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(ABSTRACT) 

The use of a modal domain fiber optic sensor for vibration control of a flexible 

cantilevered beam is experimentally demonstrated. The sensor utilizes mode-mode 

interference in a two mode elliptical core fiber. The sensor covers a major portion of 

the beam, and produces a measurement based on the strain distribution in the beam. A 

distributed-effect model is developed for the fiber optic sensor, and verified through 

both static and dynamic tests. This model is incorporated into a active control system 

employing dynamic output feedback. The control system is shown to add damping to 

the low order modes of the beam. Numerical simulations are presented which concur 

with the experimental responses, in both open and closed loop tests.
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1.0 INTRODUCTION 

Many future aerospace projects will require the use of active systems to sense 

and control structural displacements. Large space platforms, such as the proposed 

space station, will be constructed from lightweight materials and assembled, at 

least in part, in space. Disturbances, such as the docking of spacecraft or firing of 

reboost rockets, will excite structural vibrations. Once excited these vibrations 

will continue with very little natural damping. An active control system could be 

used to protect the integrity of the structure, and improve operating conditions 

for space based equipment. This control system must utilize sensors to detect the 

vibrations, and actuators to apply forces which will counteract the effect of 

disturbances. 

The control of large flexible structures is an active area of research. Some of 

this research has concentrated on the use of distributed-effect sensors and 

actuators. Distributed-effect sensors provide a scalar signal which is based on a 

distributed measurement, whereas distributed-effect actuators create a distributed 

force based on a scalar signal. Most of this work has utilized the distributed-effect 

properties of piezoelectric materials {1,2,3]. However, fiber optic sensors also have 
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the capability to make distributed-effect measurements. These sensors have other 

properties which make them advantageous in certain applications. The fiber optic 

sensor consists of a very small single strand of glass. It can be embedded in, or 

attached to a structure, with minimal loading. Fiber optic sensors have an 

extremely high bandwidth, and can be used to detect vibrations over a wide range 

of frequencies. Signals from fiber optic sensors neither contribute to, nor respond 

to electromagnetic noise. This property becomes important in systems with dense 

electronic equipment, or when electromagnetic shielding is difficult. 

The goal of this research was to incorporate a fiber optic sensor into a closed 

loop control system for vibration suppression in a flexible structure [4,5]. To do 

this a distributed-effect system model was developed for the sensor, and verified 

through dynamic and static testing. The plant chosen to be controlled was a 

flexible cantilevered beam. The experimental arrangement is shown in Figure 1. 

Under disturbances the beam would exhibit one dimensional vibrations which 

decayed very slowly. A fiber optic sensor was mounted along the full length of 

the beam. Vibrations in the beam caused strain to be transferred to the fiber. 

The fiber’s signal was a distributed-effect measurement of the strain distribution 

in the beam. A piezoelectric actuator was ‘also mounted on the beam. The 

actuator allowed shear forces to be applied to a section of the beam. A digital 

feedback system was designed which derived control signals from the sensor, and 

applied them to the actuator. 

The control system was designed to add damping to the beam so vibrations 

would decay more quickly. Since there were no concrete performance objectives a 

simple procedure was chosen for the design of the control law. The dynamics of 
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the instrumented beam were carefully modeled, and simulation routines were used 

to predict the system’s performance. Since the fiber optic sensor was the only 

novel component in the system, simulations could be used to verify the sensor’s 

model. The simulated response was compared to the experimental response under 

a variety of conditions. The sensor model was found to behave as predicted in 

both open and closed loop configurations. This verified the sensor model, and 

demonstrated the ability to implement active control systems with fiber optic 

sensors. 

Much research has been done in characterizing different types of fiber optic 

sensors [6,7]. The type chosen for this work was the modal domain sensor. Modal 
  

domain sensors utilize interference between the low order modes in a fiber to sense 

small changes in the fiber’s length. Unlike a traditional interferometer no 

reference arm is required. This helps to stabilize the sensor and makes mounting 

it to structures more practical. This type of sensor was first described by Layton 

and Bucaro [8] in the late seventies. They applied the modal domain sensor to 

the detection of underwater acoustic waves. Since that time many others have 

studied the properties of few mode fibers. The coupling of power between the 

modes of few mode fibers has been described, and the construction of mode 

selective filters has been demonstrated [9,10]. The use of few mode fibers to 

measure static and dynamic strain distributions has been investigated in detail. 

The results of this research are documented in (11,12,13]. 

A significant improvement in modal domain sensing came with the 

introduction of elliptical core fibers. To characterize a modal domain sensor 

requires equations which describe the distribution of power in the fiber. Circular 
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core fibers support modes which are spatially degenerate. This degeneracy results 

in a spatial power distribution which depends upon the launch conditions of the 

incident light. In practice launch conditions are difficult to define or maintain. 

Therefore, consistent modeling of circular core modal domain sensors is difficult. 

Experimental evidence has shown that elliptical core fibers are not spatially 

degenerate [14,15]. This removes the dependance on launch conditions in the 

sensor’s model, and allows for repeatable experiments. 

The second chapter of this thesis develops a model for the modal domain 

sensor. The concept of modes in optical waveguides is defined. The spatial 

interference pattern in a two mode fiber is derived, and shown to vary under the 

influence of strain. In Chapter 3 the equations which describe the dynamic 

behavior of the flexible beam are given. The model for the modal domain sensor 

is incorporated into a state space representation for the system. Chapter 4 

describes the design of the experiment and the development of a dynamic 

compensator. All physical parameters associated with the system are listed. 

Details of the optical hardware used to construct the modal domain sensor are also 

given. The results from simulation and experiment are given in Chapter 5. A 

series of tests are performed to verify the beam dynamics, actuator model, and 

sensor model independently. To test the interaction of these components 

experiments are presented which detail the open and closed loop system behavior. 

Chapter 6 presents some conclusions, and outlines areas of interest for future 

work. 
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2.0 MODAL DOMAIN SENSORS 

This chapter develops the theory for fiber optic modal domain sensors. The 

first section gives an introduction into fiber optics and establishes some 

terminology. Section 2.2 defines the electromagnetics problem associated with 

optical waveguides. The equations describing linearly polarized modes in a 

circular core fiber are presented. In Section 2.3, the modal domain sensor is 

described as a fiber which supports only two modes. The distribution of power in 

the fiber is shown to be a function of axial distance. The sensor’s response to 

strain is discussed in Section 2.4. A model for the modal domain sensor is 

developed. This is the model used to incorporate the sensor into a dynamic 

control system. Section 2.5 discusses the practical advantages of elliptical core 

fibers. 

2.1 OPTICAL FIBERS 

Optical fibers are cylindrical dielectrics which act as waveguides for light. 

Typically they are drawn from extremely pure glass. An optical fiber has two 

concentric regions. The central region, called the core, is surrounded by a region 
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called the cladding. These regions are both glass, but have different indices of 

refraction. The index of refraction of the core, n,, must be greater than the 

cladding index, n,. However, for the fibers of interest here the index difference is 

very small, 7 zs 1. When the core index is constant, but changes discontinuously 

at the cladding boundary, the fiber is called a step index fiber. Other index 

profiles exist which will guide light, but they will not be discussed in this thesis. 

Fibers are usually covered with a plastic jacket. The jacket forms a protective 

conduit for the waveguide, providing flexibility to the otherwise brittle glass. 

Since the jacket does not affect the waveguide properties, it will not be considered 

in the analysis of the modal domain sensor. 

The transmission of light in a fiber can be conceptually explained using ray 

optics. The core-cladding index difference allows total internal reflection to occur 

within the fiber. Light rays which strike the core-cladding boundary are split into 

reflected and refracted rays. Since the cladding index is less than the core index 

the angle which the refracted ray makes with the boundary is less than the angle 

of the incident ray. When the angle of incidence reaches the critical angle the 

refracted ray is directed along the core-cladding boundary. Refraction cannot 

occur for rays incident at angles below the critical angle, and these light rays 

remain with the fiber’s core. Figure 2 shows a light ray reflected down a step 

index fiber. Although ray theory is a useful tool it is only valid if the core radius 

is large compared to the wavelength of light. This is not the case with optical 

fibers. To obtain an accurate description of the light in an optical fiber requires 

the concept of optical modes. The definition and form of these modes is the topic 

Section 2.2. 
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Optical fibers are classified into two categories; multimode fibers, and single 

mode fibers, depending on their commercial use. The distinction between the two 

is determined by the number of modes, the fiber will support. Single mode fibers 

will only support one mode, while multimode fibers typically support hundreds of 

modes. The number of modes an optical fiber will support is determined by the 

fiber parameters and the wavelength of the source. Therefore, when a fiber is 

referred to as single mode it implies operation at a certain source wavelength. 

The reference 633 nm single mode fiber, describes a fiber which supports only one 

mode at a wavelength of 633 nm. At a shorter wavelength the fiber may support 

two, three, or more modes. Although this operation is technically multimode, it is 

referred to as a few mode fiber. The main physical difference between single 

mode fibers and multimode fibers, is in the core size. Multimode fibers usually 

have a core radius of about 25 ym, while single mode fibers have a core radius of 

about 4ym. Both types of fibers are drawn with claddings which extend to 

62.54um. This cladding is sufficiently thick that the cladding-jacket interface can 

be ignored in the waveguide analysis. 

Light in an optical fiber is not uniformly distributed in the cross section of 

the core. In single mode fibers the intensity is brightest in the center of the core, 

and dimmest near the cladding interface. In few mode fibers a predictable 

intensity pattern is formed by interference between the modes. This interference 

creates an intensity pattern that varies both in cross section, and along the length 

of the fiber. It is the length variation which is utilized in modal domain sensing. 

The modal domain sensor described here has only two modes propagating in the 

fiber. A two mode fiber is obtained by operating a single mode fiber at a 

wavelength below its specified frequency range. 
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2.2 OPTICAL MODES 

Light is described by the propagation of harmonically varying electric and 

magnetic fields. In general these fields can be written, 

S(7,t) = ned £.(2) if # jot), (2.2.1) 

“(?,t) = nd f,(7)e4 # jut, (2.2.2) 

where 

& = real electric field vector, 

% = real magnetic field vector, 

f. = spatial dependence of electric field, 

f, = spatial dependence of magnetic field, 

B = propagation vector, 

f = three dimensional spatial vector, 

w = frequency of the optical source, 

ae = unit vector in direction of electric field, and 

a), = unit vector in direction of magnetic field. 

The analysis in this section develops a description for the electromagnetic 

fields inside an optical fiber. The source is assumed to produce monochromatic 

polarized light. Polarized light has the property that the electric field does not 

rotate in space, i.e. ae is a constant. The spatial dependance of the fields will be 

described using the cylindrical coordinate system shown in Figure 3. The vector 

properties of the field, however, will be described using cartesian unit vectors. 

The z axis of both the cartesian and cylindrical coordinate systems are aligned 
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with the axis of the fiber. Complex phasor representations will be used to 

describe the electric and magnetic fields. The real fields can be obtained from the 

complex field descriptions via, 

&(r,¢,z,t) = ze E(r,¢,z)e wt), (2.2.3) 

%6(2,4,2,t) = Rel H(r,¢,z)e)*], (2.2.4) 

where 

E = complex electric field vector, and 

H = complex magnetic field vector. 

The complex field vectors can be written in terms of scalar field components and 

cartesian unit vectors, 

E(r,¢,z) = Ex(r,¢,z)X + Ey(r,¢,z)¥ + Ez(r,¢,2)z, (2.2.5) 

H(r,4,z) = Hx(r,¢,2)% + Hy(r,¢,2)¥% + Ez(r,¢,z)2. (2.2.6) 

A full description of the electromagnetic waves in an optical fiber is given by 

solving Maxwell’s equations under the appropriate boundary conditions. In the 

case of optical fibers the constraints imposed by Maxwell’s equations can be 

expressed in the form of two vector wave equations, 

VE + u'veE = 0, (2.2.7) 

V7H + wyeH = 0, (2.2.8) 

where 

Vv? = Laplacian operator, 

= electric permittivity, and 

yp = magnetic permeability. 
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Since the magnetic and electric field vectors are governed by equations of the 

same form, only the electric field vector will be developed explicitly. We are 

looking for solutions to (2.2.7) which remain guided in the core region. Therefore, 

we assume the propagation vector to be in the z direction. The form which these 

guided solutions take is in general quite cumbersome, and a full derivation can be 

found in [16]. However, the solutions can be simplified by making the assumption 

that the core and cladding indices are nearly equal. Such fibers are termed 

weakly guiding fibers, and are of the type used for modal domain sensing. This 

assumption has been shown to remove Ez, the transverse field component [17]. 

The fields are then confined to the x-y plane, and solutions to the wave equation 

are linearly polarized. 

The direction of the electric field in the x-y plane is determined by the 

polarization of the source. We can assume, without loss of generality, that the 

fields are polarized directly along the x axis. This removes the term Ey, and 

reduces (2.2.7) to a scalar wave equation. The form of the electric field vector for 

a weakly guided solution of the wave equations is, 

AJ Ue eae. az for r<a 

E = ips ; (2.2.9) 

BK (Ws) rs) JPZ for r>a 
sin(vd) 

where 
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ko = wolfe , 

Jy = Bessel function of the first kind, order v, 

Ky = modified Bessel function of the first kind, order »v, 

8 = propagation constant, and 

a = radius of the core. 

The field solution must be periodic in ¢, with a maximum period of 2x. This 

restricts v to the set of integers. The | Sees term in (2.2.9) expresses a 

degeneracy in the form of the solution. The final solution may have an azimuthal 

dependence on either sine or cosine, or a linear combination of both. The solution 

which has a cosine dependence is referred to as the even solution, and the solution 

which has a sine dependence is referred to as the odd solution. 

