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(ABSTRACT) 

The formulation and implementation of a low-order vibration controller using Lin- 

ear Quadratic (LQ) modern control theory is demonstrated. The controller is im- 

plemented to reject persistent disturbances of the fundamental mode of a simply- 

supported plate. The plate is excited by a 60 Hz harmonic excitation, a narrowband 

excitation centered at 60 Hz, and an impulse excitation caused by an impact ham- 

mer. The extraction of the eigen-properties of the first four modes of the plate is 

presented. The eigen-properties form the basis of the modal model of the plate. 

Also, a brief discussion of the control law is provided. Simulated and experimental 

results are presented for the transputer-based, parallel-processing control sysytem. 

The steady-state fundamental modal amplitude is attenuated by more than an order 

of magnitude at the disturbance frequency, and the modal damping is doubled. Ad- 

ditionally, the implementation issues of applying the LQG controller are addressed 

including temporal and spatial aliasing considerations.
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Chapter 1 

Introduction 

Active vibration control has been the focus of extensive research in recent years. One 

of the approaches is the modern control, feedback paradigm. This model-based ap- 

proach has controllability, observability, and stability criteria established. Further, 

there are both steady and transient suppression methods available. For complicated 

problems the model may be quite large, however the modern control toolbox includes 

model and controller order reduction approaches. The reduced-order descriptions 

allow very large controllers to be experimentally implementable. Also the robust- 

ness of a controller can be analyzed and improved. The modern control approach 

includes all of the above named features as well the tools of linear systems theory 

when we apply linear controllers. 

In this thesis, we will discuss the construction of a testbed for the application of 

modern controllers to reject persistent disturbances and the implementation of a 

Linear Quadratic Gaussian, LQG, vibration controller to compensate for the effects 

of harmonic and narrowband persistent disturbances on a simply-supported plate. 

The LQG controller marries the optimal control approach of the Linear Quadratic 

Regulator (LQR) with the optimal stochastic estimator known as the Kalman Fil-



ter. The model-based, feedback controller minimizes a quadratic cost functional 

that trades off between controlled variable performance and controller capability 

while the optimal estimator combines a stochastic, dynamic state estimator with a 

static, recursive least-squares estimator. 

Disturbance inputs arise from a number of different sources. The engine in a car 

can be viewed as a disturbance input that causes the frame of the car to vibrate 

which may excite structural modes in the auditory range [1]. Thus, the isolation of 

the engine vibrations would provide a quieter ride. Further, in problems involving 

the automatic guidance and control of vehicles, the action of waves, wind gusts, 

updrafts, currents and terrain can be viewed as external disturbance forces. Dis- 

turbance compensation seeks to lessen the effects of these external forces on the 

structure’s desired response. 

The relative ease of designing modern control laws using linear systems theory has 

led to a number of analytical investigations of disturbance compensation using state- 

space controllers. However, implementing the controllers on real structures requires 

significant effort in the areas of data acquisition hardware and controller perfor- 

mance. This work demonstrates the effectiveness of a low-order LQG vibration 

controller to reject the disturbance inputs to a simply-supported plate with an ex- 

periment. Further, the work establishes a procedure for the experimental application 

of these controllers. 

The LQG controller is flexible such that the change to an acoustic controller simply 

involves a change of the cost function. Further, by implementing a model of the



radiating field we can effectively control the radiating noise while only measuring 

the response of the ;structure if we use an acoustic cost function. Baumann [17] 

has formulated the acoustic control problem in this type of framework. First, the 

testbed needed to be verified with vibration control since it involves many fewer 

states than the acoustic controller. There is ongoing work in implementing the 

acoustic controller. 

In the next section, we will review the current and most recent literature available 

on disturbance compensation. We are especially interested in the application of LQ 

controllers. 

1.1 Literature Review 

A number of disturbance compensation techniques have been proposed and some 

have been experimentally verified. Sievers and von Flotow [2] provide an overview 

and comparison of disturbance rejection methods. They discuss both feedforward 

and feedback compensators. The feedforward compensators include single-input- 

single-outpput, SISO, Least-Mean-Square, LMS, adaptive filtering, and the multi- 

input-multi-output, MIMO, multiple error LMS algorithm. They present SISO and 

MIMO feedback controllers in the classical, higher harmonic, and modern control 

framework. They showed that all of the methods placed pairs of complex poles 

at the disturbance frequency with a departure angle of 180° on a root locus plot. 

The departure angle sends the poles into the left-hand plane, thus guaranteeing 

stability for low gains. They proposed improvements for two LQ-based techniques: 

frequency shaped cost functional method, FSCF, [3], and ?disturbance modeling



method, DM, [4]. FSCF shapes the weighting matrices in the frequency domain 

which can be viewed as filtering the output of the system with a narrowband filter. 

DM includes a colored noise model of the disturbance in the augmented state equa- 

tions, and then the LQG gains are calculated. 

Feedfoward techniques have been experimentally implemented for both vibration 

and acoustic control [5, 6, 7, 8]. Fuller, et al. [8] apply the adaptive LMS algorithm 

to control the sound transmission through a plate excited by a sinusoidal input. 

They compare the effectiveness of the controller when microphones and accelerom- 

eters are used as the error transducer. They found that the microphone is a better 

transducer for acoustic control since it contains the structural acoustic interaction 

information. Elliot, et al. [9] present a discussion of the important properties of the 

adaptive LMS control scheme which is not a model-based controller. The ability of 

the LMS algorithm to perform transient suppression has not been shown yet. 

Both Meirovitch [10] and Mace [11] have developed feedback techniques which for- 

mulate transient compensators. Meirovitch, et al. discuss coupled control and 

independent modal space control, IMSC. They develop IMSC to address the control 

spillover into the unmodeled modes when coupled control is implemented. While a 

coupled control law can control multiple modes with a single actuator, the IMSC 

requires a single actuator per controlled mode, however it has fewer computational 

requirements. Mace developed a feedback controller to create ‘disturbance-free’ re- 

gions on a thin beam. He used a waveform approach to control the flexural vibrations 

caused by a transient disturbance propagating along a waveguide. The above two 

papers analytically formulate feedback, transient compensators. Next, we will look



at techniques to compensate for persistent disturbances. 

Johnson [12] formulated a fundamental approach to disturbance compensation with 

a feedback controller. This method assumes that the disturbance is some kind of 

waveform that can be modeled with a state-space description. The control is broken 

into two parts. First, the feedback of the plant’s states, or estimated states, is used 

to regulate the undisturbed plant. Second, the feedback of the disturbance states, 

or the estimated states, compensates for the disturbance effects. The gains for each 

of the two parts of the controller are calculated independently. For example, the 

plant state feedback gains can be calculated using a pole-placement technique while 

the disturbance state feedback gains are always a function of the disturbance model. 

Sorrells [13] extended Johnson’s disturbance accomodating controller, DAC, to ac- 

count for a stochastic input. He modeled the disturbance as the sum of a structured 

waveform and a Gaussian, random process. He demonstrated with a simulation that 

the Johnson method would compensate for the effects of a non-mean-zero, noisy si- 

nusoidal input on a second order system. He compared this result with a LQG 

compensator for the same situation and found that the LQG compensator did not 

reject the structured, i.e., the sine-wave, portion of the disturbance. Possibly, he did 

not augment the LQG paradigm with a disturbance model of the sine-wave which 

is what we do to compensate for a non-Gaussian disturbance. Two other feedback 

techniques available for disturbance compensation are higher harmonic control [14] 

and unknown-but-bounded control [15]. 

Now, we would like to discuss some of the work that has been done to formulate 

the LQG disturbance compensation problem. Unlike the Johnson method above,



the LQG method assumes the knowledge of the statistics of the disturbance input, 

not the structured form of the input. The form of the disturbance only is important 

when the input is colored noise. Colored noise is white noise that has somehow 

been filtered, i.e., band limited. Specifically, we are interested in techniques to 

account for a structure driven by colored noise disturbance. As Sievers and von 

Flotow presented, there are two basic techniques for dealing with colored noise. 

The first is using the frequency-shaped cost functionals to determine the feedback 

gains. Gupta [3] shapes weighting matrices in the cost functional to force the solu- 

tion to compensate for the colored noise input. The second method is augmenting 

the state-space model of the plant with some type of disturbance model which rep- 

resents the filtering of a Gaussian, white noise sequence to form the colored noise 

input. The augmented system is in the standard LQG form where the augmented 

plant is driven by a Gaussian, white noise disturbance and the measurement noise 

is also assumed to be a Gaussian, white noise sequence. Only the statistical prop- 

erties of the two random sequences are known, and they are used to formulate the 

compensator feedback gains for the estimate’s augmented state vector [4]. Next, we 

would like to note a couple of applications of the LQG controller. 

Sievers and von Flotow [1] formulated a LQG controller to actively isolate the vibra- 

tions of an engine from the flexible structure on which it is mounted. They simulated 

the response of the structure when the LQG compensator was formulated with both 

the FSCF method and the DM method. They assumed that the transmission of the 

vibrations of the engine can be modeled as a narrowband disturbance, and found 

that both techniques place a notch in the transmission curve at the disturbance 

frequency.



Rao [16] formulated a LQG controller for a turret-gun system where the turret must 

follow a command path to be aimed and the firing of the ordinance is a transient 

disturbance that excites the structural modes. He simulated both a full-order and 

a reduced-order disturbance compensator, and he demonstrated the controller’s ef- 

fectiveness as the turret followed both a step and a ramp command signal. 

Baumann, et al. [17, 18] reported on an LQG framework to control the acoustic 

energy radiated from a flexible structure subject to transient and/or persistent dis- 

turbances of nearly arbitrary waveforms. They modeled the low-frequency radiated 

field with radiation filters which describe the far-field acoustic pressure as a function 

of the surface velocity of the structure, and augmented the plant with these states. 

Further, they formulated a state-space model of the disturbance and augmented the 

plant with these states. They examined the response of a clamped-clamped beam 

to transient and persistent harmonic, narrowband, and broadband disturbances for 

both a vibration and an acoustic cost function. They demonstrated that the LQG 

controller is effective as both a vibration and an acoustic controller. The experi- 

mental verification of this controller is one of the stated goals of this research. 

We have reviewed the formulation and simulation of a few feedback control tech- 

niques, and now we will look at some experimental applications. Baz, et al. [19] 

implemented a modified independent modal space controller, MIMSC, to reject the 

transient excitation of a cantilevered rectangular beam. They controlled the beam 

with a piezoelectric actuator mounted at the base of the structure and measured the 

response with three displacement sensors. The outputs were numerically differen-



tiated to formulate a twelfth-order model. The modal displacements and velocities 

were calculated from the physical states and these were fed back to the controller. 

They found that the MIMSC provided better control than the IMSC when the beam 

was excited with a second-mode disturbance. They accounted for the better perfor- 

mance of the MIMSC due to its ability to time-share the single actuator to control 

both the first and second mode based on the highest instantaneous modal energy. 

The computational requirements limited the controller effectiveness to a bandwidth 

that included only the first two modes, both less than 11 Hz. 

Wynn [20] implemented a MIMO, linear quadratic regulator to suppress the tran- 

sient vibrations in a flexible continuum attached to an adaptive truss. The adaptive 

truss is used as the actuator to suppress the vibrations in the beam. This work 

highlights the experimental application of an optimal controller. 

Finally, Rubenstein, et al. [21] have reported the experimental results of the ap- 

plication of a low-order LQG vibration controller to reject persistent harmonic and 

narrowband disturbances of a simply-supported plate. These results are also pre- 

sented in this thesis. 

1.2 Outline of the Thesis 

First, we describe the design process of the simply-supported plate. In this chapter, 

we also discuss the instrumentation and controller hardware. Next, we set about to 

develop the modal model for the plate. Both analytical and experimental methods 

are examined. Then, we present the formulation of the LQG vibration controller.



We include both the continuous-time and discrete-time descriptions of the controller. 

Next, we look at the simulated and experimental results for the implementation 

of the low-order LQ vibration controller. Finally, we end with some concluding 

remarks.



Chapter 2 

Experimentation 

The experimental objectives are to build a testbed for Active Structural Acoustic 

Controller (ASAC) verification and to implement a Linear Quadratic (LQ) vibration 

controller on a simple structure. In the chapter, the design of the simple structure, 

the simply-supported plate, the instrumenting of the testbed, the controller hard- 

ware, and the experimental procedure are presented. 

2.1 Plant Design 

The testbed specifications require a structure with a simple model, i.e., a structure 

with well known behaviour to limit the emphasis of our problems to the imple- 

mentation of the control law as opposed to modeling the structure. The structure 

must also be adaptable to perform both vibration control and acoustic control ex- 

periments in an LQG framework, and must be simple to fabricate. In this section, 

we will describe the process we used to design the simply-supported plate, and the 

result of the design process are the dimensions of the testbed. 

We chose a simply-supported plate as the testbed. The simply-supported plate has 

10



a closed-form solution for its two-dimensional bending motion. Wallace [22] deter- 

mined the radiation resistance of the vibrational modes of a simply-supported plate. 

Therefore, the plate is both a structure with well-defined behaviour and easy to in- 

tegrate into the acoustic control framework. 

The desired plant should have low natural frequencies, should meet the thin plate 

assumption, have distinct eigenvalues and is easy to fabricate. The twelfth natural 

frequency is specified to be below 500 Hz to specify the minimum temporal sampling 

requirement of the data acquisition system. Based on the Nyquist sampling require- 

ment, we established a minimum sample frequency of 1000 Hz for a twelve-mode 

compensator. The thin plate assumption allows the effects of shear deformation to 

be ignored in the solution of the bending-wave equation. The final two characteris- 

tics lead to the choice of a rectangular plate that is an 4 in. thick. Since all of the 

eigenvalues are distinct on a rectangular plate, the mode shapes are also distinct. 

