) / p s i 5 ;
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Figure B.47: Trajectory computation for the control of a driven joint with Karnopp friction

model

Figure B.48: Conversion of the angle to the length in the control of a driven joint with Karnopp

friction model
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Figure B.49: Tracking control for a driven joint with Karnoppfriction model

Figure B.50: Inverse system for the control of a driven joint with Karnopp friction model
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