The existence of these solutions is determined by the application of boundary 

conditions. The boundary conditions in a fiber require that the tangential 

components of the electric field vector and the magnetic field vector are 

continuous at the core-cladding interface. Application of these conditions forms 

the following eigenvalue problem, 

3,(Ua) Ky (Wa) 
Ud,_,(Ua) ~ WK, (Wa) 
  = 0. (2.2.10) 

This is the waveguide characteristic equation. Solutions to this equation define 

the linearly polarized modes. For each integer v, there are an infinite number of 

solutions to (2.2.10). These solutions are typically labeled LP, , where m refers 

to the mth solution of (2.2.10). The double subscript, (vm), will be used to 

designate propagation constants, electric field vectors, and other parameters 

corresponding to a particular LP mode. The modes which can actually be excited 
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in a fiber are determined by the source frequency, and launch conditions. At a 

single source frequency only a finite number of modes can exist within the fiber. 

It is possible, with a monochromatic source of the appropriate frequency, to have 

only two modes supported by the fiber. This is the type of source-waveguide 

system which is used for modal domain sensing. 

Dispersion curves generalize the solutions of the characteristic equation to the 

entire class of step index, circular core fibers. This is accomplished by 

parameterizing the solutions by the normalized frequency, and the normalized 

propagation constant. The normalized frequency is defined, 

V=kealn?— n?, (2.2.11) 

and the normalized propagation constant is defined, 

_ (Bym/ke) — D3 
bum = . 

ni— 23 
(2.2.12) 

The dispersion curves are shown in Figure 4. Each curve is labeled with its 

linearly polarized mode index (vm). It is apparent from these curves that if the 

normalized frequency is between 2.41 and 3.83 only the LP,, and LP,, modes are 

supported by the waveguide. This range of normalized frequency can be obtained 

by choosing the appropriate radius, indices of refraction, and source wavelength. 

The interference pattern in a two mode fiber has a relatively simple description, 

which is developed in the next section. 
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2.3 INTERFERENCE PATTERNS 

The distribution of power in the cross-section of a fiber is given by the 

Poynting vector. This vector is defined, 

S,= sel E x H*).2. (2.3.1) 

Under the assumption of linearly polarized modes E and H remain orthogonal to 

each other, as well as to the z axis. Since the fiber has a homogeneous 

characteristic impedance, the magnetic field vector is proportional to the electric 

field vector. Therefore, the distribution of power is proportional to the magnitude 

squared of the electric field vector. In a dual mode fiber this intensity is given by, 

I,(r,¢,z) = [Eo (r,¢,2) + E,,(t,¢,2)|. (2.3.2) 

Most of the power in an optical fiber is confined to the core region. 

Therefore, this analysis will only develop the intensity distribution in the fiber’s 

core. From (2.2.9) we have the electric field vector for the LP, mode is 

Eoi(t,¢,2) = AorJo(Usit)e oo x, (2.3.3) 

and the electric field vector for the LP,, mode is 

. Ei,(1,¢,z) = {A§,cos(¢) + AQsin(¢)} J,(Uyr)ed4? x, (2.3.4) 

where AS, and AQ are the amplitude constants for even and odd components, 

respectively. Launch conditions describe the distribution and polarization of light 

at the input end of the fiber. It is possible to adjust the launch conditions such 
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that only one degenerate component of the LP,, mode is excited [18]. Assume 

that the launch conditions are such that A ,=A%=1, and AQ=0. This 

corresponds to the LP,, and LP,,; even modes being excited in phase with equal 

amplitude, while the LP,, odd mode is not excited. The intensity distribution 

defined by (2.3.2) becomes, 

I,(r,¢,z)=Jo(Uosr) + J}(Uir)cos?(¢) + 2Jo(Uair)J:(Uir)cos(¢)cos(Agz), (2.3.5) 

where AS = 8 o)-81;. This intensity pattern is shown in Figure 5, as a function of 

r and ¢, for a fixed value of z. The important property of (2.3.5) is that the 

intensity pattern in the cross section of the fiber varies as cos(Afz). The term 

Az represents the phase difference between the modes. Since this phase 

difference varies with z, the intensity will undergo constructive and destructive 

interference along the fiber. 

2.4 STRAIN RESPONSE 

This section derives a model for the modal domain sensor by determining the 

effect of strain on the intensity pattern. The intensity pattern is assumed to be 

monitored at the end face of the fiber, denoted z,. The strain is assumed to be 

applied exclusively along the axis of the fiber. Axial strain causes three major 

effects. The first two are concerned with the dimensions of the fiber. Under 

strain the fiber’s length and radius will change. The third factor is a change in 

the index of refraction of the core and cladding. 

The length of a fiber under strain is given by, 

Modal Domain Sensors 2.0 18



a
 

vo 
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Zo 

2) = Zo + | (2)az, (2.4.1) 
0 

where 

Zo = unstrained fiber length, and 

e(z) = axial strain distribution. 

The change in radius is due to the Poisson effect. The fiber’s radius becomes a 

function of the axial strain distribution, 

a(z) =a—vae(z), (2.4.2) 

where v is Poisson’s ratio. The relationship between index of refraction and strain 

is given by the photoelastic effect [19], 

n,(z) =n; — $n}[(1-v)p,.— up, Je(z), i=1,2 (2.4.3) 

where p,,and p,, are photoelastic constants. The photoelastic constants are 

standard material properties, and the subscript notation is not related to the 

linearly polarized mode indices. 

The intensity pattern defined by (2.3.5) can be written, 

I,(t,¢,2) = I,(r,¢) + 1,(1,¢)cos(P), (2.4.4) 

where the term [ expresses the phase difference between the modes. Under zero 

strain this term was simply Az, however, in general we must define the phase 

difference as, 
Z 

r = [aa(z)dz. (2.4.5) 
0. 
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The effect refractive index and radius variations have on the intensity pattern is 

in general very complex. Standard treatment assumes I, and I, remain constant 

under strain, and considers only the change in the intermodal phase difference 

[13]. The change in radius and refractive indices will redefine the characteristic 

equation, and causes changes in AZ. This relationship can be written in terms of 

a Taylor series expansion. Ignoring higher order terms we have, 

ABp(z) = ABo+ae(z), (2.4.6) 

where A@, is the propagation difference at zero strain. Substituting into (2.4.5) 

yields, 
Z 

r= |[as-+ac(2)] dz. (2.4.7) 
0 

The phase difference at the end face of the fiber is, 

Zo Zy 

ry = | [as-rac(2)] dz + | Apodz. (2.4.8) 

0 Ze 

This can be expressed, 
Zo 

ry = ABoZo + a3| e(z)dz, (2.4.9) 

0 

where Af = (l+a)A@o. The intensity pattern as a function of strain can now be 

written, 

I ,(e;r,¢,2) = I,(r,¢) + Ta(r,6)cos| 4.6.2.+A3 [e(z)dz (2.4.10) 

Strain is measured by monitoring this pattern at the end face of the fiber. 

Since there is no loss mechanism associated with modal interference the total 

power in the fiber’s cross section must stay constant. Therefore, if the power in 
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the entire pattern is monitored no net change will be seen. Strain simply causes 

the power to be redistributed in the core. To obtain an amplitude modulated 

signal part of the core must be blocked by a spatial filter. Assume that exactly 

half of the core is blocked, and light from half the core strikes a photodetector. 

The signal from the photodetector is given by, 
a
 

a 

Ying =| [lu(e.d) +1n(t,6)c09] 4026-443 { e(a)dz bods, (2.4.11) 
0 4 x 

Since I, and I, depend only on r and ¢, the integration causes these terms to be 

reduced to constants. The output of the sensor is then simply a raised sinusoid, 

Yma = Inc + Tocos| 4424-443 [e(z)dz (2.4.12) 

Figure 6 shows a graph of Ymd' To achieve maximum sensitivity, as well as 

maximum linear operating range, the term Az, should be a multiple of 37. This 

corresponds to the two modes being 270° out of phase at the fiber’s end face. This 

condition is referred to as the quadrature point, or Q-point. To achieve the Q- 

point the fiber must have a specific gage length. In practice this gage length is 

obtained by statically prestraining the fiber. It is also desirable to have the 

sensor’s signal be zero at quadrature. Detection electronics are utilized to remove 

the signal’s DC offset. The detected signal is then, 

Zo 

Ymd= lesin afte dz } (2.4.13) 
0 

The signal will oscillate through an entire cycle with a fiber elongation of rH 
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Figure 6. Modal domain sensor’s dependence on strain 
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These cycles are known as fringes, since they are analogous to the spatial fringe 

patterns seen with traditional interferometers. We will refer to AZ as the fringe 

frequency, and 4 as the fringe length of the sensor. For strain distributions 

which are small compared to the fringe length the sine term in (2.4.13) can be 

linearly approximated, and the sensor will produce a signal proportional to 

integral strain, 

Zo 

Fond = TAB [¢(2,) dz. (2.4.14) 
0 

This equation forms the linear model which describes the modal domain sensor’s 

response to applied strain. The signal is directly proportional to the fiber’s change 

in length. Therefore, it can be calibrated to units of distance. The remainder of 

this thesis discusses the use of this measurement in a classical control system. 

2.5 ELLIPTICAL CORE FIBERS 

In the analysis above it was assumed that the LP,, even mode was excited 

while the LP,, odd mode was not. Although it is possible to adjust launch 

conditions such that this is the case, maintaining these conditions is difficult in 

practice. Furthermore, it is difficult to keep power from coupling between the 

modes when the fiber is strained. Power which is coupled into the LP,, odd 

mode will cause the intensity distribution in the core to change. Since the 

mechanics of this coupling are difficult to define, the resulting signal does not vary 

predictably under strain. Circular core modal domain sensors, therefore, are not 

robust and are difficult to work with in practice. 
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It has been shown, experimentally, that elliptical core fibers do not exhibit 

spatially degenerate patterns in the second mode [14,15]. The elliptical core mode 

which corresponds to LP,, odd has a higher cutoff frequency than does the mode 

corresponding to LP,, even. This means that there exists a significant frequency 

range for which the LP,,; even mode remains guided while the LP,, odd mode does 

not. Operating the modal domain sensor in this region prevents modal coupling, 

and eliminates the need for specific launch conditions. 

Elliptical core fibers also do not exhibit a polarization degeneracy. The 

propagation constant of a mode depends upon the direction of polarization. Such 

fibers are referred to as being birefringent. The propagation of a mode in an 

elliptical core fiber must be decomposed into fields along the minor and major 

axis of the ellipse. The model for the elliptical core sensor will depend upon the 

polarization of the source, and orientation of the ellipse. To remain consistent 

with the circular core model light must be launched polarized directly along the 

major or minor axis of the elliptical core fiber. 

Although the analysis given in this chapter does not apply directly to 

elliptical core fibers, the concept of dual mode interference remains the same. 

Elliptical core modes are assumed to be a perturbation of their circular core 

counterparts. The significant differences are not in the analytic form, but rather 

in the conditions required to excite the modes. The complete description for the 

modes of an elliptical core fiber is an area of current research. Approximate 

solutions have been found, and are reported in (20,21,22]. Due to the practical 

advantages, elliptical core fibers were utilized for the modal domain sensing 

experiments described in this thesis. The source polarization was adjusted so as 
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to minimize the effects of birefringence. Within a linear range of operation the 

circular core model proved to be an adequate description of the sensor’s behavior. 
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3.0 SYSTEM MODEL 

This chapter describes the construction of a linear state space model for a 

cantilevered flexible beam. A patch of piezoelectric material is mounted near the 

root of the beam, and is used as an actuator. A modal domain sensor is bonded 

along the beam’s length, and is used as a sensor. The system discussed is shown 

in Figure 7. Section 3.1 develops the system dynamics under the assumptions of a 

Bernoulli-Euler beam model. Separation of variables is applied to form a solution, 

and the orthogonality of mode shapes is used to establish independent dynamics 

for each mode. The modal domain sensor is incorporated into the system model 

in Section 3.2. In Section 3.3 the use of piezoelectric actuators is described. The 

actuators are assumed to impart negligible mass loading, and drive the system 

through the application of shear forces. 

3.1 BEAM DYNAMICS 

If a beam’s length is large compared to its height, and its height is large 

compared to its width, vibrations will occur primarily in one dimension. If these 

vibrations are small, the beam’s mid-surface will experience no strain, and a 
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Bernoulli-Euler description can be applied (23]. The two dimensional coordinate 

system used in this chapter is shown in Figure 8. The Bernoulli-Euler differential 

equation which describes the free vibration of a beam is 

22 Butm(z) Zy(zt)| + 9,(2)2yy(2,t)=Q(t), (3.1.1) 

where 

y(t,z) = displacement function, 

Q(t) = modal forcing function, 

Im(z)= moment of inertia about the beam’s bending axis, 

p,(z) = linear density of the beam, and 

E, = Young’s modulus of the beam’s material. 

Although the inertia and density may vary with length, the development here 

assumes a uniform beam. A more general treatment of the Bernoulli-Euler 

equation can be found in (24]. The boundary conditions for this equation are 

derived from physical observations. The beam’s displacement must be zero at the 

clamped end. The beam’s displacement must remain zero through the clamp. 

Therefore, the slope of the displacement must also be zero at the clamped end. 