Candidate designs for the plate are analyzed by solving the bending-wave equation. 

The two-dimensional bending wavefield in a thin plate can be described by [23] 

4 4 Otw, Wp 6 Wy 
éx4 + 6x2 by? D( dt? 
    

b4w 
+ iy =—m (2.1) 

where the plate dimension and coordinate system are shown in Fig 2.1. D and m 

are the bending stiffness and the mass per unit area of the plate respectively, and w, 

is the out-of-plane displacement of the bending wave. Assume a simple harmonic, 

plane wave solution of the form 

w(x, y,t) = W, evi titeetihyy (2.2) 
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Figure 2.1: Rectangular plate dimensions and coordinate system 

12



where k, and k, are the wave numbers in the x- and y-directions, respectively. The 

wave numbers are defined as 

kp =, n=1,2,. (2.3) 
a 

ky = ; p=1,2,. (2.4) 

and the flexural wave number is 

ky = /k2 + B2. (2.5) 

Equation 2.2 is substituted into equation 2.1, and making use of the relation in 

equation 2.5, the flexural wave number is also 

  )t (2.6) 

where k, is a function of the response frequency, w. Next the simply-supported 

boundary conditions are applied, and the surface displacement, in the (n,p)th mode 

at any time, is given by 

n 
Wnp = Wap sin —— sin — (2.7) 

a 

where W,,, is the modal amplitude of the (n,p)th mode. Notice, equation 2.5 can 

be used to find the flexural wave number for the (n,p)th mode, k,,. Thus, by 

manipulating equation 2.6, the natural frequencies of the plate are 

kA D 
Way = a (2.8) 
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Since the flexural wave number is a function of the length and width of the plate 

and the bending stifness is a function of the thickness of the plate, a variety of com- 

binations of a, b, h were analyzed based on the criteria presented at the beginning 

of this section. The chosen design was a cold-rolled steel plate, 0.5 m by 0.6 m long 

and 2.9 mm thick. The twelth natural frequency of this plate is below 500 Hz, the 

rectangular plate meets the thin plate assumption, all of the eigenvalues are distinct, 

and the VPI&SU had fabricated a similar plate previously and had little difficulty 

fabricating a plate with the above dimensions. 

Duplicating the fixture fabricated by the Mechanical Engineering shop at VPI&SU 

for the acoustic lab, the plate is attached along its edges to thin steel shim stock, 

and the opposite edge of the shim stock is bolted into a steel frame. The shim stock 

is joined to the plate through machine screws and adhesive in order to emulate 

the simply-supported boundary condition. RT'V silicone rubber adhesive is applied 

along both edges of the shim stock to reduce the transmission of the plate excitation 

to the frame. The testbed is isolated from the surroundings by placing it on a large 

granite block. 

The next step of the experimental design is to instrument the structure. 

2.2 Instrumentation and Control Hardware 

The experimental setup is comprised of three major components: !the experimen- 

tal plant, *the sensors and actuators, and *the data acquisition and control law 

hardware. The design and construction of the plant was discussed in the previous 

14



section, and the specifications of the sensors, actuators, and the data acquisition 

and control law hardware are presented below. 

The response of the plate is measured by twelve piezoelectric accelerometers ar- 

ranged in a nonsymmetric array. We specified that the accelerometers be lightweight 

to reduce their mass loading effects and be adaptable for a variety of applications 

such as system identification and closed-loop experiments. PCB model number 

336A04 accelerometers were chosen. These sensors have a nominal sensitivity of 

100 mY and weigh 4 grams. The sensors are mounted with wax and are located to 

ensure the observability of the first twelve plate vibration modes. The coordinates 

of each of the accelerometers is given in Table 2.1 where the origin is located at the 

lower left corner of the plate. A PCB model 483B07 twelve-channel charge amplifier 

with zero to 100 continuous gain dial on each channel is implemented to power the 

accelerometers and amplify the response signal. The output of the charge amplifier 

is connected to the data acquisition system. 

Two Ling Dynamic Systems model V203 electromagnetic shakers were chosen as 

the disturbance and the control inputs, and they were mounted at accelerometer 

locations 5 and 8, respectively. These locations are chosen so the point force actu- 

ators have most of their authority on modes one and two. They are located near 

a node line of modes three and four, and, in the closed-loop experiments, this will 

reduce the excitation of these modes by the disturbance input and reduce the possi- 

bility of control spillover into these modes. We want to begin our experiments with 

a low-order compensator as this limits the number of states to track. The input 

command voltages are amplified through a current amplifier, designed by Robert 

15



Table 2.1: Accelerometer locations 

  

  

  

  

  

  

  

  

  

  

  

  

    

location | serial number | x (m) | y (m) 
1 1093 0.12 | 0.38 

2 1095 0.12 | 0.26 

3 1096 0.12 | 0.11 

4 1097 0.25 | 0.38 

5 1098 0.25 | 0.26 

6 1099 0.25 | 0.11 

7 1100 0.35 |; 0.38 

8 1101 0.35 | 0.26 

9 1102 0.35 | 0.11 

10 1103 0.47 | 0.38 

1] 1104 0.47 | 0.26 

12 1105 0.47 | 0.11       
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Salerno and shown in Fig. 2.2, which converted the voltage signal to a current sig- 

nal. The current driven shakers apply a force output that is a constant proportion to 

the command voltage, for all values of the command voltage, within the frequency 

range of interest. The shakers do not exhibit this linear behaviour when driven by a 

voltage signal because of the electromagnetic design. Figure 2.3 shows the charac- 

teristic force response of the shakers to an input voltage passed through the current 

amplifiers. The force measurement dropouts, the ripples in the curves, occur at the 

natural frequencies of the plate where the load cell senses a small force that causes 

a large response. The gains for the disturbance and the control input are 0.53 N/V 

and 0.55 N/V, respectively. 

The shakers are attached to the plate through a stinger rod assembly. The stinger 

rods are designed with a low flexural stiffness to isolate the plate from the rotary 

inertia effects of the shaker [24], and they must have a high axial compressive stiff- 

ness in order to transmit the force and prevent buckling [25]. The stinger assemblies 

are 1.125 in. lengths of 0.04 in. diameter piano wire. 

The final piece of instrumentation is the data acquisition and control law hard- 

ware, In order to avoid the additional states introduced by time delays, the data 

acquisition hardware was required to sample all the input channels of data simulta- 

neously. Also, we required a data acquisition system that could accomodate all the 

measurements necessary to identify the higher order plate vibrations. Therefore, 

Ellis [26] designed, developed and implemented a transputer-based data acquisition 

board (TransDAC) consisting of sixteen simultaneously sampled channels of input 

and sixteen simultaneous channels of output. The TransDAC along with a con- 
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Figure 2.2: Current amplifier circuit 
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trol law transputer formed the transputer-based, parallel-processing control system 

which was installed in a 386/387 computer. The multitasking ability of the control 

system architecture, shown in Fig. 2.4, allowed the control law to be calculated on a 

single, 17 MHz T800 transputer while the TransDAC, with a T222 transputer, per- 

formed the data acquisition. The two parallel processes only communicated when 

the control law needed the input or when it was ready to send the control. 

While the transputer-based control system was being built, a DT2818 data acqui- 

sition board was installed in the 386/387 computer. The DT2818 has four simul- 

taneous analog-to-digital conversion (A/D) channels and two simultaneous digital- 

to-analog conversion (D/A) channels. The two-mode compensator, which will be 

discussed in more detail later, consists of eight difference equations for the state- 

space representation of the system and includes the conversion from the measure- 

ment to the modal domain. The DT2818, sampling four channels of input, had a 

sample speed of 455 Hz for the two-mode compensator while the transputer-based 

control system had a sample speed of 3300 Hz in the same configuration. The first 

two modes of the plate are approximately 50 Hz and 110 Hz, and empirical results 

had shown that good modal identification requires sample frequencies about ten 

times faster than the plate motions of interest. Baz, et al. [19] also found the same 

smpling requirement. The DT2818, in this configuration, could not even provide 

good identification of the second mode since it could not meet the temporal over- 

sampling requirement. Additionally, the large number of inputs available on the 

TransDAC allowed spatial oversampling, i.e., more sensors than identified modes. 

This increased the expected accuracy of the modal acceleration estimates required 

for control. Therefore the transputer-based control system is used for all controller 
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results presented unless otherwise noted. 

A schematic of the experimental setup is shown in Fig. 2.5. The final pieces of 

instrumentation needed to close the control loop are the smoothing filter and the 

disturbance signal generator. The staircase nature of the control signal is smoothed 

by a second-order, low-pass filter before driving the control shaker. The smoothing 

filter also limits the frequency content of the control signal above the bandwidth 

of the compensator. The disturbance shaker was driven by a signal generator for 

harmonic inputs or by a 286 AT computer configured with a transputer-based D/A 

system for narrowband inputs. 

In concluding this chapter, the general experimental procedure is discussed. 

2.3 Experimental Procedure 

The experimental loop begins with the disturbance generation. In the persistent vi- 

bration suppression experiment, the signal is sent to the disturbance shaker and the 

plate response is allowed to reach its steady-state value. The response is measured 

by the twelve accelerometer array which are sampled by the TransDAC hardware 

discussed above. The sampled measurements are linearly transformed through a 

spatial filter into the modal domain. For the two-mode controller, the first two 

modal accelerations are used by the control law to estimate the states of the system 

which are used to calculate the control signal. The control signal is sent to the 

control shaker through the smoothing filter to close the loop. 
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The only variation for the transient vibration suppression is the disturbance is gener- 

ated by an impact hammer alone without the contribution of the steady disturbance. 

The response of the plate is measured both when the controller is off and on to gen- 

erate the open- and closed-loop responses. 

In this chapter, the design of the experimental fixture was addressed, including 

hardware and procedural issues. In the next chapter, the real structure is modeled 

which will lead to the formulation of the control law. 
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Chapter 3 

Modeling of the 

Simply-Supported Plate 

Modeling is the chain that links the physical system, described in the previous chap- 

ter, with the mathematical formulation, i.e., the state-space description, presented 

in the next chapter. In this chapter, we are interested in modeling the simply- 

supported plate which forms the foundation of the system matrix portion of the 

state-space description. We wish to describe the motion of the simply-supported 

plate in a finite-dimensional manner to facilitate the implementation of the LQG 

control law. Therefore, a standard modal transformation is used to express the 

equations of motion in terms of the generalized set of coordinates as opposed to 

a Newtonian basis, and the modal description is truncated. The transformation 

requires the knowledge of the plant’s eigen-properties. 

Analytical and experimental structural modeling approaches are available. The 

tools we use to model the plate are: ‘the exact solution to the motion of a simply- 

supported plate, 2a finite-element approach, and 2an experimental modal method. 

The closed-form solution was described in the previous chapter, and it applies to an 

ideal simply-supported plate without any mass loading effects due to both sensors 
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and actuators. It was used to design the test fixture as well as a verification of both 

the finite-element and the experimental results. The finite-element model was imple- 

mented on NASTRAN. We can analyze the mass loading effects as well as simulate 

the steady response of the structure on NASTRAN. Finally, an experimental modal 

test was performed to formulate the eigen-properties used in the implementation of 

the control law. The experimental results are used since they include the effects 

of the physical boundaries which we will see are close to being simply-supported 

however they are slightly stiffer. The modal test is also an experimental verification 

of the NASTRAN results. 

In this chapter, we will first develop the equations of motion of the plate and trans- 

form them to the modal domain in order to identify the necessary eigen-properties. 

Next, the finite-element and the experimental results will be presented and compared 

to the exact solution obtained in the previous chapter. Finally, we will discuss a few 

methods of transforming from the Newtonian to the modal basis including the one 

used in the implementation of the control law. 

3.1 Equations of Motion 

The motion of the plate can be described in the Newtonian basis by a set of p second 

order differential equation 

M(t) + Ca(t) + K2(t) = F(t) (3.1) 
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where M,C’, and K are the mass, damping, and stiffness matrices. The response, 

z(t), is a p-dimensional vector described at p discreté locations on the structure. 

The p locations represent the p sensors used to measure some form of the response. 

The structure is assumed to be lightly damped and the system matrices are p- 

dimensional and symmetric. F(t) are the external forces such as the contro] and 

disturbance inputs which total m point forces. 

The above set of simultaneous differential equations are coupled through one or more 

of the system matrices. The solution of the above matrices require the knowledge of 

the mass and stiffness matrices at some location. One method of extracting these 

matrices is a finite-elment approach. An accurate description of the physical mass 

and stiffness matrices requires a dense finite-element model which has a high order. 

Therefore, we would like to transform the coordinates to a basis which transform the 

coupled set of simultaneous equations into an independent set of equations which 

would require a smaller-order description. If we choose the transformation matrix 

correctly, we still have a physically significant description of the motion of the plate. 

Let us rewrite the response as 

r(t) = q(t) (3.2) 

where ® is a constant, nonsingular, p-dimensional matrix and q(t) is a vector of 

generalized coordinates. Substituting equation 3.2 into equation 3.1, we find 

M O4(t) + C.Oq(t) + K So(t) = F(t). (3.3) 
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Next, we premultiply equation 3.3 by ®7, and obtain 

M(t) + Cq(t) + Kq(t) = F(é) (3.4) 

where the matrices 

M=4'™MO C=06'C@ K=6'KO (3.5) 

are symmetric, and 

F(t) = 67 F(t) (3.6) 

is a p-dimensional vector of the generalized forces associated with the generalized 

coordinates q(t). Equation 3.4 describes the motion of the plate in the generalized 

coordinate domain, however this simultaneous set of equations may still be coupled 

unless the transformation matrix ® is chosen properly. 