Since the beam’s free end can experience no reaction forces, the stress and shear 

at this point must be zero. Stress and shear are proportional to the second and 

third derivatives of displacement, respectively. These conditions are summarized, 

= 9 = y(1t)=Dy(Lt)= y(0,t)=s7y(0,t)=—ay(bt) =a y(Ut)=0, (3.1.2) 

where / is the beam’s length. 
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Equation (3.1.1) is a partial differential equation. A solution to this equation 

can be found by separation of variables. The displacement function, y(z,t), is 

decomposed into an infinite sum of the product of time dependent functions and 

spatially dependent functions, 

y(2st) = So ¥9(2) n4(t) (3.1.3) 

The functions »,(z) are called mode shapes and can be solved for in closed form. 

The functions ,(t) are called modal amplitudes and depend on the initial 

conditions. Setting (3.1.1) equal to zero, substituting (3.1.3), and rearranging 

terms yields, 

d*y,(z) _ —P, 877 (t) 
TO = Ey,"a(t) ie (3.1.4) 

The left hand side of (3.1.4) depends only on space, and the right hand side 

depends only on time. For this equation to be valid for all combinations of space 

and time it must be equal to a constant. Let this constant be denoted A%. 

Setting the left hand side of (3.1.4) equal to Af we have 

d*y,,(2) a +Aiy,(z) = 0. (3.1.5) 

Since this is a fourth order ordinary differential equation, the boundary conditions 

given in (3.1.2) are sufficient for determining solutions. Under these conditions 

the mode shapes, »,, are given by [25] 

¥a(2)=sh{ cosh( Anz) — cos(Anz) — «n(sinh(A,z)-sin(Anz)] |, (3.1.6) 

where 
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__cos(Anl) + cosh(A,/) 
  "n= in(Aal) + sinb(Aql)’ (3.1.7) 

and the characteristic values, An, satisfy 

1 + cos(A,J)cosh(A,/) =0. (3.1.8) 

These mode shapes form a basis for the function space in which the beam’s 

vibrations are restricted. Therefore, any beam shape can be described by a 

weighted sum of mode shapes. The mode shapes are orthogonal to one another, 

and normalized such that their inner product is unity, i.e. 

[¥@¥j2)de=64,, (3.1.9) 
0 

where 6,; is the Kronecker delta function, defined 

1 when i=j 
.. . 1.1 

Ss | Q otherwise | (3.1.10) 

This property of orthogonality is useful in obtaining independent differential 

equations for each mode. Substituting the separation of variables description for 

y(z,t) into (3.1.1), multiplying by ¥,(z), and integrating over the beam’s length 

results in an ordinary differential equation which depends only on mode n. In 

order to define a finite dimensional model only a finite set of modal equations can 

be considered. This analysis considers all modes below order N. By defining a 

vector of modal amplitudes 

n(t)= [n,(t) n,(t) a(t)... ay]? (3.1.11) 
the resulting ordinary differential equations can be expressed in matrix form as 

Mi(t) + Kn(t) = 0, (3.1.12) 

where 
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M"= p, 6; 5, 

K" = EjImlA%5,;, and 

i(t) = second derivative of n/t). 

The superscripts denote the matrix entry in row i, column j. Equation (3.1.12) 

describes the time dependence of the first N vibrational modes. This description 

assumes no natural damping. The actual system will have a small amount of 

damping, and experimental tests must be performed to determine the amount 

present. The effect of damping can be included in the model by adding a term to 

(3.1.12) which is proportional to 4, the modal velocities. The dynamic equation 

becomes, 

My(t) + Da(t) + Kn(t) = 0. (3.1.13) 

Since damping in the modes is uncoupled, D is a diagonal matrix. It is traditional 

to define a damping factor, ¢,, which is restricted to values between zero and one. 

When ¢,=0, n,(t) is a pure sinusoid and when ¢,=1, n,(t) is a pure exponential. 

For values of ¢; between zero and one, 7,(t) is a decaying sinusoid. The matrix D 

can then be defined as, 

Dé=2¢, {K* M*, (3.1.14) 

Equation (3.1.13) defines a finite dimension model for the unforced vibrations of a 

clamped-free beam. 
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3.2 SENSOR MODEL 

The modal domain sensor has a bandwidth far above the structural vibrations 

of interest. Therefore, the system model does not need to consider dynamics 

introduced by the sensor. Loading effects can also be neglected since the fiber is 

small and light compared to the structure. In Chapter 2 it was shown that the 

modal domain sensor produces a signal proportional to the sine of integral strain. 

Within a limited operating range the effect of the sine term can be linearly 

approximated. From (2.4.14) we have, 

f* 
Fng(t) = Las | e(z,t) dz. (3.2.1) 

f 
where, 

f; £ = upper and lower end points of the fiber sensor, 

I, = maximum intensity of the nonlinear fiber signal, and 

e(z,t) = axial strain distribution along the fiber. 

Under ideal bonding conditions and negligible fiber diameter, the strain in 

the fiber is equal to the strain at the surface of the beam. This surface strain is 

proportional to the beam’s curvature, and is given by 

e(z,t) = ty Pyles) (3.2.2) 

Using the modal decomposition for y(z,t), and substituting (3.2.2) into (3.2.1) 

yields, 

wi’ N = N Fnq(t) = 1,t,A8 } 5 vl"(2) ng - da = EY [vv (f)]n,(t)- (3.2.3) 
nal 
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Since the time dependence of Y__ 4(t) is determined by n,(t) we can write, 

¥ma(t) = yo cang(t) (3.2.4) 

where 

cy = RtABTy! (ft) vl (f)) (3.2.5) 

3.3 ACTUATOR MODEL 

Piezoelectric ceramics are crystal structures which produce a voltage when 

strained, or conversely produce a strain when voltage is applied. During 

manufacture the dipole elements within the ceramic are aligned by the application 

of a high voltage. This process is referred to as poling, and the axis along which 

this voltage is applied is called the poling axis. When small voltages are applied 

along the poling axis the piezoelectric will contract or expand, depending upon the 

voltage’s polarity. Typically, piezoelectric actuators are plates which are polled 

along their thin axis. 

In order to use a piezoelectric as an actuator the material was bonded to the 

surface of the beam. The geometry considered here is called a bending motor. A 
  

patch of piezoelectric material was bonded to either side of the beam, near the 

clamped end. By reversing the positive poling axis of each piezoelectric an 

applied voltage will cause one patch to expand, and the other to contract. When 

a voltage is applied to the surface of each patch, shear forces are transferred to the 

beam. Under ideal bonding conditions these distributed forces reduce to point 

moments at the boundaries of the piezoelectric patch. Figure 9 shows the effect of 

applying voltage to a piezoelectric bending motor. 
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In general, the system model must contain information about actuator 

dynamics. In the case of piezoelectrics, however, the frequency response is flat 

below the material’s natural resonance. Ceramic piezoelectrics have a very high 

resonant frequency, compared with the frequencies of the beam’s structural 

vibrations. Therefore, the actuator’s dynamic response can be ignored in the 

system model. Furthermore, since the patch is light compared with the mass of 

the beam, loading effects can be neglected. The system model need only consider 

the added stiffness, and the effect of applied forces from the piezoelectric patch. 

The added stiffness is modelled by adjusting the stiffness matrix, K, derived in 

Section 3.1. Forces applied from the piezoelectric are modelled as an input to 

(3.1.13). 

Bonding piezoelectric patches to the beam changes the beam’s stiffness in the 

area of the patch. This additional passive stiffness can be modeled by considering 

the addition of strain boundary conditions at the edge of the piezoelectric patch. 

For a perfectly bounded actuator the additional stiffness is given by [26], 

  

oe 3 Ke = Sots Cuit(pr ull) - (vile (8-3-1) 
aP| 6+ Eatebs 

| re 

where 

p? p~ = upper and lower end points of the piezoelectric, 

E,, Ep = Young’s modulus for the beam and piezoelectric, 

t,, tp = thickness of the beam and piezoelectric, 

h,, hp = height of the beam and piezoelectric, and 

v; »"' = first and second derivatives of ¥(z). 

The influence that the piezoelectric patch has on each mode of the beam is 
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determined by the modal force vector, Q. The dynamics of a forced beam are 

described by setting (3.1.13) equal to Q(t). When the external forces are 

moments the elements of the modal force vector are given by, 

l 

Qi(t)=[Mo(z,t)vi"(z) dz, (3.3.2) 
0 

where M.(z,t) is a moment distribution. 

The piezoelectric patch applies a uniform shear force along its length. When 

two patches are used in a bending configuration the resulting moment is given by 

the shear force created times the beam’s thickness. The force generated by a 

bonded piezoelectric depends upon the substructure material, as well as the 

piezoelectric material. A full analysis is presented in [27]. The moment 

distribution considered here is given by, 

_ E, ti hp ds, - M.(z,t) = Eitbs , 6 tp v(t) ’ for p°-<Z< pt (3.3.3) 

ptp P 

where, 

ds, = piezoelectric charge constant, and 

v(t) = voltage applied to each piezoelectric. 

This moment yields a modal force, 

Q(t) = pee — Salve) - very] vt) = at). (8.3.4 
Eptphp 
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The time dependance of the modal force is given by the applied voltage, v(t). 

The matrix equations for the beam-actuator system can now been written, 

Mi(t) + Da(t) + (K+Kp)n(t) = Qvit), (3.3.5) 

where Q=la, Qs ayl?. 

Equation (3.2.4), and (3.3.3) form a complete model for the instrumented 

beam. This model, consists of a set of independent second order differential 

equations. By defining a state vector, x=| 7], the N second order equations can 

be written as 2N first order differential equations. The state equations are, 

0 I 0 
k= x + v(t) = Ax + Bv. (3.3.6) 

—M-'(K+K,) —M7'D MQ 

Yad t) = [crc2-.- cy 0 0... O]x = Cx, (3.3.7) 

These equations form the complete linear model for the instrumented flexible 

beam. 
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4.0 SYSTEM DESIGN 

This chapter describes the construction of the flexible beam experiment, and 

the development of a dynamic compensator. The first section discusses some of 

the sizing constraints and gives the dimensions of the beam, actuator, and sensor. 

Section 4.2 details the optical hardware which was utilized in constructing the 

modal domain sensor. The analog circuitry associated with the sensor is described 

in Section 4.3. Section 4.4 is concerned with the use of piezoelectric ceramics as 

actuators. The placement and bonding of the piezoelectric bending motor is 

discussed. Section 4.5 describes the construction of a compensator for the 

experiment. Phase compensation is used to design a fourth order, output feedback 

control law. The differences between the actual system and linear system model 

are addressed in Section 4.6. The linear continuous model is shown to be suitable 

for design purposes. 

4.1 PHYSICAL PARAMETERS 

Many sizing considerations must be made in the design of the experiment 

described in Chapter 1. The beam’s parameters must be chosen such that none of 
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the modeling assumptions are violated. The beam must exhibit vibrations in only 

one dimension. These vibrations must also remain small, in order for the 

sinusoidal nonlinearity in the sensor’s signal to be neglected. The beam’s 

vibrations should be low frequency, and have very little natural damping. These 

properties are typical of the dynamics of large flexible structures. Low frequency 

vibrations also allow for sampling rates which can be achieved with a general 

purpose digital computer. The actual size and stiffness of the beam must be 

designed such that commercially available piezoelectrics can influence the 

vibrations. 

Trade-offs between the sizing considerations are complex, and impossible to 

evaluate quantitatively. A suitable design was arrived at through iteration. The 

final system parameters are listed in Table 1. A program was written to generate 

the state space system model from a set of parameters. The program listing is 

given in Appendix A. This model was then tested by simulating step responses, 

and the response to excitation at modal frequencies. The tip displacement, fiber 

signal, and piezoelectric voltage were studied for each of these tests. Once a 

design was found which meet the sizing requirements, the experiment was 

constructed. 

4.2 SENSOR HARDWARE 

In order to eliminate the second mode’s spatial degeneracy, elliptical core 

fiber was used for the dual mode fiber sensor. The fiber chosen for this 

experiment has the specifications listed in Table 2. These fibers exhibit a stable 

two lobe pattern when operated at a wavelength of 633 nm. Qualitatively, the 
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TABLE 1. SYSTEM PARAMETERS 

  

  

  

Beam material Steel 

Young’s modulus, E, 200 GPa 

Density, p 7860 Kg/m?* 

Length, / 0.614 m 

Height, h, 0.05 m 

Thickness, t, 0.74 mm 

Piezo height, hp 0.0317 m 

Fiber end points: 

f 0.0 m 

f" 0.566 m 
Piezo end points: 

p- 0.012 m — 

p* 0.05 m       
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TABLE 2. FIBER SPECIFICATIONS 

  

Manufacture 

Product type 

Andrew Corporation 

E- Series, 48280-1-P 

  

Operating wavelength, A 850 nm 

    
Core size lym x 2um ellipse 

Cladding size 40 ym radius 

Coating size 60 um radius 

Core index, n, 1.458 

Cladding index, n, 1.453 

Fiber adhesive M-Bond 200     Measurements Group, Ind 
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dual mode elliptical core fiber behaves like a circular core fiber with only the LP; 

and LP,, even modes propagating, as described in Chapter 2. 

The modal domain sensor is used to detect strain along the beam’s length. 

Additional fiber was required to guide the light from the laser to the beam, and 

from the beam to the photodetector. Small disturbances to these sections of fiber 

would cause variations in the sensor’s signal that were not related to the beam’s 

vibrations. To eliminate this problem nonsensing fibers were fused to either end 

of a sensing fiber. The fusion splicing created a modal domain sensor which was 

only sensitive to strain in a central region [28]. Figure 10 shows the complete, 

three section modal domain sensor. The sensing section of this fiber was bonded 

to the beam from the clamp to the beam’s free end, using a high stiffness epoxy. 

The nonsensing leads were single mode optical fibers. When a fiber supports 

only one mode, no interference effects occur. Therefore, the output intensity of a 

single mode fiber remains constant under applied strain. To maintain steady 

launch conditions in the dual mode fiber, the polarization of light must remain 

stable in the single mode lead-in fiber. Typically strain will cause the polarization 

in single mode fibers to shift. To keep the polarization shift from affecting the 

sensor’s output, a polarization preserving fiber must be used as the lead-in section. 

Single mode elliptical core fiber was used. Jt is polarization preserving, and 

creates an efficient splice when fused to the elliptical core dual mode fiber. 

Single mode 633 nm circular core fiber was used for the insensitive lead-out 

section. To obtain an amplitude modulated signal, from the phase modulated 

signal in the dual mode fiber, required a spatial filter. The filter must block light 
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from half the core, while passing the rest of the intensity pattern to a 

photodetector. This filtering operation was accomplished in line with an offset 

fusion splice. The circular core fiber was misaligned with the elliptical core dual 

mode fiber, when the fibers were fused together. The fusion was performed while 

the dual mode fiber was actively sensing strain. The degree of misalignment was 

adjusted until an optimal modulation depth was found. This fiber formed a 

insensitive lead-out section, and completed the construction of the modal domain 

sensor. 

The signal from the modal domain sensor is a nonlinear function of strain. It 

is desirable to operate the sensor around the quadrature point where the signal is 

most nearly linear. To place the fiber at quadrature, at zero structural strain, 

requires the application of a static prestrain. In the experiment the beam and 

sensor were extended through the back of the clamp. A static stain was applied 

to the fiber by displacing the tip of the beam’s extended section. This 

arrangement is shown in Figure 11. 

4.3 SIGNAL PROCESSING 

The sensor’s signal required some electronic processing before it could be 

sampled by the digital controller. A photodetector circuit was used to convert the 

optical signal into an analog voltage. This voltage contained a DC bias when the 

fiber was set at quadrature. To remove the bias a high pass analog filter was 

constructed which had a cutoff frequency well below the first mode of the beam. 

Shot noise and thermal noise in the photodetector circuit added wideband noise to 
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the fiber’s signal. To avoid aliasing problems with the digital compensator, a low 

pass filter was also required. Both filters were implemented as a bandpass circuit, 

utilizing a single operational amplifier. The circuit diagram is given in Figure 12. 

From an input-output perspective, the dynamics of the signal conditioning 

circuitry appear as dynamics of the system. In order to accurately simulate the 

response of the system the dynamics introduced by the filtering circuitry must be 

considered. The state space equations which describe the filter operation are, 

* -100 -454. 1 ~~ x =| i O° +b [Sine (4.3.1) 

Fna(t) =[1000 0 jx, 

where Fn d is the filtered fiber signal. These equations were appended to the 

original modeling equations, and included in the simulation. 

The digital controller only provided control signals at discrete points in time. 

In between samples the analog to digital converter held the control voltage 

constant. Due to the high bandwidth of the piezoelectric actuator, discontinuities 

in the control signal excited high order modes in the beam. A low pass filter was 

used to smooth the output from the A/D converter and amplify the signal. The 

cutoff frequency of the smoothing filter was approximately seven times the 

Nyquist frequency of the digital controller. Its effect on the system dynamics was 

negligible, so it was not considered in the simulation. 
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4.4 ACTUATOR HARDWARE 

A piezoelectric bending motor was used to excite and control the beam’s low 

frequency modes. The specifications for this material are listed in Table 3. A 

patch of piezoelectric ceramic was bonded to either side of the beam. A thin 

copper film was soldered to the backside of each piezoelectric. These contacts 

were connected to ground. The outer surfaces of the piezoelectrics were 

electrically connected, and wired to the driving signal. 

Piezoelectric actuators rely on the transfer of strain from the piezoelectric 

patch to the beam. The effect of strain transfer on the beam is determined by the 

integral of the strain in the beam’s mode shapes. In areas where a mode shape 

has a high average strain, the piezoelectric patch will be effective in exciting that 

mode. If the piezoelectric patch is located evenly about a strain node for a 

particular mode, it will not be able to excite that mode. In this experiment only 

the low order modes of a cantilevered beam were to be controlled. Since only one 

actuator was being used it was placed as close to the root as possible. This 

placement was optimum for the first mode, and avoided strain nodes of the low 

order modes. 

Thick or pliable bonding layers introduce a lag in the transfer of strain from 

the piezoelectrics. To approximate a perfect bond the piezoelectrics were bonded 

with a thin stiff epoxy. © The epoxy was mixed, and then placed in a vacuum 

chamber for approximately five minutes. The low pressure caused the epoxy to 

boil off air bubbles which were introduced in the mixing. The epoxy was then 

spread in an even layer on the piezoelectric. Weights were used to maintain a 

constant pressure on the piezoelectric while the epoxy cured. 
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TABLE 3. PIEZOELECTRIC SPECIFICATIONS 

  

Manufacturer 

Product type 

Piezo Systems 

G-1195 
  

      
Material Lead Zirconate Titanate 

Charge constant, ds, 0.166 pm/Kilovolt 

Young’s modulus, E, 630 GPa 

Thickness, tp 190 pm 

Height, hp 0.0381 m 

Piezoelectric Adhesive BA-F253 

Tra-Con Inc,     
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4.55 COMPENSATOR DESIGN 

With the parameters listed in Table 1, and the modeling equations described 

in Chapter 3, a numerical state space system model was developed. A control law 

can be designed, based on this model, which utilizes compensated sensor feedback 

to suppress vibrations in the beam. The goal of this research, was to demonstrate 

the use of a fiber sensor in a closed loop control system, and accurately verify the 

modeling procedure. Since optimizing the system’s closed loop performance was 

not of interest a simple design procedure was chosen. 

The beam has only one actuator, the piezoelectric patch, and one sensor, the 

optical fiber. Such single input, single output systems can be represented by a 

transfer function in the Laplace domain. The conversion from a state space 

representation to a transfer function is given by 

G(s)=C(sI-A)~'B, (4.5.1) 

where I is the identity matrix. The control system was to add damping to the 

structure. For this experiment only the first four modes were considered 

significant. Therefore, the design model only contained four modes. The effect of 

the analog filters, and sensor nonlinearity were not included in the design model. 

These effects are addressed in Section 4.5. The transfer function for the design 

model is 

(s)= 9.28x10"9(s-+ 14.9)(s—14.9)((s+128)? +997)((s—128)?+997) 

~ ((s+.03)?+10.57)((s+.11)?+65.27)((s+.29)?+1817)((s+.
46)° +3547)   (4.5.2) 

The poles of this system have very small negative real parts, which 
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corresponds to a system with little damping. Under simple gain feedback the 

poles have a departure angle, in the imaginary plane, of +90°. This departure 

angle means gain feedback causes a shift in the frequency of the poles, but add no 

damping to the system. To achieve maximum damping at low gains, the poles 

should have a departure angle of 180°. The response at low gains is important 

because the piezoelectric actuators have relatively low authority. A procedure 

called phase compensation was used to design the control law [29]. The departure 

angle is adjusted by the phase of the compensator, at the frequency of the pole. 

Therefore, the ideal compensator would have a phase characteristic which shifted 

from -90° at the frequency of one system pole to 90° at frequency of the next 

system pole. This type of phase response can be obtained by a pair of complex 

zeros, and a pair of real poles at the same frequency. The transfer function is, 

H()= +), (4.5.3) 

A filter of this type has a phase response which shifts abruptly from -90° to 90° at 

the frequency w,. A compensator for the four mode system could simply be two 

filters, with the frequencies, w., falling in between the first and second modes, and 

the third and fourth modes. The first filter would affect the departure angle of 

the first and second mode, while the second filter would compensate the third and 

fourth mode. 

This design procedure addresses the phase requirements of the compensator, 

but does not specify the magnitude characteristics. Since the settling time of the 

system is dominated by the first mode’s response, it is desirable to have higher 

damping in the first mode. Making the magnitude response of the compensator 
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higher at low frequencies gives it more authority over the first mode. It is also 

desirable that the compensator does not affect modes which are not included in 

the system model. Since the high frequency modes were neglected, the 

compensator should have a magnitude response which decreases at higher 

frequencies. 

These magnitude characteristics can be obtained by placing the poles of each 

filter closer to the origin. Doing this, however, tends to spread the filter’s phase 

transition over a larger frequency range. In the first filter the phase variation was 

not a problem. However, phase contributions from the second filter were found to 

adversely affect the departure angle of the second mode. To sharpen the phase 

transitions of the second filter its double real pole was moved into the complex 

plane. It was placed closer to the origin, with equal real and imaginary parts. 

The final compensator design was 

(s?+ 407)(s?+ 3007) 
(s+35)(s+40)((s+150)?+1507) 
  H(s)= (4.5.4) 

The frequency response of the compensator is shown in Figure 13. 

A root locus shows the pole locations of a closed loop system for increasing 

values of gain. Figure 14, shows the root locus for the compensated beam. The 

pole locations for a reasonable gain choice are marked by boxes on the loci. Under 

compensated feedback all the closed loop poles have more damping than in the 

open loop system. 
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4.6 PERFORMANCE EVALUATION 

Four major approximations were made in the design of the control law. 

First, the modal domain sensor was assumed to have a linear dependance on 

strain. The signals dependance is actually sinusoidal, and this approximation is 

only valid at small strain levels. Second, the saturation of the actuator was 

ignored. At large voltages the piezoelectric will begin to depole, and consequently 

lose its effectiveness. To maintain a consistent response from the piezoelectric 

actuator, the control signal was amplitude limited. Third, the compensator was 

designed in the continuous domain, although in practice a digital computer was 

used to implement the control law. The compensator was mapped into the digital 

domain using a zero order hold equivalence, at a sampling time of 2.19 

milliseconds. Aliasing, and the effect of executing the compensator as a difference 

equation were ignored. Finally, the dynamics of the detection electronics were not 

included in the design model. 

The reduction in complexity resulting from these assumptions greatly 

simplified the compensator design. In evaluating the performance of the 

compensator, however, all these effects must be considered. A simulation 

program was used to test the closed loop system, and predict the effectiveness of a 

control law. The model used in simulation is called the truth model since it 

considered the effect of nonlinearities, sampling, and analog filtering. Code and 

documentation for the simulation are given in Appendix B. In order to justify the 

use of a simplified design model the closed loop response of the design model was 

compared to that of the truth model. The initial conditions specified amplitudes 

in all four modes of the beam, and these amplitudes were large enough to produce 

a nonlinear signal from the sensor. Furthermore, a high gain was chosen so the 
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actuator would experience saturation. Figure 15 shows the simulated closed loop 

response of the design model and truth model. There is a slight difference in 

closed loop frequencies. This variation is probably due to the sensor’s 

nonlinearity, and its effect on the closed loop gain. However, the differences are 

small enough to justify the use of a simplified model for the compensator design. 
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5.0 RESULTS 

In this chapter the experimental and simulated results of a series of dynamic 

tests on the flexible beam are presented. The first four sections are concerned 

with open loop verification of the system model. Section 5.1 discusses the use of a 

system identification routine to verify the frequencies of the beam’s first four 

modes. The damping present in each of these modes is also determined, and 

included in the system model. Section 5.2 describes the calibration procedure 

used to verify the fiber’s sensitivity. The authority and linearity of the actuator 

are tested in Section 5.3. The open loop system response is compared to 

simulations for a variety of inputs in Section 5.4. The last section presents closed 

loop response of the system to various inputs. These results are compared to the 

open loop system, as wel] as to the simulated response. 

5.1 FREQUENCY RESPONSE 

To verify the beam’s dynamic model, the frequency response of the actual 

system was compared to that of the model. A system identification technique, 

known as the empirical transfer function estimate, was utilized to generate the 
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experimental frequency response [30]. An estimate of the system’s frequency 

response was obtained from a spectral ratio of input and output signals. The 

accuracy of this estimate depends upon the uniformity of the input signal’s 

frequency spectrum and the amount of noise in the output signal. 

Electric signals were applied to the piezoelectric to excite vibrations in the 

beam. Impulse, square wave, and random noise input signals were used to assure 

wideband excitation. The input and output signals were stored by a digital 

computer. Discrete Fourier transforms of the input and output data provided the 

frequency spectrum of these signals. To reduce the effect of noise this experiment 

was performed several times, and the results were averaged. To further account 

for the frequency spectrum of the input signal the average was weighted by the 

power in the input signal. The frequency response estimate is given by 

Y Yi(w) U,(w) , 
ow) = et ute) | Sian) 

> |U.()| 
‘=1 

(5.1.1) 

where 

Y,(w) = input signal’s frequency spectrum, 

U,(w) = output signal’s frequency spectrum, and 

n = number of data sets. 

Figure 16 shows a comparison of the predicted frequency response to the 

experimentally determined frequency response. The frequencies match well for 

the first four modes. The frequency response estimate has a spike just above the 

fourth mode, which does not appear in the modelled response. This spike was due 

to 60 Hertz line noise in the detection electronics. The amplitude of estimated 

frequency spikes are not as sharp than those predicted by theory. However, the 

Results 5.0 61



FREQUENCY RESPONSE VERIFICATION 
  

  
    

  

10! - v Tv ¥ v v Tr a t ; a "3 

C —— Identified ; 
baw 

| ce - -~-- Calculated i 

Lo rT} J 
t 

1 
10° - \ , 3 : 

o - 11 7 
3 r 4 | : 
= wl ! | j 
5 bo | I J A “ 

a I \ 
va j i -_ 

| = iA | 

iL t \ t = 107 on ai i" 3 
C / \ ( My 4 

rc / \  ' ry a . \ ‘ } t 1 “ 

bo XN 1 A t 4 | ~ 

°°? ‘ t \ on’ ' 4 - ~-" / \ AME 
Leo ss ante em wy aos em ae es aw we me me 7” 

\ / ‘ 

2 i to 10-2 A b i a A i og 4 i i & A i i 4 os o4 i i i 

10"! 109° 10! 102 

Frequency, Hertz 

Figure 16. Experimental and predicted frequency response 

Results 5.0 62



system model assumed zero damping, making the response infinite at modal 

frequencies. To make the model more realistic a small amount of natural 

damping must be added. 