When ® is the modal matrix, whose columns are the solution to the eigenvalue 

problem of the system, equation 3.4 becomes a set of p independent, second-order 

differential equations. Further, we can normalize the eigenvectors to the mass of the 

plate such that 

M=I, 
26141 0 0 we 0 . 0 

0 0 0 0 ". OQ 0 

C=|0 0 2¢.u, 0 0; K=/0 0 w O 0 (3.7) 

0 0 0 0 ... O *. O 

0 0 2¢,w, 0... 0 Ww 
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where J, is the p-dimensional identity matrix, w, and ¢, are the modal frequency 

and damping of the r** mode of the plate. We have chosen a rectangular plate 

and all of the eigenvalues are distinct. Equation 3.2 through equation 3.7 represent 

the standard modal transformation of the equations of motion. This representation 

requires the knowledge of the eigen-properties of the plate, specifically, the natural 

frequencies, modal damping and the mass-normalized eigenvectors. There are both 

analytical and empirical approaches to find the eigen-properties of a structure and 

they fall in the area of modal analysis. We used the closed-form solution discussed 

in the last chapter, a finite-element model, and an experimental modal method to 

formulate the modal model of the plate. The results of the latter two techniques are 

presented in the next section, and the results are compared with each other as well 

as with the closed-form solution previously discussed. 

3.2 Modal Analysis 

We wish to model the dynamic response of the simply-supported plate using the 

description in equation 3.4 where the system matrices are described in equation 3.7. 

Modal analysis is the means to find the required eigen-properties of the modal model, 

and we implemented a finite-element and an experimental approach to find the nat- 

ural frequencies, modal damping and eigenvectors of the plate. 

A finite-element model of the plate was built and implemented on MSC NASTRAN 

to account for the mass loading of the plate by the accelerometers and the shakers. 

Further, we can use the finite-element model to simulate the forced and natural 

response of the plate. This feature helped us size the sensors and actuators and 
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provides an analytical tool to predict the experimental behaviour. Also, the model 

supports the fabrication of a testbed for controller implementation as it is flexible 

to add different types of sensors and actuators. Finally, we built the finite-element 

model with more complicated problems in mind. For example, for a more compli- 

cated structure an experimental modal approach may not be feasible, so some type 

analytical tool would be needed. 

The experimental modal method is an experimental verification of the analytical 

model. We can use the results to adjust the analytical model’s characteristics to 

better meet the real structure. Also, the experimental data adds to the foundation 

of the plate as a testbed for controller implementation, and qualifies the integrity of 

the structure, i.e., the assumed simply-supported boundary conditions are shown to 

be close to the ideal based on the plate’s response. For example, the experimental 

data may be used to design a robust controller. 

In the next two sections, we will discuss the implementation of the analytical and 

experimental modeling methods. This discussion will be followed by the comparison 

of the results of the two methods with each other as well as with the closed-form 

solution. 

3.2.1 Finite-Element Model 

The finite-element model is used to establish an analytical spatial description of the 

plate, to formulate a modal model, and to analyze the forced response of the plate. 

The PC-based MSC-PAL2 was used as a preprocessor to build the 360-node model 
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of the plate. The model has 343 quadrilateral plate elements, 2.9 mm thick, with 

bending stiffness. The nodes are arranged to include the locations of the accelerom- 

eter array and the actuator locations. The mass of the sensors, 4 g each, and the 

mass of the stinger pad, 2 g each, are added to the model as nodal masses. The 

stinger pads are the aluminum nuts that are glued to the plate, and the stingers are 

screwed into the pads. We assume that the inertial effects of the shakers are isolated 

from the plate by the stingers. The automatic node generation and connectivity are 

used. The plate has a Young’s modulus of elasticity of 207 GPa, Poisson’s ratio of 

0.292, and a density of 7798.6 4g The in-plane translation and the rotation about 

the axis perpendicular to the surface of the plate at all of the nodes is fixed to 

zero. Along the edges of the model, the out-of-plane translation is fixed as well as 

the rotation about the in-plane axis perpendicular to that edge. The MSC-PAL2 

model generates the MSC NASTRAN input file. We add to this file a proportional 

damping of 1% critical across the bandwidth of the modal analysis. NASTRAN 

implements a modified Givens approach to extract the natural frequencies and the 

eigenvectors of the structure. The results of the eigenvalue analysis is given after 

we discuss the experimental modal approach. 

3.2.2 Experimental Modal Method 

The empirical model is built as an experimental verification of the finite-element 

model and will be used in the controller formulation. The experimental modal 

method encompasses the extraction of the eigen-properties of the structure from a 

group of frequency response functions, FRF, in some sense that limits the mean- 

squared error between the curve-fit and the measured response. Therefore, we can 
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separate this method into two tasks: !the collection of the response functions such 

that they contain all of the eigen-property information, and *the curve-fitting of the 

data. We measured the FRF of the simply-supported plate for both an impulse and 

a burst-random excitation. The burst-random test responses were curve fit with 

MODHAN to extract the eigen-properties of the plate. The tests and the curve 

fitting are discussed below. 

Impact Test of the Simply-Supported Plate 

The impact testing was used to initially verify the the analytical models. We wanted 

to compare the natural frequencies in the zero-to-500 Hz bandwidth obtained from 

the finite-element approach with those noted from the response functions. These 

were also compared with the ideal solutions. The plate was struck with a modally 

tuned hammer equipped with a load cell, and the response was measured with a 

colocated accelerometer. The data acquistition and FRF caculation were performed 

with the PC AT-based Transfer Function Analysis System, TFAS, written by Robert 

H. Wynn and William R. Saunders. TFAS is a one-channel pair analyzer that can 

be run in either an impulse or a random mode. Three different tips on the hammer 

were used to yield a flat input spectrum up to 500 Hz. Fifty ensembles were aver- 

aged during each test, and the resulting FRF were scanned to compare the natural 

frequencies with the analytical set. 

When we impact tested the first plate that was fabricated we could not find a 

consistent set of empirical natural frequencies. We wanted to eliminate the simply- 

supported boundary conditions, so we hung the plate to emulate free-free conditions 
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and impact tested the plate. We compared the results with the empirical models for 

free-free plates determined by Leissa [27], and they did not agree. We noticed that 

the plate was slightly curved and this accounted for the discrepancy. Therefore, a 

second plate was fabricated from cold-rolled steel since it is flatter than the hot- 

rolled steel of the first plate. Once the second plate was set in the fixture, we used 

an impact test to verify the analytical model, specifically, the material properties. 

We used the impact test approach to verify the finite-element model and used a 

burst-random approach to establish the experimental modal model. 

Burst-Random Moda! Test 

We wanted to extract the modal properties of the plate from empirical data. Specif- 

ically, we wanted the data to contain the natural frequencies, the modal damping, 

and the eigenvectors. A burst-random input drives the plate with random noise for 

a part of the data-acquisition window and then the input is off for the rest of the 

window. This input has the feature of imparting input energy in all of the bins with 

a random input while also containing the natural response in the data window. 

The burst random input was generated on the 386 SX by a program written by 

William R. Saunders. We configured the plate in the control experiment mode, 1.e., 

the shakers and the accelerometers were arranged in their experimental locations. 

The input was used to drive the disturbance input shaker. The input was measured 

with a load cell while the response was measured at the twelve accelerometer loca- 

tions and a roving accelerometer was used to take an additional 32 responses. The 

locations of all of the responses are marked on the plate with the blue numbers. 
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Once again, TFAS was used to perform the data-acquisition and FRF calculation. 

Seventy-five averages per channel pair were collected and the data was analyzed up 

to 500 Hz. Once we collected the FRF, we calibrated them into physical units and 

uploaded the results to the VAX system for the curve fitting routine. 

Curve Fitting of the Empirical Data 

MODHAN was used to extract the eigen-properties from the FRF collected during 

the burst random test. In this section, we will briefly discuss how we used the 

MODHAN results to extract the modal properties. The accelerance plots can be 

described by [28] 

    #(0) oy (w) = So —_? oh 
fe(w) E(w) = d (w? — w?)? + 12C,ww, (3.8) 

where we assume that the structure is proportionally damped. Z;(w) is the ac- 

celeration at location j due to the input, f,(w), at k. w, and ¢ are the natural 

frequency and damping of the r** mode while g; is the component of the associated 

mass-normalized eigenvector at location 7. We can rewrite the above equation as 

N rar 
Hys(w) _ S- wb bh 

fai (tw — p,)(iw — pr) 

Pr = a + IW, ve _~ ¢? 

= —6,+ iwg, (3.9) 
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where wg, is the damped natural frequency. Next, we take the partial fraction 

expansion of equation 3.9 

N r Tr * 

  

  

Hi(w) = gk 4 __ ak 3.10 iw’) = Lo tw (3.10) 
where 

. 4% A, = mo (3.11) 

is the residual of the FRF in the r** mode. MODHAN extracts the the natural 

frequency, damping ratio, and the residual for each mode. We can use equation 3.11 

to find the mass-normalized eigenvectors. 

Since, the disturbance excitation for the closed-loop experiments was planned to be 

between the first and second natural frequencies, we used MODHAN to extract the 

eigen-properties for the first four modes, from 40 Hz to 200 Hz, from the FRF at the 

twelve accelerometer array locations. The curve fits for the fifth, colocated with the 

disturbance input, and the eighth, colocated with the control input, accelerometer 

locations are shown in figure 3.1 and figure 3.2, respectively. 

Now, we have extracted the eigen-properties from the experimental data, and we 

will next compare the results with analytical model. 

3.2.3 Analytical and Empirical Modal Models 

The natural frequencies are shown in table 3.1. Notice that the natural frequencies 

do not vary by more than 7% in the first four modes. Th experimentally extracted 

damping ratios, less than 1.5% critical in the first four modes, validates the lightly- 
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Table 3.1: Natural Frequency Comparison 

  

  

  

          

Mode | Analytical | FEM Experimental 
n|type| w, Hz |w, Hz|w, Hz ¢, % crit. 
il(1i)| 479 | 4641 495. 08 
2 | (2,1) 106.9 104.1 | 108.9 1.2 

3|(1,2)| 1328 | 1296] 1303 08 
4 | (2,2) 191.8 187.3 | 188.5 0.3 
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damped structure assumption. We also realize that we no longer have an ideal 

situation due to the mass loading effects, and the closed-form solution is not an 

adequate description of the plate. The variance between the finite-element and the 

experimental model at low frequencies, i.e., the first two modes, is expected since 

we realize that the real boundary conditions are probably a bit stiffer than the 

ideal simply-supported boundary conditions. The ideal mode shapes are given in 

figure 3.3. The mode shapes are used to transform the problem from the Newtonian 

domain to the modal domain, and in the next section we will discuss three techniques 

for performing this transformation. Table 3.2 contains the first four eigenvectors at 

the accelerometers extracted by the finite-element model and table 3.3 contains the 

same information for the experimental model. The nodal line that is parallel to the 

long direction of the plate for modes three and four is pulled up towards the actua- 

tors due to the asymmetric mass loading. Further, we realize that the excitation for 

the burst-random test is very close to this nodal line, and therefore does not excite 

these modes as well as it does modes one and two. Hence the extracted eigenvectors 

for modes three and four could be improved by conducting a second modal test at 

a different excitation location. From the closed-loop perspective, the location of the 

actuators was chosen to limit the authority to the first two modes; therefore, being 

near the nodal line of modes three and four is attractive. Finally, figure 3.1 shows 

that we have fit the poles of the FRF with little error, however there is significant 

error in the model where it is trying to fit the zeros. This signifies that future work 

can include better modeling approaches or robust controller design. When we ap- 

plied the LQG controller, we found that the fit of the zeros is just as important as 

the fit of the poles since the misfit of the zeros is a modeling error. Modeling errors 

can cause the closed-loop system to go unstable. 
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Table 3.2: NASTRAN Generated Eigenvectors 

  

  

  

    

accelerometer Mode 

location 1 2 3 4 

1 0.3165 | 0.5043 | 0.4722 | 0.7546 

2 0.4690 | 0.7470 | 0.0962 | 0.1551 

3 0.3152 | 0.5022 | -0.4736 | -0.7553 

4 0.4998 | 0.2473 | 0.7468 | 0.3696 

5 0.7406 | 0.3670 | 0.1523 | 0.0752 

6 0.4976 | 0.2470 | -0.7486 | -0.3721 

7 0.4999 | -0.2482 | 0.7472 | -0.3701 

8 0.7407 | -0.3667 | 0.1517 | -0.0757 

9 0.4976 | -0.2457 | -0.7494 | 0.3693 

10 0.3166 | -0.5046 | 0.4718 | -0.7514 

11 0.4691 | -0.7467 | 0.0946 | -0.1516 

12 0.3152 | -0.5014 | -0.4753 | 0.7556         
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Table 3.3: Experimentally Extracted Eigenvectors 

  

  

  

    

accelerometer Mode 

location 1 2 3 4 

1 0.2068 | 0.5350 | 0.4716 | 0.6245 

2 0.4290 | 0.7181 | 0.1104 | 0.1516 

3 0.3072 | 0.4771 | -0.5241 | -0.6138 

4 0.4001 | 0.2333 | 0.8233 | 0.1619 

5 0.7033 | 0.3062 | 0.1353 | 0.0554 

6 0.4829 | 0.1404 | -0.9120 | -0.4227 

7 0.4468 | -0.2215 | 0.7428 | -0.6210 

8 0.7033 | -0.3664 | 0.1091 | -0.2185 

9 0.4480 | -0.2853 | -0.8733 | 0.4771 

10 0.2803 | -0.4538 | 0.5085 | -1.0755 

11 0.4365 | -0.7018 | 0.0766 | -0.2210 

12 0.1884 | -0.4729 | -0.5331 | 1.0680         
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3.3 Spatial Filtering 

Spatial filters, also refered to as modal filters, are one method to extract modal 

information from a discrete set of measurements. A second method involves the 

implementation of a modal observer. Meirovitch and Baruh [29] discuss the for- 

mulation and the characteristics of these observers which are subject to spillover 

effects. Modal filters are not subject to observation spillover effects provided enough 

discrete measurements are taken. Observation spillover is the inclusion of higher- 

order modal information in the distributed measurements that corrupt the modal 

estimation. The LQG controller includes a full-state observer to approximate the 

modal displacements and velocities from measured modal accelerations. Therefore, 

we chose to modally filter the measured accelerations. 