The frequency response test provided an estimate of the modal frequencies, 

however, to accurately determine the damping in these modes required time 

domain data. The piezoelectric actuator was used to drive the beam into single 

frequency oscillations. Once excited the natural decay of the vibrations was 

recorded. The damping factor, ¢, can be found from this data using log decrement 

[25]. 

¢, = xt log =, (5.1.2) 

where, 

a,:= amplitude of first cycle, and 

an = amplitude of n,, cycle. 

The natural decay of the first two modes is shown in Figure 17. Similar data was 

taken for the third and fourth modes. From this data damping factors were 

calculated, using (5.1.2). The model was then reconstructed with the damping 

factors listed below. 

¢, = 0.0026 

¢,= 0.0017 

¢,= 0.0016 

¢,= 0.0013 

5.2 SENSOR CALIBRATION 

Due to the lack of an analytical description for the elliptical core dual mode 
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fiber, empirical values must be used for the fiber’s sensitivity. The parameter 

which defines the fiber’s sensitivity is the fringe length, x . Independent tests 

have found fringe length of 102 pm for the Andrew elliptical core fiber (28). 

However, since the bonding of the fiber to the beam may not be ideal, a 

calibration test was performed. 

The calibration test compared the predicted and experimental fiber signals 

from a known strain distribution. The stain distribution was generated by 

displacing the tip of the beam from its equilibrium position. The beam’s tip was 

attached to a positioner, which was used to measure the tip deflection. The 

experimental setup is shown in Figure 18. The tip was displaced from zero to 4 

centimeters, in one millimeter increments. At each step a data acquisition system 

recorded the fiber signal for two seconds, and averaged the data to reduce the 

effects of noise. 

To perform this test an expression for the fiber signal as a function of tip 

deflection must be calculated. The displacement of a cantilevered beam due to 

tip loading is [31], 

y(2)=gh4—(3¢2), (5.2.1) 

where P is the force applied at the beam’s tip. From (2.4.13), we have the modal 

domain sensor’s response to strain is, 

fo, 
Ynd = I,sin | AB 2] aa dz }. (5.2.2) 2
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Differentiating (5.2.1) and substituting into (5.2.2) yields 

f 
Yong = losin | AB eT Jrsae . (5.2.3) 

Again using (5.2.1) the force, P, can written in terms of the induced tip deflection. 

Substituting this description for P into (5.2.3) yields, 

Yd = lesin ABy(D3e| (22) dz |. (5.2.4) 
f 

The graph shown in Figure 19 is a comparison of (5.2.4) with the 

experimental data. The data matches well up to about 22 wm of integrated 

strain. After this point the experimental data fails to match with the model. At 

this strain level the sensor’s nonlinearity is significant. Since the experiment was 

designed to operate in the linear range, these discrepancies were not considered. 

During the dynamic tests the vibrations were keep well below the level 

corresponding to 22 yum of integrated strain. 

5.3 ACTUATOR CALIBRATION 

To verify the modeling of the piezoelectric actuator the magnitude of actual 

and simulated responses to various inputs were compared. The influence the 

actuator had over each mode was determined by driving the system at resonance, 

and comparing the response to simulation. To test the actuator for linearity, each 

mode was excited at three different voltage levels. When the experimental results 
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were compared to simulation, the signals were found to differ by a scaling factor. 

This scaling factor was calculated for each voltage, and each of the first three 

modes. These results are listed in Table 4. Since the scaling factor is the nearly 

same for each mode, the modeling procedure is essentially correct. The actuator 

also appears to be linear over the voltage range of interest. However, the 

piezoelectric was found to have on average 1.51 times more authority than 

predicted by theory. 

In order to calibrate the actuator’s authority, a scaling factor of 1.51 was 

applied to the piezoelectric charge constant. The charge constant, denoted ds), 

relates the change in length of a piezoelectric due to an applied electric field. This 

factor is linearly related to the actuator’s authority. Although given as a constant 

this parameter actually depends upon the strain and temperature history of the 

piezoelectric material. The charge constant provided by the manufacture was 

assumed to be conservative. 

5.4 OPEN LOOP RESPONSE 

Sections 5.1-5.3 detailed the independent testing of the beam model, fiber 

sensitivity, and piezoelectric authority. With these complete the final step in 

verifying the system model was to compare simulated and experimental input- 

output data. Figures 20 thru 23, compare the simulated and experimental open 

loop response of the system to excitation in each of the first four modes. The 

frequencies match fairly well, as predicted by the frequency response estimates. 

The damping and amplitude of excitation also match well. In the higher modes 

the transition from excitation to open loop causes a phase shift in the experiment, 
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TABLE 4. ACTUATOR SCALING FACTORS 

Mode 1 

Mode 2 

Mode 3 

  

  

10 Volts 20 Volts 30 Volts 

1.44 1.51 1.52 

1.54 1.52 1.47 

1.51 1.54 1.56         
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but not in the simulation. A possible explanation lies in the fact that the 

piezoelectric can not only drive the beam, but also can draw energy from the 

beam. Strain transferred from the vibrating beam to the actuator causes a 

voltage to be generated across the piezoelectric. This voltage causes power to be 

drawn off by the low output impedance of the driving amplifier. When the 

driving signal is set to ground the beam receives a spike of force from the reversal 

of power flow. This disturbance causes a phase shift to appear in the fiber’s 

signal. 

Final verification of the dynamic system model was accomplished by 

comparing simulated and experimental responses to a wideband input. A variable 

frequency square wave was also used to excite vibrations in the beam. This input 

signal contained power over a broad range of frequencies, and excited many of the 

beam’s modes. The simulated and experimental response to this input is shown in 

Figure 24. 

5.5 CLOSED LOOP RESPONSE 

The goal of this research was to demonstrate the use of a modal domain 

sensor in a vibration suppression control system, and to verify the modeling 

procedure. Since the system is linear, the response to initial vibrations in each 

mode is sufficient for determining the response to arbitrary disturbances. The 

piezoelectric actuator provided a consistent method of exciting vibrations in the 

beam. Therefore, in the results presented here the piezoelectric was first used to 

excite vibrations in the beam and then to control those vibrations. The first series 

of plots demonstrate the change in performance when the control system is active. 
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These are experimental results and only the fiber’s signal is shown. The second 

series of plots compare simulated and experimental responses. Both the signal 

applied to the piezoelectric and the signal received from the fiber sensor are 

compared. 

Figures 25 thru 28 compare the open and closed loop response to modal 

excitation. In these plots the beam was first driven at a modal frequency then 

allowed to vibrate open loop for a short period of time. In the closed loop case the 

controller was then activated. The most damping was introduced in the first 

mode. The control law was designed to achieve this since first mode vibrations 

dominate the system’s settling time. The second and third modes also 

experienced an increase in damping under closed loop control. The response of 

the fourth mode, however, appears to have the same damping in the open and 

closed loop configurations. At high gains the amount of damping in the fourth 

mode actually decreased, and stability of this mode set the limit on achievable 

gain. This instability is probably due to the presence of 60 Hertz line noise in the 

sensor’s signal. The fourth mode had a frequency of 56 Hertz. When line noise 

was fed back through the system it caused the fourth mode to be excited. Even 

when the detection circuitry was run from battery power, 60 Hertz ripple was 

induced in the circuit. The computer’s power supply was found to be creating 

most of the noise, however, isolating the computer was difficult and the poor 

performance was tolerated. The closed loop system gain was chosen low enough 

that the fourth mode response was not appreciably altered. 

The performance of a control system depends upon the specific control law 

used, the sensor placement, and the authority of available actuators. No attempt 
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Figure 25. Experimental open and closed loop response, first mode 
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Figure 26. Experimental open and closed loop response, second mode 
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Figure 27. Experimental open and closed loop response, third mode 
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Figure 28. Experimental open and closed loop response, fourth mode 
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was made to optimize these factors. Instead, care was taken in modeling the 

system, so simulated responses would match those found experimentally. Figures 

29 thru 32 compare the simulated and experimental signals for excitation in each 

of the first four modes. In each figure both the fiber signal, and the control signal 

are shown. These plots show correlation for the case of system excitation, natural 

response, and closed loop response. The data matches well for the first two 

modes. The experimental data for the third mode matches well in both amplitude 

and frequency. There is, however, a phase shift in the experimental data, which 

appears when the excitation signal is turned off. This phase shift is due to the 

piezoelectric actuator, driving power back into the electronics. The fourth mode 

signals compare in both frequency and amplitude to the simulations. The 

damping however is lower in the simulations. The 60 Hertz line noise apparent in 

the experiment was not included in the simulations. Although this discrepancy 

detracts from the overall system performance, it does not indicate a modeling 

error in either the dynamics of the system, or the response of the modal domain 

sensor. 

Results 5.0 82



 
 

CLOSED LOOP CONTROL SIGNAL - FIRST MODE   

T 
=— 

’ 
Tm 

T 

‘ 

-
 

‘N 

S
e
 

é 
o
o
 

e 
~
 

c 
3 

‘ 

& 
7, 

wa 
— 

‘ 
c
e
 

| 
3 

=
 

-
 

' 
-
—
 

1 
—S 

—
 
an 
_
 

w
w
e
 
=
 

”
 

P
a
g
e
 

e
e
n
 

eae 
ee oe 

~
—
 

w
a
n
e
 
m
e
 

-
 

S
n
 
S
O
 

he S
e
 

es 
e
e
 

10 

  
 
 

SOA 
Jeusis 

jonuoD 

Time, seconds 

x105 

 
 

CLOSED LOOP RESPONSE - FIRST MODE   
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
     

 
 

So 
, 

_
 

OA 

os 
5
3
 

rr) 
= 

E 
o
s
 

E
 

, 

i i ‘ t 

Oo 

i
 

a
n
s
 

v 

an. 

“” 

e
e
.
 . 

o
_
o
 

qn ~~ 

2
 

o
 

A 
L
.
 

i 
1
 

A 
1 

o
 

~~ 
“
 

oe 
wv 

6
 

eo 

geo 
383° 

9
9
9
 

¢ 
S
1
9
}
 

JeUsIS 
JOqQ1J 

Time, seconds 

Figure 29. Simulated and experimental closed loop response, first mode 
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Figure 30. Simulated and experimental closed loop response, second mode 
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Figure 31. Simulated and experimental closed loop response, third mode 
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6.0 CONCLUSION 

6.1 SUMMARY 

The purpose of this research was to develop a model for the modal domain 

sensor, verify that model, and demonstrate the sensor in a closed loop control 

system. Each of these goals was accomplished. The sensor’s model was developed 

based on the principles of circular core optical waveguides. The fiber was shown 

to provide a nonlinear measurement of the strain integral along its length. This 

model was tested by measuring both static and dynamic strain distributions. 

Within a linear operating range the model was shown to accurately predict the 

sensor’s response. 

A cantilevered flexible beam was instrumented with a modal domain sensor. 

Recent improvements in optical hardware were utilized to make the sensor robust, 

and immune to extraneous strains. The beam was also instrumented with a 

piezoelectric bending motor. A mathematical model for the flexible beam was 

developed. This model was combined with the sensor and actuator models to 

generate a representation for the system. The system model was used to design a 

vibration suppression control law. This control law was implemented digitally 

Conclusion 6.0 87



using data acquisition boards. Dynamic tests on the first four modes of the beam 

verified the ability of the control law to add damping to the system. 

Simulation routines were written which emulated the system, and included 

nonlinear effects from the sensor and actuator. The simulated system response 

was shown to match experimental response, under both open and closed loop 

conditions. The correspondence between simulations and experiment further 

verified the modeling procedure. 

6.2 FUTURE WORK 

Although this research establishes the practicality of modal domain sensing, 

there is still much work to be done. A full analytic description of modes in an 

elliptical core fiber is yet to be developed. The circular core theory proved to be 

an adequate approximation for this work, however, in a more sensitive application 

this would not be the case. The nonlinear sensor model for elliptical core fiber 

must account for the effect of birefringence. In order to do this the launch 

conditions required to excite cross polarized modes must be defined. This analysis 

will require accurate field descriptions of the modes. 

Further research into waveguide theory could yield optical fiber designs 

which are tailored to sensor applications. The fibers now being used as sensors 

are the same as those used in communication systems. Unlike sensor applications, 

communication systems generally benefit from immunity to environmental 

disturbances. A particularly interesting design would make the fiber’s sensitivity 

to strain vary along its length. In the sensor model this variation would appear as 
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a weighting function in the strain integral. This weighting function would 

determine the physical significance of the fiber’s signal. In system applications a 

considerable amount of signal processing could be performed by an appropriately 

chosen weighting function [32]. 