The three candidate modal filters were a finite-element approach suggested by 

Meirovitch [29], an empirical approach developed by Zhang [30], and a least-squares 

approach that follows directly from the discrete formulation of the expansion theo- 

rem. Below, we will briefly discuss each method and explain the choice of the third 

method as the implemented filter. 

3.3.1 Finite-Element Approach 

The basis for this method relies on the second part of the expansion theorem which 

expresses the modal filter as 

§(t) = f M(P) ¢,(P) iP, t) dD, (3.12) 
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where q, and ¢,(P) are the modal acceleration and the eigenvector of the r** mode, 

respectively, M(P) is the mass of the structure, and u(P,t) is the measured accelera- 

tion. The above integral implies that the mass and the acceleration of the structure 

must be known at every point P in the domain D. However, we are interested 

in forming the modal coordinates from a discrete number of measurements on the 

structure. 

Let’s consider a two-dimensional plate structure with K sensors, none of which are 

located along the boundaries of the finite dimensional structure. The orthonormal 

coordinate basis of the plate is (x,y) where L, and L, are the length of the plate 

in the z- and y- directions, respectively. Further, there are m columns of sensors 

placed in the z- direction and n rows of sensors placed in the y- direction such that 

n*m = K. Therefore, the rectangular domain is divided into (m+ 1) * (n+ 1) 

elements. 

Denoting the acceleration in the (j, 1)" element by i; )(P, ¢), the modal filter expres- 

sion, equation 3.12, becomes 

n+1 m+1 

(t= >> YD f | M(P) be(P) tja(P,t) aD, (3.13) 
l=1 j=1 

where D;; is the domain of the (j,1)* element. For the sake of convenience, we 

choose the natural coordinate system (£,7) for the (j, 1)** element as 

. z . 
f=j--, j=1,2,...,.m4]1, (3.14) 
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n=l 4, 1=1,2,...,n 41, (3.15) 

where 

L, a= 4 (3.16) 

L 
6 = v 

n+1 

are the length and width of each element. Borrowing from the finite-element ideas, 

we can approximate the acceleration of the (j, /)* element as 

tii(6,7,t) = U(E,m) * w;i(), 0<é€<1, 0<n<1, (3.17) 

where 

v= 1 2 W3 Ws (3.18) 

ws - a ~ Tr 
w;i(t) = u(2;-1, yi-1,¢) U(x; yi-1,t) u(z;, 1, t) u(rj~-1,y1,t) ’ (3.19) 

are the interpolation functions and the sensor outputs, respectively. Reddy presents 

a set of linear interpolation functions for a four-node rectangular element [31]. 

Equation 3.17 separates the element acceleration into the product of a spatial and 

a temporal function. We substitute this form of the element acceleration into equa- 

tion 3.13 and replace the global coordinates with the natural coordinate system, and 
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the spatial filter for the r** mode is 

n+1 m4+1 

i=) Dab [Of Moai - a6, 81 bn) 6, (aj — af, Bl — bm) W(E,n) wiult) a€ do. 
(3.20) 

The separable nature of the above expression allows the spatial integration to be 

evaluated off-line since the sensor output w,;,(t) is the only time-dependent variable. 

Let the spatial component of the modal filter for the r** mode be 

1 1 

Tyr = ab ff M(aj — a€, bt — bn) by(aj — a, BI - by) W(E,n) d€ dy 
j=1,2,...,m4#, 

1=1,2,....n +1. (3.21) 

The implementation of the finite-element modal filter is the vector multiplication of 

I;,, and w;,(t) where 

nt+t1 m+1 

G-(t) = 0 SO Liar wju(t). (3.22) 
l=1 j=1 

Next, the calculation requirements per mode of this method will be examined. 

Let’s add a four-by-three array of accelerometers to the plate. This arrangement 

matches the actual experimental fixture. The plate is then discretized into twenty 

rectangular elements. For each element equation 3.21 must be evaluated and results 

in 20 four-by-one vectors. The spatial filter in equation 3.22 requires 80 multipli- 

cations and 79 additions per mode. Since we assume that there are no sensors on 

the boundaries, and that the boundaries are simply-supported, the calculation re- 

quirement per mode is reduced to 62 multiplications and 61 additions. Further, 

equation 3.21 needs the mass of the system to be known as a continuous function in 
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each element or at least at certain discrete points if the integral is evaluated numer- 

ically. The discretization of the mass into elements removes some of the physical 

significance of the transformation, and there are more direct techniques which are 

discussed below. This requirement limits the suitability of this method for a real 

structure. 

3.3.2. Empirical Modal Filters 

Zhang [32] introduced a new type of modal parameter, the reciprocal modal vector, 

that is defined based on the orthogonality requirement of the eigenvectors. When 

the eigenvectors, ® are normalized by the mass matrix, M, the reciprocal modal 

vector, W, is given as 

v7 MO =I, (3.23) 

where I, is the p-dimensional identity matrix. Zhang describes methods for calcu- 

lating V that guarantee the orthogonality of UV to ®. The calculation of UV requires 

the extraction of the eigenvalues and eigenvectors as well as the measured trans- 

fer function [32]. The motivation for implementing this new modal parameter to 

modal filters is the abilty to use VW to improve the orthogonality of the modal matrix 

and the empirical nature of the parameter does not add approximation error to the 

modal filter as the finite-element approach described in the prevous section [30]. 

This method does show promise as a technique to improve the quality of the modal 

filters, however as a first approach to the spatial filtering requirements, we chose a 

more direct approach that follows from the modal expansion theorem. The least- 
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square approach retains the information of the modal test and is the direct applica- 

tion of its results. 

3.3.3. Least-Squared Modal Filters 

The square modal matrix that is used to transform the model from the p-dimensional 

Newtonian domain to the modal domain has p independent column vectors that form 

the basis of the modal domain. Therefore, any response of the plate can be described 

as a linear combination of these eigenvectors. This is the first part of the expansion 

theorem and is given by 

P 
z(t) = Xu a) (3.24) 

where ¢, is the eigenvector of the r“ mode and q,(t) is the r** modal coordinate. 

When both z(¢) and q(t) are the same dimension, then the modal filter is simply 

the inverse of the modal matrix such that 

g(t) = ®* z(t). (3.25) 

However, as Meirovitch [29] has shown in developing the analytical modal filters, we 

often need to spatially oversample a mode in order to extract its modal coordinate. 

Therefore, the modal filter is used to map from the p-dimensional Newtonian domain 

to the n-dimensional modal domain where n < p. We can truncate equation 3.24 to 

n modes, which limits the accuracy of the model of the plate response. However, if 

the n-mode model of the response is sufficiently accurate, then 

z(t) = q(t) (3.26) 
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where ® is the prn truncated modal matrix. The modal filter is then the pseudo- 

inverse such that 

g(t) = [679] * 6? o(2). (3.27) 

For the experiments discussed in this work, the 12 acceleration measurements were 

transformed into 4 modal accelerations through the implementation of the above 

modal filtering technique where the columns of ® were the experimentally extracted 

eigenvectors. Through this transformation, the number of calculations per mode is 

only twelve multiplications and eleven additions, a significant reduction from the 

analytical modal filters discussed previously. For the best estimation of the plate’s 

response, the modal model should retain as many modes as the computational re- 

quirement will allow. 

3.4 Summary 

In this chapter we have transformed the description of the plate’s response from a 

Newtonian to a modal basis. The modal domain allows us to describe the response 

in a reduced-dimensional description. We formulated the modal model with both 

analytical and experimental techniques in keeping with our goal of establishing a 

testbed for controller implementation. The resulting modal models for a four-mode 

description were discussed and we found that the analytical and experimental models 

agreed to within 7% in natural frequencies and the mode shapes are the same, i.e., 

the nodal lines for the fourth mode, a (2,2) plate mode, are predicted to be in 

nearly the same location for each of the methods, and the finite-element model 

eigenvectors and the experimentally extracted eigenvectors are the same order of 
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magnitude for the first four modes of the plate. The experimental model more 

completely describes the real boundary conditions and structural damping, and we 

chose to use it to transform the problem to the modal domain. Finally, we looked at 

three techniques to accomplish the modal transformation, one analytical, and two 

empirical. The second experimental method is used in the discrete controller since 

it has fewer calculation requirements than the analytical method, and it uses the 

experimentally extracted eigenvectors directly which keeps the problem physically 

significant. 
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Chapter 4 

Controller Design 

The Linear Quadratic Gaussian (LQG) controller is used to reject the persistent 

disturbances exciting the flexural vibrations of the simply-supported plate. The 

LQG controller marries the optimal control approach of the Linear Quadratic Reg- 

ulator (LQR) with the optimal stochastic estimator known as the Kalman Filter. 

The model-based, feedback controller minimizes a quadratic cost functional that 

trades off between controlled variable performance and controller capability while 

the optimal estimator combines a stochastic, dynamic state estimator with a static, 

recursive least-squares estimator. The plate is assumed to exhibit linear, time in- 

variant dynamic behaviour where the random inputs and the measurement error are 

Gaussian. 

So far in this work, we have built our experimental fixture and modeled its modal 

characteristics. In this section we will present the physics that drive our control 

experiments and establish a framework to attack other more complicated problems 

such as multi-input and multi-output controllers, and the acoustic controller. First, 

the continuous-time description of the LQG controller is discussed. Note that the 

disturbance dynamics are augmented to the state-space description of the plate and 
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all of these states are estimated. Next, the state-space equations are discretized to 

formulate the difference equations used in the digital controller. Finally, we will 

end this section by looking at the compensator transfer function and identify those 

characteristics that are attractive. We will only briefly discuss the controller physics 

and a more complete description of the optimal controller can be found in Kirk [33], 

and the stochastic estimator is discussed by Stengel [4]. Both of these references 

were used to develop this chapter. 

4.1 Continuous-Time Description 

The digital implementation of the controller clearly requires a sampled data de- 

scription of the system, however the system is a linkage of three distinct analog 

components, the simply-supported plate, the smoothing filter, and the disturbance 

input. The state-space model of the plate is augmented in the continuous-time 

domain to reflect this physical reality. Further, the time-domain description demon- 

strates the significance of the state matrices in terms of physical characteristics of 

the system, i.e., the plate’s eigen-properties. In this section we will start with equa- 

tion 3.4 and develop the augmented state-space matrices for the system. Next, we 

will incorporate the state matrices in the LQG control law and note the necessary 

equations for the optimal control solution. 

4.1.1 State-Space Description 

The first subsystem which we model is the simply-supported plate. The response 

of the plate in the modal domain is described by the n simultaneous, second-order 
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differential equations given in equation 3.4. We solve for the modal acceleration 

g= —Kq—Cg+ O (u+w) (4.1) 

where the mass matrix, M, is the n-dimensional identity matrix. The persistent 

disturbance force and the control input force are we R’ and we R™, respectively. 

The state-space description is 

[Le ]idelte(s 
where ¢“ and ¢” are the eigenvector elements for each of the n modes at the locations 

of the control input and the disturbance input forces, respectively. The output is 

y=[-K -c]| 2 ]+[o ut [o Jose (4.3) 

where y is the modal acceleration and yp is the measurement noise which is assumed 

to be mean-zero and Gaussian. The above two equations can be rewritten as 

r = Fr+Gu+Lw 

y = Cr+D,ut+Dywt+p (4.4) 

where r ¢ R?" is the state of the plate in modal coordinates. We augment the state- 

space model of the plate, equation 4.4, with the smoothing filter and the disturbance 

model dynamics. We want the state-space model to represent all of the dynamics 

of the structure and its disturbance. 

The second subsystem is the smoothing filter used to reduce the effects of the stair- 
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case nature of the control on the higher order modes of the plate. The smoothing 

filter is built using a second-order Sallen-Key design with a transfer function of 

u(s) _ Ww? 

u(s)  s?+ 2¢,¢WepS + wi, 
    (4.5) 

where t(s) is the Laplace domain output of the digital-to-analog converter channel. 

wef and C,¢ are the smoothing filter cut-off frequency and damping ratio, respec- 

tively. The state space description of the filter is 

$1 0 ] Sy 0 ~ 

| 82 | | —We, —2CspWos | | 82 | r | Wey | . 

“u= [ro] [| (4.6) 

which can be rewritten as 

s = Fy ys + Gy sti 

u = Cys (4.7) 

where s ¢ R?™ is the state of the smoothing filter. In the multi-input case, there may 

be a smoothing filter on each control channel. 