There are also open questions in the description of strain transfer from a 

structure to the fiber [33]. The model developed for the modal domain sensor 

assumed perfect strain transfer and contained no dynamic effects. The strain 

transfer will be determined by method of adhering the fiber to a structure. The 

mounting and embedding procedures which will be used in practical systems need 

to be characterized. The dynamic response of the sensor will be determined by 

the material properties of the fiber, as well as the strain transfer from the 

structure. Interaction between the fiber’s jacket and the cladding material has 

been shown to play an important role in the response of a fiber to hydrostatic 

pressure [34,35]. However, the affect of this interaction on the transfer of dynamic 

axial strains is not well known. The jacket material is typically much more 

pliable than the optical fiber. A detailed sensor model must account for the 

viscoelastic properties of the jacket, and the effect of slippage between the jacket 

and the cladding. Characterizing these effects could lead to jacket designs which 

taylor the dynamic response of the optical sensor. 
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APPENDIX A 

This program was written to generate a state space model for the 

instrumented beam, from a set of physical parameters. It implements the 

modeling equations described in Chapter 3. It is written as a macro for the 

software package MATLAB. The program flow is standard, however all variables 

are considered matrices. All multiplication symbols imply matrix multiplications 

unless the variables are 1 by 1 matrices. Elements of a 1 by N matrix can be 

indexed by a single subscript. 
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% He He Ae Ae 6 2H ie 2c 24 ie He 2 2 2h 29 ke 2c 2h te IC 2c 2c 2g 2c 2 aie te tc oie 2c 2c oie ic 2h ie 2h ade 2c 2h ake kc oie ic 2c ak ke ate ae 2c 2k 2k 2k 

% This program generates the state space model for a clamped free beam. 
% A Modal domian sensor is assumed attached to the beam between fl and f2. 
$f A piezoelectric bimorph is used as an actuator, located between pl and p2. 

% Requires: 
% ntop  - number of modes 
% rho  - density, mass/unit volume 
% Eb - Young’s modulus of beam 
% Ep - Young’s modulus of piezo 
% hb  - beam height 
% hp - piezo height 
% tb - thickness of beam 
% tp - thickness of piezo 
% 1 - beam length 
% £1,f2 - end points of fiber 
% pl,p2  - end points of piezo patch 
% d3l - piezo strain coefficent (charge constant) 
$ zta §_- - damping factors, one for each mode (0-1) 

0 
% Returns: 
% A,B,C - State space matrices 
ChE SEES ESOS SHEER IE EHO EES IEE EOO HE OS EE EEe Rete 

VATTETTTTrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrer. 

% Solutions to characteristic function 
TORE EECA SE I BOO ESCORT A TOTO TOTS TOIT 

betal=[1.875104;4.694091;7.854757;10.995540;14.137168;17.27876]; 
betal=(betal;20. 420352; 93. 561944; 26. 703537; 29. 845130; 32. 986722!: 
betal= betal; 36. 128315; 39.269908; 42.41 1500;45.553093;48.694686); 
betal= betal; 51. 836278: 54.977871;58.119464:61.261056;64.402649]; 
betal=|betal: 67. 544249: 70. 685834; 73. 827427: 76.969020;80.110612); 
betal= betal; 83. 252205; 86. 393797; 89.535390;92.676983;95.818575]; 
betal= etal: 98. 960168: 102.10176;105. 24335; 108.38494;111.52653); 
betal= petal :ntop,1); 
beta=betal / 
CESS EE OGRE GOES IERIE E GEISER OSE EDIE IE IEEE IIE EIGER 

% Initialize variables 
CaO SEA OO ORGS OOD GIO IO IOC IOIGIIOI ICI IOI IOI Kak 

I=1/12*hb*tb*3; 
psi= (Ebstbehb / (Ep*tp*hp); 
cscale=1/sqrt(1); 
rhol=rho+tb«hb; 
mlpl=zeros ntop,1 ; 
m2p1=zeros(ntop,1); 
mlp2=zeros(ntop,1); 
m2p2=zeros(ntop,1); 
mlfl= eerostatee IS" 
mlf2=zeros(ntop,1 
Kp=zeros(ntop,1); 
Q=zeros(ntop,1); 
fib=zeros(ntop,1); 
eps=zeros(ntop,1); 
MiD= zeros(ntop,ntop); 
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Cok OC IO OIG I IOI I i A a a a aaa I IK II CICK 

% Generate elements of coeffiecent matrices to 2nd order diffeq system 
% Mar” + Daer’+ (Kb+Kp)+r = Qzsv; 
COCO OO ISIC AIIGIGI IOI III III II AGI aa a a ak aI aI aC 2k 2k ie ii 

for i=1:ntop 
eps(i)=( cos(beta(i)+*l)+cosh(beta(i)+l) )/.. 

( sin(beta(i)*l)+sinh(beta(i)*l) ); 

i)=cscale+beta(i)*( sin(beta(i)*p1 sinh(beta(i)* 
nage “conha col elt * =) | o 
m 1)=cscalexbeta(i)*( sin a(i)* + si eta(1)* 

P eps(i)*(cosh(beta(i)*p2) - cos(beta(i)*p2 2)) ); P 

m2p2(i)=cscalexbeta(i)*2+#( cos(beta(i)*p2) + cosh(beta(i)*p2) -. 
wee etals) 2a cool + sin(beta(i)*p2)) ); 

m2p1(i)=cscalexbeta i)" 2( cos(beta(i)*p1) + cosh beta(i)*p1) -. 
eps(i)*(sinh(beta(i)*p1) + Le Petal eol) ); 

m1fl(i)=cscale+beta(i)*( sin(beta(i)+f1) + sinh(beta(i)*f1) -. 
eps(i)*(cosh(beta(1)*fl) - cos(beta(i)*f1)) ); 

m1f2(i)=cscale*beta(i)*( sin(beta(i)*f2) + sinh( eta(i)*f2) -. 
eps(i)*(cosh(beta(i)*f2) - cos(beta(i)*f2)) ); 

fib(i)=tb/2x( sr 3chof (2-2 te 
Kp Pt 1)=Eb«tb*3*hp/(2*1*2*(6+psi))*( m2p2(i) Myatt rye emai) ); 

oli Eb«tb*2*hp+*d31 / ((6+psi)*tp) « toa). -m1p1(i)); 

SM cthol«lseye(ntop): 

KeEbelal (diag(b di =Eb+[+l*(diag(beta.*4,0) + diag(Kp,0)); MKoMoE B( ) g(Kp,0)) 

for i=1: ntop 
MiD(i,i)=2ezta(i)*sart(MiK (ii); 
en 
COCCI GGG ICCC GO IGE SIGIR GIGI IIIA IO IOI ICI 

% Convert to first order diffeq system x’=Ax+Bu y=Cx with x=([r;r’] 
VETTE PCLT TTT TTT Ter rT rr rrrrrrrrrrerTrrrrrrrrrrrerrrrrrery 

A= Zeros{ntop nto) eye(ntop);-MiK -MiD]; 
B=(zeros(ntop,1);Mi+Q]; 
C=[fib’zeros(1,ntop)}; 

  

clear beta,clear mlp2,clear m2p2,clear m1p1,clear m2pl,clear fib,clear eps 
clear M,clear K,clear Kp,clear Q,clear i,clear I,clear psi,clear betal 
clear thol, clear MiD, clear Mi,clear MiK,clear cscale 
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APPENDIX B 

The simulation code on the following pages was used to simulate the dynamic 

response of the beam under open and closed loop configurations. It was compiled 

using Microsoft FORTRAN 4.1, and run on an IBM PS/2 Model 50. The 

differential equations are solved using an adaptive step routine based on the 

Runge-Kutta method of numerical integration. The subroutine is called DIFSOL 

and was written by Kenneth Becker. It is similar in design to the IMSL routine 

DIVPRK. 

The system dynamics were based on the state space model developed in 

Chapter 3. However, the output of that model was warped by a sinusoid 

nonlinearity. This reflected the sinusoidal term in the sensor’s output. The 

nonlinear signal was then passed through a second system of differential equations. 

These equations modeled the effect of the signal processing circuitry which was 

applied to the fiber’s signal. At appropriate sample intervals the control law was 

evaluated using difference equations. In between sample intervals the input to the 

continuous system was held constant. The control signal was amplitude limited in 

the simulation, at the same level as in the experiment. 
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246 He 2h he he 2c ac 29 24 aie ae 24 ae he abe oye ae ade 2c 2c aft he ake abe ae akc fc ale hc ae akc abe akc atc abe abe ac ake afc ae aie afc abe af ake abe afk 2c ake afc afk akc 2c ade akc aie aie akc ok 24c 24 ake 

PARAMETERS FOR SIMULATION - FILE SETUP.DAT 
46 2H She IC oie fe abe 2c afc 2c af 2c ake ate ake ae ake ae ake ate ake ae akc ae afc ok akc abe ale akc aie akc ade akc oe ic ai abe afc abe abe af ae af kc afc ale afc abe afc ale ake of fc afc fe afk 2 afk ofc afc oie 

State space order 
Number of sensors,rows in the c matrix 
Saturation voltage 
Fringe length, fiber calibration 
Maximum nonlinear fiber voltage at A/D board 
Simulation tolerance 
Sample time 
Number of points saved <1000 
Simulation start time 
Simulation stop time 
Control start time 
Control stop time 
Excitation start time 
Excitation stop time 
Excitation type 0-Sinusoidal,1-Data file 
Datafile for excitation 
Excitation Amplitude, Volts 
Excitation frequency, Hertz 

ee ee Be Ae Ae ae HE ah ah Ahk Be 2c ah a4 he afc hx ape ape hc 2h 3H Ae he he Ae Ae Ae ae 28 ae he 2 akc he hc he kc aye 2h ae 2c ae ae fe ae fe ae 2 af ake ake fe ke akc ok ake 

INITIAL CONDITIONS 
6 HM He He He He he He He he He He He He He he he he Oe Oe he Ae ee hc a i he Ae 2A i he 290 ah 2 A 2h 29 2 2 4c IC 0 ah ae ah fe af fe ie afc akc ae aie afc 2h 2h akc 

0. 0. 0. 0. 0. 0. 0. 0. 0. 0.0022 
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PROGRAM PIZBEAM 
CHREHEEEEHEREEEEAEAHAERAAERESDHD DAE ERE REE A AREER EEEEEEED 
C DEFINE VARIABLE TYPES 
CHERRRARERE EHR EERARAE AEE RARERERRER AAA EE REE E AREER ED 

DOUBLE PRECISION X(12),XPRIME(12),NULL,WKAREA(12,12) 
DOUBLE PRECISION FIBER(5001),PIEZO(5001), TIME(5001) 
DOUBLE PRECISION TK,TKEND,TSTEP,HMIN,HMAX,HSTART,TOLER,U 
INTEGER MSIZE,IERR,NPOINTS,CROW,IPICK,UFLAG 
INTEGER NSKIP,EXTYPE,CTRIP,LSTORE,NUMOUT 
REAL A(12,12),B(12),C(12,12), Y(12),AF(4,4),BF(4),CF(4) 
REAL EXON,EXOFF,EXFREQ,EXMAG,CONON,CONOFF, VMAX,FLEN,FMAX,PICK 
CHARACTER+#12 READFILE,WRITEFILE 
CHARACTER+3 NAME 
COMMON U,A,B,C,AF,BF,CF,FLEN,FMAX 
EXTERNAL XDOT 
OPEN(1,FILE=’SETUP.DAT’) 

CHEREEREEAEEREESERAREEERAERERERSASRERREEREEEEES SHEE EE RED 
C READ IN DATA FROM SETUP.DAT FILE 
CeeeeeeeO dee ERAdEHEEEEE EONS SEED ESOS EEE ESEEEEEEEREES 

READ(1,*) 
READ(1,#) 
READ(1,*) 
READ(1,*)MSIZE 
READ(1,+)CROW 
READ(1,*#) VMAX 
READ(1,*)FLEN 
READ(1,+)FMAX 
READ(i,+#)TOLER 
READ(1,*)TSTEP 
READ(1,#)NUMOUT 
READ(1,*)TO 
READ(1,*)TF 
READ(1,*#)CONON 
READ(1,*«)CONOFF 
READ(1,*)EXON 
READ(1,*)EXOFF 
READ(1,*#)EXTYPE 
READ(1,1010)READFILE 
READ(1,*#)EXMAG 
READ(1,*#)EXFREQ 
READ(1,*) 
READ(1,*) 
READ(1,+) 
READ(1,+#)(X(1),I=1,MSIZE+2) 

1010 FORMAT(A) , 
CHeeeeeeeeH eee EASE REEEREEESESEREER EEE EEESEESENE EER EREES 
C DEFINE INPUT AND OUTPUT FILES 
Orr ree rer ori terrrrert rei it terror t ror tt 

OPEN(2,FILE=’MODEL.DAT’) 
OPEN(4,FILE=’OUTSIM.MAT’, FORM=’BINARY’) 
OPEN(5,FILE=[READFILE) 

Ceeeeee6t0 eee ee OEEEEEEEESEEEESEERSEEEEREESEREEEEEEEEEEE 
C READ IN FROM MODEL.DAT 
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CeAe dH EE EEAERRESESEEEERERRAEEREREREEREARABERERERESRERES 

READ(2,+) 

DO 30 J=1,MSIZE 

READ(2,+*)(A(J,K),K=1,MSIZE) 
30 CONTINUE 

READ(2,*) 
READ(2,*)(B(I),I=1,MSIZE) 
READ(2,*) . 

DO 40 J=1,CROW 

READ(2,*)(C(J,K),K = 1,MSIZE) 
40 CONTINUE 

READ(2,+) 
DO 31 J=1,2 

READ(2,+#)(AF(J,K),K=1,2) 

31 CONTINUE 
READ(2,*) 
READ(2,*)(BF(1),J=1,2) 
READ(2,*) 
READ(2,*)(CF(I),I=1,2) 

C¥964464490540844606080569060000005000000000000800409044 

C INITIALIZE VARIABLES 
CH8844 4440454444 E4489 695848 9ESEEESEEEEEEEEEEEEEEEEE DEES 

PI = 3.14159 

YNL=0. 
CTRIP=0 

LSTORE=0 
UFLAG=0 
EXFREQ=EXFREQ+#2.0+«PI 
NPOINTS = NINT((TF-TO)/TSTEP) 
NSKIP=INT(NPOINTS/NUMOUT) 
IF (NSKIP.EQ.0) NSKIP=1 
NUMOUT=INT(NPOINTS/NSKIP) 
HSTART=TSTEP/10.0D0 
HMAX=TSTEP/2.0D0 

HMIN=TOL*#TSTEP/10.0*+2 
OTT TTT TCT TTC CLT OTT LT TLC Le et 

C STEP SYSTEM THROUGH TIME 
Ceara ee eee ee EEREEEEEEREDEEESERSREEEEREEEESEEEEEEEEEEEERS 

TKEND = TO 
DO 100 K = 1,NPOINTS 

U=0.0D0 
TK = TKEND 

TKEND = TK+TSTEP 
IF (TK.GT.EXON.AND.TK.LT.EXOFF) CALL EXCIT(TK,EXFREQ,EXMAG, 

$ EXTYPE) 
IF (TK.GT.CONON.AND.TK.LT.CONOFF) CALL CONTROL(YNL,VMAX,CTRIP) 

CALL DIFSOL(MSIZE+2,XDOT,TK,X,TKEND,TOLER,HSTART,HMIN,HMAX, 
$ WKAREA, 12, JERR) 

IF (IERR.NE.0) GOTO 999 
YNL=0.0 

DO 150 I=1,2 
YNL=YNL+CF(I)*X(MSIZE+]I) 

150 CONTINUE 
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C844 ERREREREERRERERERERERRAEAEEARASESRESEEREEESREEAE 

C SELECT POINTS FOR STORAGE 
CHEHeEREAEREERERERARRERESRERREEESESREEREEREREEREEEESEREEAES 

PICK = FLOAT(K)/FLOAT(NSKIP) 
IPICK = INT(PICK) 
IF(FLOAT(IPICK).EQ.PICK) THEN . 

WRITE(«,#)"PRECENTAGE OF JOB COMPLETED ’,100.*+K/NPOINTS 
LSTORE=LSTORE+1 
TIME(LSTORE)=TKEND 
FIBER(LSTORE)=YNL 
PIEZO(LSTORE)=U 

ENDIF 
100 CONTINUE 
Catt 686444488 EE4EKEEREEEASEEREEEEERESEEREEESERERED ESSERE 

C STORE RESULTS IN MATLAB FORMAT 
C¥ee644 88984 EEEEREEEELEEEESELEREESEEEESEESSESERESEREEEEESE 

NAME="ts’ 
CALL SAVEMAT(0,NUMOUT,1,0,3,NAME,TIME,0.0D0,4,IERR) 
NAME="fs’ 
CALL SAVEMAT(0,NUMOUT, 1,0,3,NAME,FIBER,0.0D0,4,IERR) 
NAME=’ps’ 
CALL SAVEMAT(0,NUMOUT,1,0,3,NAME,PIEZO,0.0D0,4,IERR) 
CLOSE(7) 

1030 FORMAT(A) 
STOP 

C¥244400690964900020060080$0046082488 09484984 SNEE NEES EEE 

C ERROR HANDLING 
OTT ITTTTTITITTITTTLiTTiTiTTLTTrTrTritTlitite Li tietetti ea. 

999 WRITE(+,+)’ ERROR IN CALL IERR=’ 
WRITE(+,+)IERR 

    

STOP 
END 

CHHt8A tHe EH AEE EEREEEEEEEREE ERE EDREEREREE EEE EEE EEEE EEE 
Cc SUBROUTINE 
C- XDOT     

OTIS TIT TICIC TTT TTT TTT TTT TTL LTT TLL TTT Trey 

SUBROUTINE XDOT(SSIZE,T,X,XPRIME) 
INTEGER SSIZE,MSIZE 
DOUBLE PRECISION X(12),XPRIME(12),U,T 
REAL A(12,12),B(12),C(12,12),AF(4,4), BF(4),CF(4) 
REAL PI,FLEN,FMAX,OFFSET,INTEN 
COMMON U,A,B,C,AF,BF,CF,FLEN,FMAX 

C ASSUMES SECOND ORDER FILTER 

C ASSUMES FOLLOWING CONSTANTS 
PI=3.1415297 

OFFSET=1.0 
MSIZE=SSIZE-2 

DO 100 J = 1,MSIZE 

XPRIME(J) = 0.0D0 

DO 200 L = 1,MSIZE 
XPRIME(J) = XPRIME(J) + A(J,L)#X(L) 

200 CONTINUE 

XPRIME(J) = XPRIME(J) + B(J)+U 
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100 CONTINUE 
DL = 0. 

DO 250 J = 1,MSIZE 
DL = DL + C(1,J)*X(J) 

250 CONTINUE 
INTEN=FMAX4SIN(2*#PI/FLEN+DL)+OFFSET 

DO 300 J=1,2 

XPRIME(J+MSIZE)=0.0d0 
DO 400 L=1,2 
XPRIME(J+MSIZE)=XPRIME(J+MSIZE)+AF(J,L)*X(L+MSIZE) 

400 CONTINUE 
XPRIME(J+MSIZE)=XPRIME(J+MSIZE)+BF(J)*INTEN 

300 CONTINUE 

    

  

RETURN 
END 

Hee eee eRe REHEEAREESEERERAAAREEEEEEEEESEERSSEEEESEESED 
Cc SUBROUTINE 
Cc EXCITE   
C¥6444448424446E4E48 EES EEEEEEEEEEEEEEEESEEDEEREESEESEERE 

SUBROUTINE EXCIT(TK,EXFREQ,EXMAG,EXTYPE) 
DOUBLE PRECISION U,TK 
REAL EXMAG,EXFREQ 
INTEGER EXTYPE 
COMMON U 

C¥86449644244446444444854E440480694480446908SS9E89EESSSEE 

C DEFINE REFERENCE INPUT 
C808 444442454 844 E48EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERDS 

IF (EXTYPE.EQ.0) THEN 
U=EXMAGsSIN(EXFREQ+TK) 

    

  

ELSE 
READ(5,#)U 
ENDIF 
RETURN 
END 

OTT I TIT TI TTT TITTLE TTT TTC LECT LL TTL TTT Tee 

C SUBROUTINE 
Cc CONTROL   
Caeee eee 84a 6488448598488 EEEEEEEESEEEEEEEEEEEEEEEEEEEESEEE 

SUBROUTINE CONTROL(YNL,VMAX,CTRIP) 
DOUBLE PRECISION U 
REAL AC(12),BC(12), KCOMP,VMAX,UOLD(12), YOLD(12), YNL,TMP 
INTEGER COMPORDER,CTRIP 
COMMON U 
IF(CTRIP.EQ.0) THEN 
OPEN(3,FILE=’COMP.DAT’) 
READ(3,+) 
READ(3,+) 
READ(3,#) 
READ(3,*)COMPORDER 
READ(3,*)KCOMP 
READ(3,+) 
READ(3,+#)(AC(J),J=1,COMPORDER+1) 
READ(3,#) 
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READ(3,+*)(BC(J),J=1,COMPORDER+1) 
DO 100,I=1,COMPORDER+1 
VOLD(I)=0.0 
YOLD(I)=0.0 

100 CONTINUE 
CTRIP=1 

ENDIF 
CHHHEERREEEEREDEDEEESSEEEEEREEEE EES EEE EEEEE ESSN TREE ETD 
C EVALUATE CONTROL LAW UOLD(1), YOLD(1) ARE PRESENT SAMPLES 
C8666446454 4668448695408 6964948 648494098998 H EEE EE EEE EES 

VOLD(1)=0.0 
YOLD(1)=YNL 
DO 200 I=1,COMPORDER+1 
VOLD(1)=UOLD(1)+AC(1)*YOLD(I) 

200 CONTINUE 
VOLD(1)=KCOMPsUOLD(1) 
DO 300 I=2, COMPORDER+1 
VOLD(1)=UOLD(1)-BC(I)*UOLD(I) 

300 CONTINUE 
VOLD(1)=UOLD(1)/BC(1) 
U=U-UOLD(1) 

C496 64449844 4464666484 OEEEEEEH O48 O8 EOS EERE ENTERS EEE ES 
C CONTROL VOLTAGE SATURATION 
Ceeeet 8844448644 HE EHES SEES EES E8848 SEO E8EEEEEEENEE EES 

IF (U.GT.VMAX) U=>VMAX 
IF (U.LT.-VMAX) U=-VMAX 

Ceeee eee e 646 e 8 SHAH ERED REE ORES EEE EEES OEE SEES EE EEEEEEEEE 
C PERFORM SWAP ON OLD VALUES 
Onrrr rr ro or tre errr rere irri rer 

DO 400 I=>COMPORDER+1,2,-1 
VOLD(D=VUOLD(I-1) 
YOLD(I)=YOLD(I-1) 

400 CONTINUE 

    

RETURN 
END 

Ceeeee eee 8G ER EEEEESEEEEESEESEREREREDERRE REESE EEREEREEE 
Cc SUBROUTINE 
Cc SAVEMAT     

C AUTHOR: S.N. BANGERT 5-31-85 
C DOCUMENTATION AVAILABLE WITH MATLAB SOFTWARE 
C4994094006664066404600850966506060840000800000040000000048 

SUBROUTINE SAVEMAT( TYPE, MROWS, NCOLS, IMAGF, NAMLEN, NAME, 
$ RPART, IPART, LUNIT, WTFLG ) 

INTEGER TYPE, MROWS, NCOLS, IMAGF, NAMLEN 
CHARACTER NAME(s)#1 
DOUBLE PRECISION RPART(«), IPART(*) 
INTEGER LUNIT 
INTEGER WTFLG 
INTEGER+*1 ZEROBYTE 
DATA ZEROBYTE / 0 / 
MN =MROWSsNCOLS 
WRITE(LUNIT,ERR=999) TYPE,MROWS,NCOLS,IMAGF,NAMLEN 
WRITE(LUNIT,ERR=999) (NAME(I),I=1,NAMLEN-1),ZEROBYTE 
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WRITE(LUNIT,ERR=999) (RPART(I),I=1,MN) 
IF (IMAGF .EQ. 1) WRITE(LUNIT,ERR=999) (IPART(I),I=1,MN) 
WTFLG = 0 
RETURN 

999 WTFLG =-1 
RETURN 
END 
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APPENDIX C 

The code given on the following pages was used to run the flexible beam 

experiment. It was compiled using Microsoft FORTRAN 4.1, and run on a IBM 

PS/2 Model 50. The software operated the data acquisition board DT2901, 

produced by Data Translation. Many of the subroutines called are not included in 

the code, but were linked in from software libraries. These libraries are part of a 

software package called PS/LAB, provided by Data Translation to interface with 

the data acquisition board. 

This program allowed sinusoidal inputs, or inputs defined in data files to be 

applied to the piezoelectric actuator. This input data was maintained in an array 

as was the signal received from the fiber sensor. The program also calculated a 

control voltage, based on a difference equation, which could be applied to the 

piezoelectric actuator. Since only one sample was taken at a time the program 

utilized the boards programmed input output (PIO) mode of operation. To 

maximize the sampling rate the input-output operations were triggered from a 

clock pulse which greatly exceeded the achievable sampling rate. This made the 

actual sampling rate depend upon the speed of execution of the code. To 

maintain a constant rate during the excite’, ’delay’, and ’control’ routines many 

sections of code had to be duplicated, even though the result of their execution 

was not needed. 
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HC HE He fe af 2k 2c he Ae 2 ake fe 2c ae 24 2c ah af 2c ake af 2c ac af ak ate fe ae fe afc ate fe 24 kc abe aft fe afc 2k 2b ake abe ofc ate aie abe 2fe 24 afc 2fe 24 fc OIC fe akc oie 2k 2c IC ofc ic 2k 2k 2k aie 2c ic 

PARAMETER SCREEEN - FILE SETUP.DAT 
We 246 2 ie ie 24 he ke 2c ie he 2 2h oe ke fe i at 29 Se 2c 2 2 24 ke 2c 2 af kc 2 i 2 a fe 2 a i 2 2 aC 2 a 2 2 2 2 i iC 2 2 AC oi 2K 2 2 IC 2k 2K fe 2k 2c 2 ak 2K 

3.0 Excitation time, seconds 
1.0 Delay time, seconds 
6.0 Control time, seconds, Note: 20 sec max total run 
346 He he 2h afc 2c afc hc he he ah ake 2h ake afc he af afc fe fc afc hc afc ate af 24 afc oe ae ae ae he 2c afc abe he 2h akc 2h fc a hc af 2 ae 2h ae afc fe ae hc 24 2c af 2h ake 24 oe 2h fee ake 2h ale te 2k kc 

0 Excitation type 0-Sinusoid,1-From data file 
inputl2.dat Data file, Format - one column,voltages, -50 to 50 
20. Excitation amplitude, Volts<50 
10.4 Excitation Frequency, Hertz 
he he he he she 2k 2c fe he 2h fe fc hc ae afc ic fe fe 2c abe ape ake aft 2c 29 fe he fe he ah afc 2h af ah he 2h afc hc fe aie hc ae abc oe aie fc ah af 4c fe he ae ai aye 24 aie 2c ake oie fe ade ake ake afc oie ae ake 