There are other methods of disturbance rejection which are mentioned in the intro- 

duction, however this modern control technique involves building the model of the 

disturbance into the augmented state-space description of the structure. Further, 

the LQG paradigm assumes that the process noise is mean-zero and Gaussian. Of- 

ten times, we can identify the noise as being harmonic or band-limited which is the 

case in these experiments. Therefore, we model the disturbance as the colored noise 
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output of a filter driven with Gaussian and mean-zero noise, 7. We implement a 

narrowband filter model with the transfer function 

w(s) _ 8 
= 4, 

n(s) 8? + 2¢gwys + w? (4.8) 
  

where wz, is the center frequency of the filter and ¢j is the damping ratio of the filter. 

Once again, we want the state-space description which is 

v1 _ 0 1 V1 0 fo] = [ta eee) ES] +L} 
_ 1 w = | 0 1) | (4.9) 

which we rewrite as 

v = Fys+Gan 

w = Cyv. (4.10) 

ve R* is the state of the disturbance input model. 

The augmented system is formed by substituting equation 4.7 and equation 4.10 

into equation 4.4 to yield 

                

r F GCyy LCa)[r 0 0 
J =o Fr 0 Vs) t) Gu lat) 0 |n 
v 0 v Gu 

r 

y = [C DiCy DuCa|| s | +0%+07+p (4.11) 
v 
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which can be rewritten as 

Q = F.Q4+Gt+ Lon 

y = C,Q+0%+07+4+ p (4.12) 

where Qe R2"+2m+2 is the augmented state vector. Notice in equation 4.12 that 

the output is still y not y, as we measure the plate’s modal accelerations which 

are not states of the plate. The plate’s states are modal displacement and velocity, 

and full-state feedback requires the implementation of a full-state observer. Also, 

the process noise, 7, and the measurement noise, , are mean-zero and Gaussian. 

Further, the feedthrough of the control and disturbance inputs that appear in the 

representation in equation 4.4 no longer appears in equation 4.12 due to the dynam- 

ics of the smoothing filter on the control input and the disturbance input model. 

We have formulated the state-space representation of the system and we would like 

to design a controller to reject the persistent disturbance. 

4.1.2 LQG Formulation 

As stated in the introduction to this chapter, the LQG design approach combines 

a LQR controller with the state estimation of the Kalman-Bucy filter, a continuous 

time equivalent of the Kalman filter, which is the optimal stochastic observor. First, 

we identify the states that we want to control. The control states are 

z=H,Q (4.13) 
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where we choose to control the modal coordinates of the plate. The quadratic cost 

to be minimized is 

J= / ” (QTHT HQ + a? Ret) dt (4.14) 

where H? H, is a positive semi-definite weighting matrix and R, is a positive definite 

weighting matrix which specifies the amount of control effort expended. The optimal 

compensator is state feedback, with the form 

“a= —-—K,Q (4.15) 

where K,¢ R™(27+2m+21) is a function of the solution of the Ricatti equation [33]. 

So far, we have identified an optimal controller that requires the measurement of all 

of the states, however we measure only the modal accelerations. 

The stochastic, optimal estimator of Q(t) in [0,¢;] is based on the conditional prob- 

ability function in (0,t,]. The state estimate Q(t) is the mean value of the distri- 

bution. The estimator minimizes the error covariance for all t in [0,¢,] by using all 

of the prior information and the current measurement. Given the statistics of the 

initial conditions, the inputs, and the uncertainties, we minimize the mean-squared 

value of the measurement residual with respect to a filter gain matrix. The mini- 

mization of this error makes Q(t) approach Q(t). Therefore, the Kalman-Bucy filter 

formulates the optimal estimate of the state vector, and its implementation requires 

the calculation of the optimal covariance matrix, P(t), and the filter gain matrix, 

K;(t). Note, we assume that the system has reached steady conditions due to the 

persistent disturbance and the time dependence of the covariance and filter gain 

matrices will be dropped. 
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The linear dynamic model was described in equation 4.12. The expected value of 

the intial state and covariance are 

E[Q(0)] = Q(0) (4.16) 

E((Q(0) — Q(0))(Q(0) — Q(0))"] = P.. (4.17) 

The disturbance is white, zero-mean Gaussian random process 

E{n(t)] = 0 (4.18) 

E{n(t)n7(7)] = Qy-6(t-—7) (4.19) 

where Qs, is the spectral density matrix and 6(¢) is the Dirac delta function. The 

measurement error is also a white, zero-mean Gaussian process 

Elp(é)] = 0 (4.20) 

Elu(t)u"(r)] = Ry-5(t — 7) (4.21) 

where the measurement uncertainty is given by its spectral density matrix. Rs. We 

assume that the disturbance input and the measurement noise are uncorrelated. 

We combine the dynamic information given in equation 4.12 with the recursive least- 

squares estimator which makes use of the most current measurement to update the 

estimate, and the Kalman-Bucy filter is 

Q = F.Q4+Gi+ K;(y-9) 
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§ = CQ (4.22) 

with 

Ky = PCT Rj, (4.23) 

where Ky is a function of the solution to the covariance equation which is a dual to 

the Ricatti equation solution used to find the optimal control gains [4]. We rewrite 

the optimal control in equation 4.15 as 

“a 

é = —K.Q (4.24) 

where K, and Ky; can be computed independently since the separation principle 

applies. 

The LQG controller design for a discrete-time system essentially follows the devel- 

opment presented above. The form of the difference equations will be presented in 

the next section. 

4.2 Discrete-Time System and Controller 

The sampled-data description is needed to implement the digital controller. We 

assume that the control input is zero-order-held during the sample time, T, while 

the disturbance input may be acting continuously during the interval. The sampled- 

data representation of the system is 

Qrt1 = AQ, + BO, + 7% 
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ye = CaQet UE (4,25) 

with 

A=ehl B= fF eFerdy (4.26) 

and 7; is the discrete sequence of numbers that represent the continuous process 

noise, 7(¢). The quadratic cost is similar to equation 4.14 except the integral is 

replaced by a summation of all the samples. The optimal control to minimize the 

cost function is state feedback 

u, = —K.Q;, (4.27) 

where once again we need to estimate all of the states. 

The discrete-time optimal estimator is the Kalman filter which minimizes the mean- 

squared value of the measurement residual in order to make the estimated state, Or, 

approach the actual state. We follow the same procedure as in the last section, how- 

ever we must account for the disturbance dynamics that occur during the sample 

interval in some statistical sense, and we also must distinguish between the estimate 

that occurs before the measurement update, Qnk—1 and the estimate that includes 

the information from the current measurement, Q:,x- 

The expected value of the state and its covariance are known, 

EQ.) = Q (4.28) 

El(Q. —_ Qo)(Qo — Qo)"] = P,. (4.29) 

60



We assume that the disturbance is a white, zero-mean, Gaussian, continuous process 

as given in equation 4.19. Further, we can identify the covariance of the random 

sequence 7, as 

T 

Ore = | ef TQ ,-LT eT "dv (4.30) 
0 

’ and the sequence is assumed to be mean zero and Gaussian with the covariance 

given above. The measurement error is also a white, zero-mean Gaussian sequence 

that is uncorrelated with the disturbance input, 

Elpux] = 0 (4.31) 

Elpepe] = Rya. (4.32) 

The discrete optimal estimator is 

Qkk-1 = AQk-1,4-1 + Bitg_1 

je = CaQen-i 

Qik = Ok kt + Kyalyx — Ge (4.33) 

where Kg is computed using the sampled-data equivalents of the matrices in equa- 

tion 4.23. The optimal compensator is the feedback of the estimated states 

ti, = —K.Qk 4-1 (4.34) 

Equation 4.33 and equation 4.34 are the difference equations needed to implement 

the digital LQG controller. In the next section we will discuss the characteristics of 

the compensator as well as the optimal gain calculation. 

61



4.3. Discrete Compensator Analysis 

In this section we will discuss some of the characteristics of the discrete LQG com- 

pensator. The discussion is used to understand how the LQG controller rejects the 

persistent disturbances. First, we need to identify the transfer function of the com- 

pensator. Therefore we want to write the input into the plant, %,, as a function of 

the output of the plant, y,. We can rewrite equation 4.33 as 

Qitik = [A— AK yaC] Qin-1 + Boy + AK yay. (4.35) 

Next, we substitute equation 4.34 into the above equation, 

Orie =(A— AK yaCa — BK] Qun-1 + AKyaye (4.36) 

and we take the z-transform of the above difference equation and use the left shifting 

theorem [34] 

Z(Qe+1k) = 2Z(Qin-1) = [A - AK yaa — BK] Z(Qi,e-1) + AK paZ (yi). (4.37) 

We solve for 2(Q;,4-1), Q(z), in terms of Z(y,), y(z), and find 

Q(z) = [zI —[A— AK yaC. — BK]J* AK yay(z) (4.38) 
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where J is the identity matrix. Again we use the state feedback relationship in 

equation 4.34, the compensator transfer function is 

i(z) = —K, [zI —[A— AKjgCa — BK-,]]"* AK yay(z). (4.39) 

The output of the system is driven by the persistent disturbance at the frequency 

of the disturbance. The compensator in equation 4.39 is fed back and appears in 

the denominator of the closed-loop transfer function of the system. Therefore, we 

expect the compensator to have large gain at the disturbance frequency, while re- 

maining relatively flat ouside of the disturbance bandwidth. 

We realize that the controller can only optimally reject as many modes as there 

are control actuators. For our system, we have a single control actuator and chose 

to optimally reject mode 1 since it is a more efficient radiator at low frequencies 

than mode 2. In order to calculate the state feedback gains that yield the optimal 

rejection, we borrow from the disturbance accomodation method formulated by 

Johnson [12]. Recall that Johnson breaks the control into two parts. The first part 

is the feedback of the plant states, r in equation 4.4, to regulate the behaviour of the 

undisturbed plant while the second part is the feedback of the disturbance states, v 

in equation 4.10, to reject its effects. The Johnson method can be represented as 

Skjk—-1 
i, =—| K, K, | | ae | — Ky dpe (4.40) 

where K,, K,, and K, are the feedback gains onthe estimated plate, smoothing fil- 

ter, and disturbance states, respectively. We want to find the K, that will optimally 

reject the effects of a 60 Hz excitation in the first modal response. Further, we want 

63



to assume that the continuous-time feedback gains on the estimated disturbance 

staes nearly approximate their discrete-time equivalents. The necessity for this as- 

sumption will be apparent below. 

kK, and K, result from the LQR solution which provides the optimal regulation of 

the undisturbed plate. We rewrite equation 4.40 in the continuous-time domain 

u=—[K,r+ K,v] (4.41) 

where the smoothing filter is being ignored for the moment. For a single-input- 

single-output system, when we substitute equation 4.41 into eqaution 4.4 we find 

that the disturbance is exactly cancelled when 

=, (4.42) 

The exact cancellation is simply the ratio of the eigenvectors at the disturbance 

input and the control input locations. If we had tried to to analyze the exact can- 

cellation in the discrete-time domain, we would have lost the physical significance 

of the above expression. Therefore, any mode of the plate can be optimally rejected 

as long as we know the ratio of the eigenvectors for that mode. Note, equation 4.42 

does not include the effects of the smoothing filter which adds both magnitude and 

phase to the controller, and while u is the force applied to the plate, we calculate 

a. For our application, the smoothing filter only adds a deterministic amount of 

phase to the system. By feeding back both of the states of the disturbance model 

we generate a vector that is 180° out-of-phase with the disturbance. The gains on 

each of the states is dependent upon the center-frequency of the disturbance, the 
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cut-off frequency of the smoothing filter, and accuracy of the eigenvectors. For ex- 

ample, the extracted eigenvectors in table 3.3 predict that a 1:1 magnitude ratio 

between the control and the disturbance input would yield an exact cancellation of 

the first mode. However, we found that the ratio needed to be 1.2:1 when we man- 

ually cancelled the disturbance signal by sending the gained, inverse of the signal to 

the controller. We adjusted the gain until the first modal output was reduced to a 

minimum. 

In this section we have determined a transfer function for the compensator which 

can be used to evaluate the effectiveness of candidate controllers based on their gain 

both inside and outside the disturbance bandwidth. We want a controller that has 

high gain inside of the bandwidth and small gain outside of the bandwidth. Further, 

we discussed a method to optimally reject a single mode of the plate with a single 

actuator. 

In this chapter we have generated the state-space description of the simply-supported 

plate and augmented it with the dynamics of the smoothing filter and the model 

of the disturbance. We formulated the LQG controller for the simply-supported 

plate that will reject narrowband persistant disturbances. Finally, we generated the 

necessary difference equations to implement the controller in both simulation and 

on the real structure. In the next chapter we discuss the results of this work. 
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Chapter 5 

Simulation and Experimental 

Results 

In this section we apply the discrete LQG controller to reject persistent disturbances 

of the simply-supported plate. The establishment of the plate as a testbed for con- 

troller verification is not complete without an initial controller application. Specifi- 

cally, we want to be able to apply state-space controllers. First, we implemented a 

two-mode controller to reject a 60 Hz sinusoidal disturbance. Next, the controller 

was used to compensate for a narrowband input, centered at 60 Hz. Finally, the 

inherent transient suppression provided by a feedback controller was shown through 

an impact test. 