900 Number of points to use when storing data,<5000 
he 2H aft he ake ake afc ae ah afc abe abe abe afc ie abe ah afc fe apc ac 2c ae af afc he ake 2h abe ape apc 2c oh afc abe afc afc ae abe ape afc akc fc afc he fe akc aie abe af ape ai hc ake 24 ah abe ae akc hc abe 2h 2h ape abe aie ic 

0 A/D channel 
0 A/D input gain (0,1,2,3),actual gain powers of 2 
1 D/A channel 
456.6 Board frequency, Samples per second 
Me Ae He he 2h 2h he sh 2h afc ah ate abe afc 2h afc afc af ae afc 2h ae afc afc a 2 fc 2 2 ote afc 2h 2c afc aft 2 afc fe fe 2 hc 2 2 2h akc oe fe 2H fe aie 2h akc ae of fc a 2 ake fe fe 2 kc ake 2c 24 akc 3c 

12.0 Gain on Compensator 
4 Order of compensator 
1.0 Coefficents of numerator, decreasing powers 
-3.698756 
5.404936 
-3.709611 
1.005629 
1.0 Coefficents of denomenator, decreasing powers 

-3.205346 
3.878054 
-2.111628 
0.439881 

HE HG AR 2H he fe 24 aie abe ate atc fe 24 ye afc ae ke fe ae 2h fc ah 2h le ape abe 2h ate afc 2b 2h atc 2c 2p fc ape abe ape afc a ae fc afc ae 2 hc afc afc 2 2c ac af 2c afc 2h ae ac abe 2g afc 2c 2h 2c ac ake 
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Sinclude:’c:\lab\pslab\lib\ psldefs.for’ 
Sinclude:’c:\lab\ pslab\lib\pslerrs.for’ 
program beamprog 
CK Ae Ee Oe A he he 2 2h 2H he Re fe iC 2h 2A fe ee 2c 2d 2 a 2c oie hc ate abe ake ic pc 24 2h fe ae ie 2c 2c af i 2c oe afc 24 ok afc ic 

c Declare variable types 
CK 2 2 2 he ake 2 ie ae he 2h fe 2c 2h a ie 2h 2h 2c 2H a 240 2H 2c 2 2c 2 a 2c fe 2c 2 af ic atc fe 2c 29 oe ic ae fc 24 afc akc 24 ak 2c 2 

integer*2 status,inval,outval,adhandel,dahandel 
integer+2 adbuf,dabuf,ngain,output(10000),input(10000) 
integer+2 outchannel,inchannel 
integer+4 nexcite,ndelay,ncontrol,nexamp,comporder,zero,ingain 
integer+4 i,j,nskip,narout (10000) extype,numout 
realx4 excite,delay,control,examp,exfreq,a(10),b(10),freq 
realx4 wexfreq,gain,out,arout,vmax 
double precision todisk(5000) 
character+2 name 
character*12 readfile,writefile 

Ce i HE Re He ee He Re ie ie i he 2 ER A Ce 2A A A i 2 CC fe 2 2G 2 2 I 2 IC IC 2A i 2 CE 2 A ic KC 

c Read setup information 
Ce He a He AE AE He ee he ie Oe 2h 2h 2 abe 2h ft he abe 2h afc fe 2 fe af 2b 2h akc abe 2h fe oe abe ae ie a ae 2 ofc fe 2g 2c 2c a 2h ic aie 

10 

20 

open(5,file=’setup.dat’) 
read(5,* 
read(5,* 
read(5,* 
read(5,«)excite 
read(5,*)delay 
read(5,*)control 
read(5,* 
read(5,*)extype 
read(5,1010)readfile 
read(5,*)examp 
read(5,*)exfreq 
read(5,* 
read(5,*)numout 
read(5,* 
read(5,* )inchannel 
read(5,* )ngain 
read(5,*)outchannel 
read(5,* \freq 
read(5,* 
read(5,*)gain 
read(5,* )comporder 
do 10 i=1,comporder+1 

read(5,*)a(i) 
continue 
do 20 i=1,comporder+1 

read(5,*)b(i) 
continue 

1010 format(a) 
CH He HE He eK he ee He ie KE Re 24 HE 2 2c 2 2 2c AC fe A Re Re ee 28 2c AC 2c 2 CR oC 2 2 ae i 2c i ie 2 ok oc ie 2c ic 

c Define constants 
CK He ee fe 4 he fe ot ae ah he 2c ate afc 2c ake ac fc ade hc fc aie ac te ae fc oe af aie ape hc he ae ae of ae fe ofc ote fe ote ope hc oe ode fe ac fe ic 

zero=2051 
pi=3.1415 
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30 

vmax=50.0 
ingain=2**ngain 
nexcite=nint(excitesireq) 
ndelay=nexcite+nint(delay*freq) 
ncontrol=nexcite+nint(delay*freq)+nint(control*freq) 
nskip=ncontrol/numout 
if(nskip.eq.0) nskip=1 
numout=ncontrol/nskip 
wexamp=examp/vmax*2048. 
wexfreq=exfreq+2*pi /freq 
if (extype.eq.1) then 

open(6,file=readfile) 
do 30,i=1,nexcite 

read(6,*)arout 
narout(i)=nint(arout /vmax+*2047)+zero 

continue 
endif 

Ce He 2 He 2H he i he 2c 2h 2H 2 2h 2 ee 2c 2h he fe ke fe 2 2h a ie i 24 ae 2 fe hee hc 2 abe af oe afc ac 2h af fe ic 2c ae oe ke 4c 

c Initialize board 
Ce He Ae He A Ae A He he HC AC a He AE ie AC OK AC He 2 Ne a Ea 2h OR 2 ee ae he ae a aie ah Ae he 2h he ae ae ae fe he 2c 

adbuf=3000 
dabuf=3010 
status=psinitialize() 
status=psselectunit(1) 
status=psreset() 
status=psseterrorcontrolword(1) 
status=psdeclareuserbuffer(adbuf,2,adhandel 
status=psdeclareuserbuffer(dabuf,2,dahandel 
status=pslinkbuffer(0,adhandel 
status=pslinkbuffer(1,dahandel 
status=pssetfrequency 120000) 
status=pssetfrequency(1,20000 
status=pssettransfersize en 
status=pssettransfersize(1,1 

CE He He he He he He he SH OE he 2 Re ae fe ac 2 20 ae ie ah he 2g 2c fe 3c pe ae ote 280 2c 28th abe ape fe fe ie 2c aft abe fc fe ote oe 2h 

c Excite beam 
C7 He He ie Ke he ie he ae he ie ye he hc he he ic he ee he oe ah he ae ft 2c ae fe ate ope ah ae aie he ake SH ie OE 2c ic Ne 2h fe 2c ie ik 2c oe 2c 

150 

175 

write(x,* 
write(«,* 
write(*,*)’ EXCITATION ON’ 
do 100 i=1,nexcite 

status=pssetadoperation(4,1,inchannel,ngain,1,0) 
status=psdosingleoperation(0,inval) 
input(i)=inval-zero 

out=0.0 
do 150 j=1,comporder+1 

out=out+a(j)*float(input(i-j+1)) 
continue 

out=out«gain 
do 175 j=2,comporder+1 

out=out-b(j)*float(output(i-j+1)) 
continue 
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outval=nint(out /b(1)+zero) 
c 

outval=nint(wexamp*sin(wexfreq*float(i)))+zero 
c 

if (extype.eq.1) outval=narout(i) 
c 

output(i)=outval-zero 
if (outval.le.2) outval=2 
if (outval.ge.4094) outval=4094 
status=pssetdaoperation(4,outchannel,0) 
status=psdosingleoperation(1,outval) 

100 continue 
CHEK He He ie He Hc ee he he Ae He ae he fe ae ae he 2h kc fe Ne ke i of 2 ke a NE 2h ae 2 2h ac fe fe ie hc 29 2h 6 2c ake he ic oe 2 

c Delay, No output 
Ce ee eH A He He He He he 2 Oe he A he he he he fe 2g 2h a 2 2 Ae 2h Oe Ac 2 ae 2c 20 2c 2 ae aie he ie 26 fe he AE ic 2 2 oe 

write(*,* 
write(*,* 
write(*,*)’ 
wexamp=0. 
do 200 i=nexcite+1,ndelay 

status=pssetadoperation(4,1,inchannel,ngain,1,0) 
status=psdosingleoperation(0,inval) 
input(i)=inval-zero 

EXCITATION OFF’ 

if (extype.eq.2) outval=narout(i) 

out=0.0 
do 250 j=1,comporder+1 

out=out-+a(j)*float(input(i-j+1)) 
250 continue 

out=out»*gain 
do 275 j=2,comporder+1 

out=out-b(j)*float(output(i-j+1)) 
275 continue 

outval=nint(out /b(1)+zero) 

outval=nint(wexamp*sin(wexfreq»float(i)))+zero 

output(i)=outval-zero 
if (outval.le.2) outval=2 
if (outval.ge.4094) outval=4094 
status=pssetdaoperation(4,outchannel,0) 
status=psdosingleoperation(1,outval) 

200 continue 
C9 He He He eH he He He he Re he he hc eC A A eR a he AC ah i ic ae 2A ae Re Rie 6 2c 2c a ie fc 2c 2A a ie ce 2h oi ak ic 2h 

c Control beam 
CK ie He He he Fe 2 he he he he ah he fe ah ic hc Ne hc 2A a a ae 2c A 2h fe i ae ie af fe 2 ac he fe ae oe eae ae ae afc 2c 24 ac 2c 2c ake 

write(*,* 
write(*,* 
write(*,*)’ CONTROL ON’ 
do 300 i=ndelay+1,ncontrol 

status=pssetadoperation(4,1,inchannel,ngain,1,0) 
status=psdosingleoperation(0,inval) 

Appendix C 105



input(i)=inval-zero 
c 

outval=nint(wexamps*sin(wexfreq«float(i))) 
c 

if (extype.eq.2) outval=narout(i) 
c 

out=0. 
do 350 j=1,comporder+1 

out=out+a(j)*float(input(i-j+1)) 
350 continue 

out=out*gain 
do 375 j=2,comporder+1 

out=out-b(j)*float(output(i-j+1)) 
375 continue 

outval=nint(out/b(1)+zero) 

output(i)=outval-zero 
if (outval.le.2) outval=2 
if (outval.ge.4094) outval=4094 
status=pssetdaoperation(4,outchannel,0) 
status=psdosingleoperation(1,outval) 

300 continue 
outval=zero 
status=pssetdaoperation(4,outchannel,0) 
status=psdosingleoperation(1,outval) 
write(*,* 
write(*,* 
write(*,*)’ CONTROL OFF’ 

Ce ie A he he he he he he he he fc AC i IC HC fe fc 2 a AC 2 2 2 he a 2c 2 fe ae oe te Se ie otc at ae ec ie 2c ot ie 2 

c Write files in MATLAB format 
C2 ee he he ae he 2h ie 2 2h fe he 24 2h he ake ie 2 2 fe Ee 2k AC 0 2c 20 hc 2 ae fe a te oe ah 2 a 29 2h a fe 20 ic abe aie 2 he te 

write(*,* 
write(*,* 
write(*,*)’Enter filename for data storage ’ 
read(*,1000)writefile 

1000 format(a) 
if (writefile.ne.’ ’) then 

write(*,* 
write(«,* 
write(*,*)’ SAVING DATA’ 
open(7,A e=writefile,form=’binary’) 
=0 
do 400,i=1,ncontrol,nskip 

l=]+1 
todisk(1)=float(i)/freq 

400 continue 
name=’t’ 
call savemat(0,numout,1,0,2,name,todisk,0.0d0,7,ierr) 
1=0 
do 500,i=1,ncontrol,nskip 

l=1+1 
todisk(1)=float(input(i)) /409.6/float(ingain) 

500 continue 

Appendix C 106



name=’f’ 
call savemat(0,numout,1,0,2,name,todisk,0.0d0,7,ierr) 
=0 

do 600,i=1,ncontrol,nskip 
l=1+1 
todisk(1)=float(output(i))/409.6 

600 continue 
name=’p’ 
call savemat(0,numout,1,0,2,name,todisk,0.0d0,7,ierr) 
close(7) 
endif 
end 

C4 i he he 2A he te ie aie he ie 2h 2h Ie he ie he ie ae 2h abe ke ic 2c 2 2h ie ie ic ic 2 he fc 2 he ae 2 ake ke aie ic ac 2h abe afc akc 2c 2h 

Cc SUBROUTINE-     

c SAVEMAT 
c Author: S.N. Bangert 5-31-85 
c Documentation availabe with MATLAB software 
CH He Re he he he he ie 2h ae Ae aie af ae he ae 29 ac ae ah ae 24 24 he a a a oe ae ah 2 abe ae SH a 2c eK ai 2K ci 2K ik ai 2a 2k 2c 

subroutine savemat( type, mrows, ncols, imagf, namlen, name, 
$ rpart, ipart, lunit, wtilg 
integer type, mrows, ncols, imagf, namlen 
character name(*)+1 
double precision rpart(*), ipart(*) 
integer lunit 
integer wtflg 
integer*l zerobyte 
data zerobyte / 0 / 
mn =mrows«ncols 
wetelluniter= 900 type,mrows,ncols,imagf,namlen 

    

write(lunit,err=999) (name(i),i=1,namlen-1),zerobyte 
write(lunit,err=999) (rpart(i),i=1,mn 
if (imagf .eq. 1) write(lunit,err=999) (ipart(i),i=1,mn) 
wtilg = 0 
return 

999 wtflg = -1 
return 

end 
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