We placed the actuators near the nodal line for modes three and four to limit their 

authority to the first two modes. Although, the LQG framework is well suited for 

multi-input, multi-output (MIMO) systems with large system matrices, we wanted 

to keep the order of the controller low to improve our physical understanding of the 

control process. Further, we wanted to avoid temporal aliasing and our empirical 

work had shown that good modal identification, i.e., a smooth, sinusoidal sampled 

signal when the plate was driven by a sinusoidal input, requires sample frequencies 
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about ten times faster than the plate motion of interest. The 60 Hz frequency is be- 

tween the first and second natural frequencies, and from figure 3.1, we note that the 

curve fit of the measured FRF is closer at 60 Hz as opposed to 75 Hz. We chose to 

place the excitation frequency closer to the fundamental mode, a volumetric mode, 

since it is a more efficient radiator than the second mode. The vibration control of 

the plate can be heard since the response is dominated by the first modal response. 

In this chapter, we will first discuss the simulation and implementation of the con- 

trol law. Next, we will present the simulation and experimental results for the three 

LQG applications. First, we will demonstrate the effectiveness of the controller to 

reject a sinusoidal disturbance. Next narrowband disturbance compensation will 

be shown. Finally, the transient suppression of the controller is shown in the time 

histories of a open-loop impact test and a closed-loop impact test. 

5.1 Simulation and Implementation of the Con- 

toller 

This section briefly discusses the controller simulation code in Appendix B and the 

discrete controller software which can be found in Appendix C. Before we discuss 

the codes, let’s review the compensator model parameters. The plate is modeled 

with the experimental modal model which has 2n states where n is the number of 

modes in the model. A second-order narrowband filter, equation 4.8, models the dis- 

turbance input. The center frequency of the filter is 60 Hz while the damping ratio 

is 1% critical for a sinusoidal input, and 10% critical for a narrowband. The distur- 

bance model contributes 2t states to the augmented system where t is the number 
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of inputs. A second-order low pass filter, equation 4.5, models the smoothing filter. 

The cut-off frequency is set at 120 Hz and the damping ratio is 70.7% critical, and 

this model contributes 2m states where m is the number of control inputs. For the 

simulations and experiments in this chapter a two-mode controller is implemented 

with one disturbance force driving the plate, and a single control input. Therefore, 

an eighth-order compensator is implemented. Since the only measurements are ac- 

celerations, a full-order Kalman filter is implemnted in real time to estimate all of 

the eight states. Next, we will discuss the simulation of the system, the plate and 

the estimator, as well as the implementation of the digital controller. 

The simulation data were created using MATLAB software on a 386 computer. The 

simulation code is used to obtain a real-time representation of both the plant and the 

estimator’s response in the open- and closed-loop. The plant is simulated by forming 

the discrete version of the plate dynamics, using the experimental sample frequency, 

augmented with the smoothing filter dynamics. The control input is assumed to 

be zero-order-held, while the disturbance input is first-order-held. The disturbance 

input is modeled as a first-order-hold since it acts continuously during the sampling 

interval. Therefore, the plant simulation is driven by the disturbance time sequence 

that is the output of the disturbance model in equation 4.10. Equation 4.33 is cal- 

culated to simulate the estimator. The loop is closed with equation 4.34. MATLAB 

routines are used to calculate the feedback and the estimator gains, and the system 

matrices are stored for use in the digital controller. 

The discrete controller uses the TransDAC system where the control is calculated 

on one transputer while the data acquisition is performed by a second transputer. 
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Each transputer is downloaded its own set of C language instruction that were writ- 

ten by Ellis. The first program, filthost.c, contains the instructions that implent 

the discrete LQG controller. The control loop begins with the estimator prediction 

equation, the first expression in equation 4.33. Next, the control is calculated and 

sent to the data acquisition transputer which in turn sends it through the smooth- 

ing filter to the plate. The estimated modal acceleration outputs are calculated 

just before the acceleration measurements are read in and the modal accelerations 

are calculated in the control code. The calculation of the estimated output serves 

as a timing device to insure that the measured output is correlated to the control 

without a time delay. Next, we use the modal accelerations to update the state 

estimate and the control loop begins again. The second program, filt_t2.c, samples 

the twelve accelerometer channels simultaneously and performs the digital-to-analog 

conversion of the controller output with a zero-order-hold. The system is capable of 

sampling 16 channels simultaneously while executing 16 DAC operations simultane- 

ously. The parallel nature of the architecture allows the control code and the data 

acquisition code to run independently. For the two-mode controller, the TransDAC 

samples at 2085 Hz, but with software and hardware improvements this system has 

no temporal bound, i.e., there is no maximum sample frequency for this system. 

In the following sections, the simulation and experimental results from the three 

types of configurations will be presented. 
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5.2 Harmonic Disturbance Compensation 

Simulations of the LQG compensator were performed using the identical controller 

structure as that implemented in the experiment, i.e., an eighth-order controller as 

discussed previously. For the simulation, the plant model was truncated to four 

modes. This provided a two-mode controller operating on a four-mode plant with 

optimal disturbance compensation targeted for the first mode only. An additional 

control actuator would have allowed optimal rejection of both modes. 

Simulated time histories of the first two plate modes are shown in figure 5.1. The 

estimator and feedback gains are displayed in table 5.1. The figures show the open- 

loop steady-state response to a 5 N peak disturbance followed by the closed-loop 

response. The controller was turned on at 0.19 secs. The controller reduced the first- 

mode response by more than an order of magnitude, and the amplitude of mode 

two was driven slightly higher because of the relative phasing of the two modes at 

the control input location. The controller was designed to optimally reject the first 

mode. One controller can only optimally reject a single mode. 

Experimental time histories for the first two-plate modes are illustrated in figure 5.2. 

The experimental time histories are nearly identical to the simulated time histories. 

This highlights an important issue for controller design. Since the bandwidth of 

the disturbance and the compensator is substantially within the bandwidth of the 

lower order plate modes, it is possible to design a low order controller without any 

degradation in performance. This is an important consideration given the amount 

of computational performance required for higher order control systems. 
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Figure 5.1: Simulated Harmonic Disturbance Rejection: a) Mode 1, b) Mode 2. The 
dotted line is the open-loop response and the solid line is the closed-loop response. 
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Table 5.1: The Estimator and Feedback Gains for Harmonic Disturbance Rejection 

Optimally Tuned to Reject the Fundamental Mode 

R, = 5.0000e — 04 

  

  

Rya = 25 

Qre = 500 

| —7.2453e + 03 | * 
1.0313e + 04 
2.8210e + 01 

kK. = —1.6924e — 01 

c= 4,6005e — 02 
4.4272e — 05 

—~3.5000e + 02 
| 8,0000e — 01 | 

T —1.065le 06 —7.396le — 08 7 
2.6749e —08 —7.5769e — 08 
2.5351e—06 —4.0545e — 05 

Ke = 3.8290e 05 1.7172e —06 
fd 1.1773e —22 —3.4462e — 23 

2.0195e — 20 —9.6003e — 21 
—1.8284e —04 —3.6860e — 05 
5.1900e —02 —6.5285¢ — 03 _   
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The disturbance model can be modified to emulate a narrowband disturbance input 

which is a group of closely spaced harmonics. We next modify the controller to 

reject the narrowband disturbance input. 

5.3 Narrowband Disturbance Compensation 

The narrowband signal was generated by a 286 AT equiped with a transputer sys- 

tem. The center frequency of the signal was 60 Hz with 10% critical damping. 

The measured disturbance spectrum is shown in figure 5.3. The simulated time 

history for the first two modes is shown in figure 5.4, and the experimental time 

history is shown in figure 5.5. The estimator and feedback gains are displayed in 

table 5.2. Once again, the controller was turned on at 0.19 seconds and we notice 

that the first mode is rejected while the second mode is driven slightly higher. The 

simulated results predicted the experimental behavior well. It is difficult to see the 

controller performance in the time domain. A narroband disturbance is a modulated 

sine wave. The signal is the filtered output of a Gaussian, random sequence which 

caused the narrowband disturbance to have a varying amplitude. If the control is 

turned on when the disturbance input has a low amplitude, the control appears to 

be ineffective. 

Figure 5.6 and figure 5.7 are the autospectra of the first two modal accelerations in 

the open- and closed-loop. Notice how the first modal acceleration is rejected by 15 

dB power at the disturbance center frequency. We also see that the second modal 

acceleration is driven higher at the disturbance center frequency. The disturbance 
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Table 5.2: The Estimator and Feedback Gains for Narrowband Disturbance Rejec- 

tion Optimally Tuned to Reject the Fundamental Mode 

R, = 5.0000e — 04 
Rya = 2 
Qr-e = 500 

| —7.2453e + 03 
1.0313e + 04 
2.8210 + 01 

—1.6924e — 01 
4.6005e — 02 
4,4272¢ — 05 

~3,50006¢ + 02 
| 8.0000 — 01 
[ —8.952le —07 —4.0323e — 08 |] 

2.2789e —08 —7.173le — 08 

1.5123e — 06 —3.0317e — 05 

2.9004e-—05 9.857le — 07 

3.9815e—23 5.9338e — 24 

—3.5806e —20 2.3916e — 20 

—1.2818e —04 —2.4815e — 05 

4.0818e —02 —3.8168e — 03 | 

  

    

78



  

—_— closed-loop 

“Wk  }=© te open-loop a 

(d
B 

re 
(k
g*
1/
2*
m/
s/
s)
*2
) 

w °     
yeas ae 

        
  

“605 20 40 60 80 100 120 140 160 

frequency - (Hz) 

Figure 5.6: Experimental Narrowband Disturbance Rejection - Mode 1. The dotted 
line is the open-loop response and the solid line is the closed-loop response. 

79



-10 T T T ——T- T T T   

(4B 
re (

kg"
1/2

*m/
is)

%2)
 

s 

  

     
closed-loop 

“60 FA nn open-loop     
  

- oO i 1 } i L. 

7 0 20 40 60 80 100 120 140 160 

frequency - (Hz) 

Figure 5.7: Experimental Narrowband Disturbance Rejection - Mode 2. The dotted 
line is the open-loop response and the solid line is the closed-loop response. 

80



input also drives the plate at its natural frequencies since there is energy in those 

bins. We see from the autospectra that the response at the natural frequencies is 

suppressed by the controller which is indicitive of the damping added by a feedback 

controller. This leads us to our next section where we discuss the results from an 

impulse applied to the center of the plate. 

5.4 Transient Suppression 

Transient suppression is an inherent property of feedback controllers. An impulse 

was applied to the center of the plate during both the open- and closed-loop. The 

first modal acceleration is shown in figure 5.8. Notice that the closed-loop accel- 

eration decays more quickly than the open-loop response. This is indicitive of the 

additional modal damping which increased by 100%. Since the plate was struck in 

the middle, along the nodal line of mode 2 we only see the first modal response. 

5.5 Summary of Results 

The compensator was shown to reject persistant harmonic and narrowband distur- 

bances. Harmonic excitation of the first modal acceleration was reduced by an order 

of magnitude while narrowband excitation can be reduced by 15 dB power. Since 

there is only one control input, we chose to optimally reject the first mode. How- 

ever, n modes can be rejected optimally if there are n control actuators. Finally, the 

transient suppression nature inherent to the feedback controller was demonstrated as 

the closed-loop damping of the fundamental mode is twice the open-loop damping. 

The additional damping introduced by the feedback controller is also seen in the 
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autospectra of figure 5.6 and figure 5.7 where the response at the natural frequencies 

is attenuated in the closed-loop. 
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Chapter 6 

Conclusions 

The stated objectives of this research were to construct a testbed for state-space 

controller applications and implement a low-order LQ vibration controller to re- 

ject persistent disturbances. The testbed will be used as an evaluation platform 

for ASAC verification. We built a simply-supported plate and developed the in- 

strumentation and controller hardware. We identified the need for both spatial 

and temporal oversampling to distinguish the modes of the plate. We modeled the 

plate analytically with finite-elements and experimentally verified that model. We 

implemented the LQG controller that is an identical design as the acoustic con- 

troller developed by Baumann [17, 18], with the only difference being the choice of 

a vibration cost function versus the acoustic cost function. It was shown that the 

two-mode controller rejected both harmonic and narrowband persistent disturbances 

of the simply-supported plate, and provided transient suppression. The framework 

used is easily extendable to MIMO controllers with both a vibration cost function 

and an acoustic cost function. Further, advanced modeling techniques and robust 

controllers, both tools available in the modern controls toolbox, can only enhance 

the controller performance. Finally, computational issues of implementing these 

higher-order compensators can be addressed in the modern control framework. 
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Appendix A 

Pictures of the Experimental Rig 

  
Photo by Michele Leshan 

Figure A.1: Picture of the Plate Front with the Accelerometer Array 
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Photo by Michele Leshan 

Figure A.2: Picture of the Plate Back with the Disturbance Shaker, on right, and 
the Control Shaker 

91



  
Photo by Michele Leshan 

Figure A.3: Picture of the Experimental Set-up 

92



Appendix B 

Simulation Code 

The following MATLAB files simulate the response of the simply-supported plate. 

The first file, filt-2m.m, is the real-time simulation of the closed-loop system. The 

second file, int_qd.m, calculates the covariance of the discrete-time disturbance se- 

quence which represents the continuous, mean-zero, Gaussian disturbance input. 

The simulation code was written by William R. Saunders and Stephen P. Ruben- 

stein. 

% filt_2m.m This file is the real time simulation of the DARPA 

4 plate. The simulation is set up for the two-mode 

4 controller which will be implemented in the lab. 

4% Only the modal variables are considered in this 

4 code, i.e., no modal filtering is performed here. 

4 

4 The narrowband disturbance is centered at 60 Hz 

A and acts continuously. The Kalman Filter gains 

4 are calculated based on this disturbance model. 

4 Both a sinusoidal and narrowband disturbance 
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input can be simulated. Since the disturbance 

acts continuously, the disturbance does not meet 

the zero-order hold assumption. It is assumed 

to act through a first-order hold. The first-order 

hold is based upon the one in LSIM.M. 

This code will be used to generate the LQR controller 

gains and the Kalman filter gains used in the 

experiments. The discrete state matrices and vectors 

are also calculated here for entry into ***.h, which 

stores most of the defines to be used by the digital 

controller for the plate. 

This file is written to emulate the closed-loop 

experiment code, filthost.c, in which the plate 

response is fully described by the first four modes 

of the plate. The estimator is designed to estimate 

the states associated first two modes, the smoothing 

filter states, and the disturbance states. Only these 

estimated states are used in the control law. 

The control force, u, is fed through a smoothing 

filter before it reaches the plate. This is used to 

smooth the discrete control force and remove the high 

frequency content of the control force. 
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h 

%, A vibration cost function is used here. No radiation 

4 dynamics are included in this code. 

4 

4 Note: The size of the compensator can each be adjusted 

4 independently between one and four modes. 

4 

4 

4 SPR, WRS 

4 9-25-90 modified 10-26-90 

YUMUMAMYA MANA IMAM IIS MLMAYS AIA II ISMAILI IIMS IAIN 
format short e 

clear 

clg 

T=1/2850; %, sampling time 

4 

%, generalized stiffness and generalized damping matrices from Nastran: 

4 

% use only two modes (n = 2) 

n = 2; %no. of modes in the controller and estimator 

np = 4; %4no. of modes in the plate simulation 

a = zeros(np,np); 

b = zeros(np,np); 

wi = 2*pi*49.447; %rad/s - MODHAN quantities 

w2 = 2*p1*108.96; 

95



w3 

w4 

a(1,1) 

a(2,2) 

a(3,3) 

a(4,4) 

K = a; 

zetal 

zeta2 

zeta3 

zeta4 

b(1,1) 

b(2,2) 

b(3,3) 

b(4,4) 

Damp = 

h 

2*pi*130.25; 

2*pi*188.53; 

wi"2; 

w2°2; 

= w3°2; 

w4°2; 

0.7722826E-02; 

0.1171460E-01; 

0.8318498E-02; 

0.2731109E-02; 

2 * zetal * wi; 

2 * zeta2 * w2; 

2 * zeta3 * w3; 

2 * zeta4 * w4; 

b; 

% Define the F matrix for the system and the estimator: 

F_p = [zeros(np,np) eye(np,np);-K(i:np,i:np) -Damp(i:np,i:np)J; 

F = [zeros(n,n) eye(n,n);-K(1i:n,1i:n) -Damp(i:n,1:n)]; 

h 

% Define the G and L matrices for the following case: 

h 

4 

4 

One control force (m = 1) applied at accelerometer 

location 8, grid point 208 - 360 node NASTRAN model 
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4 One disturbance input (s = 1) applied at accelerometer 

4 location 5, grid point 154 

4 

% Define Phi (control force) and Gamma (disturbance): 

m = 1; 

s = 1; 

load phi_exp; ‘%the experimentally extracted eigenvectors 

4 

p=[phi_exp(:,1) phi_exp(:,2) phi_exp(:,3) phi_exp(:,4)]; 

p(8,1)=p(8,1)/1.2; %exp. correction of the eigenvector 

% plate matrices 

Phi_p = p(8,1:np)’; 

D.p = Phi_p; 

Gamma_p = p(5,1:np)’; 

D.dip = Gamma_p; 

G_p = [zeros(np,m) ;Phi_p]; 

L.p = [zeros(np,s) ;Gamma_p] ; 

% estimator matrices 

Phi = p(8,1:n)’; 

D = Phi; 

Gamma = p(5,1:n)’; 

Did = Gamma; 

G [zeros(n,m) ;Phi] 

L [zeros(n,s) ;Gamma] ; 

4 The output equation coef. matrices: 
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C_p = [-K(1:np,i:np) -Damp(1:np,i:np)]; - %plate system 

C = [-K(i:n,1:n) -Damp(1:n,1:n)]; 4% nx 2n 

LULL 

4 

% Define the disturbance spectrum 

4 

wid = 60.0*2*pi; “narrowband disturbance centered at 60 Hz 

zd = .01; 4damping model for sinusoidal excitation 

4zid = .1; Zdamping model for narrowband excitation 

F.w = [0 1;-w.d°2 -2*z_d*w_d]; 

G_w = [0;4]; 

C.w = (0 1]; %see notes on formulation 

Mhhhhhhhhhhhhhbhhhhbhbhhhhhhhbbhhbhhhhhbhbhhhbhhhhhhhbhbhhhhhhhih 

% 

% Define the unity-gain Sallen-Key low pass filter on 

4 the control force. 

4 

t = 2; 4smoothing filter order 

wilp = 120*2*pi; %cut-off freq of 120 Hz. 

Zip = 0.707; 4damping ratio that has best flatness 

F_lp = [0 1;-w_lp*2 -2*z_lp*w_lp] ; 

G_lp = [0;w.1p*2]; 

C_lp = [1 0]; 

Dip = 0; 

Whhhhhrrhhhhhbbhrrrhbhhhhhbhhrryrhbhhhhhhhhbyhhhhhhhhhhhbbbhhiththhttts 
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4 set up the augmented matrix equation 

4 Use these for continuous-time augmented system of the 

4 estimator. 

4 

Fa = [F G*C_lp L*C_w;zeros(t,2*n) F_lp zeros(t,2*s);.. 

zeros(2*s,2*n) zeros(2*s,t) Fw]; 

Ga = [zeros(2*n,m) ;G_lp;zeros(2*s,m)]; 

La = [zeros(2*n,s);zeros(t,s);G_wl; 

Ca = [C D*C_lp D_d*C_w]; 

D zeros(n,m); 

H eye(2*n) ; 

Ha = [H zeros(2#n,t) zeros(2*n,2*s)]; 

4 Discretize the augmented system - plate & disturbance 

[dFa,dGa]=c2d(Fa,Ga,T) ; 

[dFa,dLa]=c2d(Fa,La,T); 

seig=eig(Fa); 

ob=obsv(dFa,Ca) ; 

rob=rank (ob) ; 

hhhhhhhhhhhhhbrhbhhbhhbhhhhhrbbbhhhrrhrrbhbhbrobhbhrhbbhobhbhhhhhhhhhhhhh 

4 

%  Augment the plate equations with the smoothing filter. 

4 

F_p = [F_p G_p*C_lp;zeros(t,2*np) F_lp]; 

G_p = (zeros(2*np,m) ;G_lp]; 

Lip = [L_p;zeros(t,s)]; 
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[C_p D_p*C_lp] ; C_p 

zeros(np,m) ; Dp 

WA hhhhhhhhhbhbhhhhhhbhhbbhhhbhhhbhhhbhhbhhbhhhhhhhhhhhhhhhih 

h 

4 Calculate the discrete feedback and Kalman filter gains 

4 

WLLL hhbhhhhhhhhhhhhhhhhhhhhhhhhhhhhhbhhrhhhhhhhhhhhteh 

Q = Ha’*Ha; %controller cost matrices 

rho = 5e-4; 

R = rho * eye(m); 

dC_lq = DLQR(dFa,dGa,Q,R) %discrete feedback gains 

dC_1q(7)=-350; “optimized to compensate mode 1 

dC_1q(8)=0.8; 

clear Q; 

clear R; 

Q_kf = 5e2; 

[QQ_kf,S] = int_Qd(Fa,T,La,Q_kf); ‘%assume that the disturbance acts 

Acontinuously 

qf = 25; 

Rkf = qf * eye(n); %noise covariance 

dKf = DLQE(dFa,eye(2*n+2*m+2*s) ,Ca,QQ_kf ,R_kf) ; 

“discrete estimator gains 

4 

% The following lines save the coefficients used in the 

% digital controller. 
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%This is for chan_count = 12 

chan_count = 12; 

MM = p; 

MF inv (MM? *MM) *MM? ; 

freq = 1/T; 

cont_n = 2*n + 2*s + t; 

p-c = Q, 

p_r = np - n; 

save test.dat freq cont_n m p_c p_r chan_count dFa dGa 

Ca D dC_lq dKf MF /ascii 

4 

% closed loop poles 

z_clpoles=eig(dFa-dGa*dC_lq) 

z.obspls = eig((eye(2#n+2*m+2*s) ~dKf*Ca) *dFa) ; 

zeig=eig(dFa) ; 

zeig=[zeig z_clpoles z_obspls] ; 

seig = 1/T+log(zeig) ; 

zz=abs (zeig) 

ss = abs (seig); 

Whhhhhhhhhhhhhhhhhhhhhhhhhbhhhbhhhhhhhhhhhbhhhhhhhhhhhhhhhhth 

4 

4 Real time open loop and closed loop simulation of the 

4 augmented system. The disturbance is the only input 

h until the controller is implemented. 

4 
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4 First-order hold approximation is used on the 

4 disturbance input in the plate simulation. The actual 

h system, as opposed to the augmented system simulates 

4 the plate response. 

4 

clear Q; 

N-limit = 3000; 

4 

% disturbance input sequence 

%tm = [0:T:2.0]; %time axis for the sinusoidal disturbance 

4f = 60; 4Zexcitation frequency - Hz 

Zomega = 2 * pi * f; 

iw = 2 * sin(omega*tm) ; Zexcitation force 

load nbsim “%simulated narrowband disturbance sequence 

% First Order Hold Approximation 

{q,s] = size(L_p); 

%4 For first order hold approximation first add m 

4 integrators in series 

[F_p,L_p,C_p,D_d_p] = 

series(zeros(s) ,eye(s) ,eye(s) ,zeros(s) ,F_p,L_p,C_p,D_d_p) ; 

G_p = [zeros(s,1);G_p]; 

% Get equivalent zero order hold discrete system 

[dF_p,dL_p] = c2d(F_p,L_p,T); 

[dF_p,dG_p] = c2d(F_p,G_p,T); 

102



% Initial conditions 

x0 = zeros(2*np+t,1); %plant states 

u(1) = 0.0; 

% For first order hold add (z-1)/T in series 

% This is equivalent to differentiating u. 

% Transfer first sample to initial conditions. 

x0=[zeros(s,1) ;x0(:)]+(G_p*u(1)+L_p*w(1)); 

x(1,:) = x0’; 

Qminus(i,:) = zeros(1,2*n+2*m+2*s) ; dpredicted estimate 

yhat(1,:) = (Ca*Qminus(1,:)’)’; 

y(1,:) = (Cip*x(1,:)? + D.p*u(1) + Did_p*w(1))?; 

k=1; 

Qplus(1,:) = (Qminus(1,:)’ + dKf*(y(1,1:n) - yhat(1,:))’)?; 

%meas. updated state estimates 

u(2) = 0.0; 4plant and estimated states at t=T 

x(2,:) = (dF_p*x(1,:)? + dG_p*u(1) + dL_p*((w(2)-w(1))/T))?; 

y(2,:) = (C_p*x(2,:)’ + Dip*u(2) + Did_p*w(2))’; % testf_2m only 

k=2; 
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Qminus(2,:) = (dFa*Qplus(1,:)’ + dGa*u(1))’; 

yhat(2,:) = (Ca*Qminus(2,:)’ + D¥u(2))’; 

Qplus(2,:) = (Qminus(2,:)’ + dKf * (y(2,i:n) - yhat(2,:))’)’; 

for k=3:N_limit; 

Qminus(k,:) = (dFa*Qplus(k-1,:)’ + dGa*u(k-1))’; 

4K. F. predictor equation 

%controller input 

if k<2000, 

u(k) = 0; 

else 

u(k) -dC_lq*Qminus(k,:)’; 

end 

% clip the controller input 

if u(k)>5.3878, 

u(k) = 5.3878; 

elseif u(k)<-5.3878, 

u(k) = -5.8378; 

end 

ww(k-1) = (w(k)-w(k-1))/T; 

x(k,:) = (dF_p*x(k-1,:)’ + dG_p*u(k-1) + dL_p*ww(k-1))’; 

%plant output equation 
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y(k,:) = (Cp*x(k,:)? + Dip*u(k) + Did_p*w(k))’; 

%measured modal accelerations 

yhat(k,:) = (Ca*Qminus(k,:)’ + D*u(k))’; 

Qplus(k,:) = (Qminus(k,:)’ + dKf * (y(k,i:n) - yhat(k,:))’)?’; 

%Kalman update filter equation 

end 

end 
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function [Q.d,S] = int_Qd(F,T,L,Q_c) 

4 

4 

4 

4 

h 

h 

4 

4 

4 

h 

A 

4 

int_Qd.m This file will calculate the discrete covariance 

matrix, Q_d, of the continuous time disturbance 

with a spectral density matrix, Q_c. The other 

necessary inputs are the state matrices, F and L, 

and the sampling time, T. 

The rectangular rule is implemented to perform the 

numerical integration of eq. 4.2-52 (Stengel, p.328). 

The Cholesky decomposition of Q_d forms S which is 

to simulate the cross-corelated white noise, w_k, 

with the Gaussian white noise, v_k, such that 

Z wk = S*v_k . 

4 

hhhhhhhhhhbhhbhrrrhyhbhhhhhhhhhhhhhbhbbhhhhhbhhhbbhrhbhhhhhhhhihbhhhh 

N = 100; 4number of intervals in the integration 

delt = T/N; %time interval 

sum 0; 

dum=0; 

for k=1:N; 

t = (k-1)*delt; 

106



dum 

sum sum + dum; 

end 

Q_d = sun; 

R chol(Q_d); 

S R’; 

end; 

expm(F*t)*L*Q_c*L’ *expm(F’ *t)*delt ; 
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Appendix C 

Dizcrete Controller Code 

The software used to drive the transputer-based, parallel-processing control system 

is included below. The first program, filthost.c, is the discrete controller imple- 

mented on the T800 tranputer. The coefficients of the equations are defined in 

c_t5e4.h which is included next. The second program, filt_t2.c, is the data-acquisition 

software implemented on the T222 transputer. The programs were written by Gra- 

ham K. Ellis based on the control code that drives the DT2818 data acquisition 

board which was written by William R. Saunders. 

[92 2 A a a a Eo a a 2k kK 1 2k 2 a a i 2 2 2 2 a 2 a ka 2 a 2 a a a a 2 a ak ak 2 ke a 2 a 2 ae 

* 

* filthost.c This code is derived from dtcontrol.c, the four mode 

* controller for the simply supported plate vibration 

* control experiment. Closed-loop control is generated 

* here. The code writes the following 

* binary data files: 

* 

* y-dat measured modal acceleration amplitudes. 
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* yhat.dat estimated modal acceleration amplitudes. 

estimated modal displacement amplitudes. 

estimated modal velocity amplitudes. 

estimated disturbance states. 

measured physical acclerations (optional) 

* qe_disp.dat 

* qe_vel .dat 

* qe_dist.dat 

* yacc.dat 

* 

* 

* Modifed for transputer control system 

* 12/27/90 

* GKE 

* 

2h 2k ag 2 2g 2k 2 oe 2c ig 2 oe 24 2k 2k 2 a 2c 2c 2k 2k 2k 2 ok a 24g 2c af ak ak fe ik 2 2c 2k ig oe ok 24g fk 2 2c fe 2 9k ik 2c 2 2K ik 2 2k 29 oe a 2k 2c 2k a ake 2k 2 a ok 

+ / 

/* To Communicate with the T2 data acquisition node, use LINK3 

* 

* NOTE: T8 integers are 32 bits 

* T2 integers are 16 bits 

+ / 

#include <stdio.h> 

#include <math.h> 

#Hinclude <conc.h> 

#include "c_t5e4.h" 

#define ADCGAIN 3.005 /* board amplifier gain */ 

109



#define AD_SCALE 204.7/ADCGAIN 

#define NLOOPS 3000 /* number of control loops to perform */ 

#define UTOINT16(x) ((x)*204.7 + 2047) 

#Hdefine INT16TOACC(x, cal) (((x)-2047) * (cal)) 

int savemat(FILE *fp, int type, char *pname, int mrows, int ncols, 

int imagf, double *preal, double *pimag) ; 

double dummy[12*NLOOPS] ; 

float uu[NLOOPS] ; 

float yi[NLOOPS], y2(NLOOPS] , 

y3[NLOOPS] , y4(NLOOPS], 

yacci[NLOOPS], yacc2[NLOOPS], 

yacc3[NLOOPS], yacc4[NLOOPs] , 

yaccS([NLOOPS], yacc6[NLOOPS], 

yacc7 [NLOOPS], yacc8[NLOOPS], 

yacc9[NLOOPS], yacci0[NLOOPS] , 

yacci1[NLOOPS], yacci2[NLOOPS] ; 

float 1ldcel1[NLOOPS] ; 

float yhati[NLOOPS], yhat2[NLOOPS] ; 

float qe5[NLOOPS], qe6[NLOOPS] , 

ge7 LNLOOPS] , qe8[NLOOPS] ; 

void main(void) 
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FILE 

FILE 

FILE 

FILE 

FILE 

FILE 

FILE 

char 

char 

int 

*dataout1; 

*dataout2; 

xdataout3; 

*dataout4; 

*xdataout5; 

*dataouté6; 

*dataout7 ; 

xcpnt; /* character pointers used so we can output */ 

xupnt; /* two bytes of a 4 byte integer */ 

i, ui6; /* control voltage in correct DAC format */ 

int acc[13]; /* integer acceleromter data from T2 */ 

float accO, /* Real, calibrated acceleration values */ 

acci, /* in m/s*2/volt */ 

acc2, 

acc3, 

acc4, 

accS, 

acc6, 

acc7, 

acc8, 

acc9, 

acci10, 

acclil, 
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le; 

float yidel, y2del; 

float final_cal0O, final_cali, 

final_cal2, final_cal3, 

final_cal4, final_cal5, 

final_cal6, final_cal7, 

final_cal8, final_cal9, 

final_cal10, final_calil, lc_cal; 

float gel, qe2, qe3, ge4; 

float si, s2, s3, s4, s5, s6, s7, s8; 

float freq, u, uvolt; 

int nloops, k; 

int start_time, stop_time; 

dataouti = fopen("y.mat","wb"); 

dataout2 = fopen("yhat.mat","wb"); 

dataout3 = fopen("qe_filt.mat","wb"') ; 

dataout4 = fopen("ge_dist .mat","wb") ; 

dataout5S = fopen("u_cont.mat","'wb"') ; 

dataout6 = fopen("yacc.mat","wb") ; 

dataout7 = fopen("dist.mat","wb") ; 

/* set the character control pointer to point at u16 */ 

upnt = (char *) &ulé; 
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/* The ADC data is converted to the correct units for use in 

the control law using the appropriate gains and sensitivities 

+ / 

final_cal0d 

final_call 

final_cal2 

final_cal3 

final_cal4 

final_cal5 

final_calé 

final_cal7 

final_cal8 

final_cal9 

final_cal10 

final_calil 

(SENSO 

(SENS1 

(SENS2 

(SENS3 

(SENS4 

(SENSS 

(SENS6 

(SENS7 

(SENS8 

(SENS9 

(SENS10 / CHAN10_GAIN) /AD_SCALE; 

(SENS11 / CHAN11_GAIN) /AD_SCALE; 

le_cal 

/* Initial Values: 

value of the x(k/k) 

*/ 

/ CHANO_GAIN) /AD_SCALE; 

/ CHAN1_GAIN) /AD_SCALE; 

/ CHAN2_GAIN) /AD_SCALE; 

/ CHAN3_GAIN) /AD_SCALE; 

/ CHAN4_GAIN) /AD_SCALE; 

/ CHANS_GAIN) /AD_SCALE; 

/ CHAN6_GAIN) /AD_SCALE; 

/ CHAN7_GAIN) /AD_SCALE; 

/ CHAN8_GAIN) /AD_SCALE; 

/ CHANS_GAIN) /AD_SCALE; 

/* m/s*2/volt */ 

= (SENSLC / LC_GAIN )/AD_SCALE; 

Use a "guess" to estimate the initial 

so the Kalman Filter will converge faster. 
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qel = 0.0; /* position */ 

qe2 = 0.0; /* position */ 

qe3 = 0.0; /* velocity */ 

qe4 = 0.0; /* velocity */ 

qe5[0] = 0.0; /* smoothing filter */ 

qe6[0] = 0.0; /* smoothing filter */ 

ge7[0] = 0.0; /* disturbance */ 

qe8(0] = 0.0; /* disturbance */ 

uul0] = 0.0; 

/* Send the number of control loops to the data acquisiton T2 */ 

nloops = NLOOPS; 

cpnt = (char *) &nloops; /* char pointer to temp */ 

ChanOut(LINK30UT, cpnt, 2); /* send 2 bytes to T2 */ 

printf("Press any key to start\n"); 

getch() ; 

k = -1; /* set loop counter */ 
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start_time = Time(); 

while (k<NLOOPS) 

{ 

k++; 

/* 

/* 

sl 

s2 

83 

s4 

s5 

s6 

s7 

38 

/* 

begin state estimator (Kalman Filter) */ 

state propagation equation - predictor (augmented system) */ 

aii¥qei+a13*qe3+a15*qe5 [k] +a16*ge6 [k] 

+a17*qe7 [k] +a18*qe8 [k] +b11*u; 

a22*qe2+a24*qe4+a25*ged [k] +a26*qe6 [k] 

+a27*qe7 [k] +a28*qe8 [k] +b21*u; 

a31i¥*qe1+a33¥*qe3+a35¥*qed [k] +a36*qe6 [k] 

+a37*qe7 [k] +a38*qe8 [k] +b31*u; 

a42*qe2+a44*qe4+a45%qe5 [k] +a46*qe6 [k] 

+a47*qe7 [k] +a48*qe8 [k] +b41*u; 

a55*qe5 [k] +a56*qe6 [k] +b51*u; 

a65*qe5 [k] +a66*qe6 [k] +b61*u; 

a77*qge7 [k]+a78*qe8[k] ; 

a87¥*qe7 [k] +a88*qe8[k] ; 

calculate the control signal */ 

/* open loop */ 

/*¥ us 0.0; */ 
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if (k < 400) 

u = 0.0; 

else 

u = -(C_LQ11 * si + C_LQ12 * s2 + C_LQ13 * s3 + C_LQ14 * s4 + 

C_LQ1i5 * s5 + C_LQ16 * s6 + C_LQ17 * s7 + C_LQi8 * 88); 

uvolt = -(u * 1.787); 

/* converts Newtons to volts from cont_tf.dat */ 

/* accounts for inversion by current amp */ 

if (uvolt > 10.0){ 

uvolt = 9.9; 

u = -5,54; 

} 

if (uvolt < -10.0){ 

uvolt = -9.9; 

u = 5.54; 

} 

uulkt+i] = u; 

/* send control voltage to T2. Note, upnt points to ul6. */ 
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ui6 = UTOINT16(uvolt); 

ChanOut(LINK30UT, upnt, 2); /* send 2 bytes */ 

/* Kalman filter on output */ 

yhati[k+1] = caii * s1 + cai3 * 53 + cai5 * s5 + cal8 * s8; 

yhat2[k+1] ca22 * s2 + ca24 * s4 + ca25 * s5 + ca28 * 8; 

/* Read in the acceleration values from the T2 */ 

/* We are reading this in as two non-zero bytes, and */ 

/* then 2 zero bytes to simplify the code on this */ 

/* transputer. We expect a LSB -> MSB transfer */ 

ChanIn(LINK3IN, (char *) acc, sizeof(acc)); 

/* now convert the integer value to voltage */ 

accO INTI6TOACC(acc(0], final.cal0) ; 

accel = INTI6TOACC(acc[1], final_cali); 

acc2 INTI6TOACC(acc[2], final_cal2); 

acc3 INTAI6TOACC(acc[3], final_cal3) ; 

acc4 = INT16TOACC(acc[4], final_cal4) ; 

acc5 = INT16TOACC(acc(5], final_cal5); 

acc6 = INTI6TOACC(acc([6], final_cal6); 

acc? = INTI6TOACC(acc[7], final_cal7); 

acc8 = INTI6TOACC(acc[8], final_cal8); 
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acc9 

accl10 

accli 

INTI6TOACC(acc[9], final_cal9); 

INTiI6TOACC(acc[10], final_cali0); 

INTiI6TOACC(acc[11], final_cali1); 

le = INTI6TOACC(acc[12], lc_cal); 

/* acc 1 through 12 as 

yi[k+1] 

y2[k+1] 

y3[k+1] 

y4[k+1] 

yacci[k+1] 

mf11 

mf15 

mf19 

mf21 

mf25 

mf29 

mf31 

mf35 

mf39 

mf41 

mf45 

mf49 

accO 

acc4 

acc8 

accO 

acc4 

acc8 

accO 

acc4 

acc8 

accO 

acc4 

acc8 

= acc0; 

output +/ 

+ mfi2 * 

+ mfi6 * 

+ mf110* 

+ mf22 * 

+ mf26 * 

+ mf210* 

+ mf32 * 

+ mf36 * 

+ mf£310* 

+ mf42 * 

+ mf46 * 

+ mf410* 

accl 

acc5 

acc9 

accl 

acc5 

acc9 

accl 

acc5 

acc9 

accl 

acc5 

acc9 
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mf1i3 * 

mf17 * 

mf111* 

mf23 * 

mf27 * 

mf211* 

mf33 * 

mf37 * 

mf311* 

mf43 * 

mf47 * 

mf411* 

acc2 + 

acc6 + 

acc10+ 

acc2 + 

acc6 + 

acc10+ 

acc2 + 

acc6 + 

acci0+ 

acc2 + 

acc6 + 

acci0+ 

mf1i4 * 

mf18 * 

mf112* 

mf24 * 

mf28 * 

mf212* 

mf34 * 

mf38 * 

mf312* 

mf44 * 

mf48 * 

mf412* 

acc3 

acc? 

accii; 

acc3 

acc7 

accil; 

acc3 

acc7 

acecl1l1; 

acc3 

acc7 

accil;



yacc2[k+1] = acci; 

yacc3[k+1] = acc2; 

yacc4[k+1] = acc3; 

yaccS(k+1] = acc4; 

yacc6[k+1] acc5; 

yacc7[k+1] = accé; 

yacc8[k+1i] = acc7; 

yacc9[k+1] = acc8; 

yacc10[k+1] = acc9; 

yaccii[k+1] = acci0; 

yacci2[k+1] = accii; 

ldcell[k+i] = lc; 

yidel = yi[k+i] - yhati[k+1]; 

y2del y2[k+1] - yhat2[k+1]; 

/* update equation - corrector */ 

qe1 = sl + Kil*yidel + K12*y2del; 

qe2 = s2 + K2i*yldel + K22*y2del; 

qe3 = s3 + K3l*yidel + K32*y2del; 

qe4 = s4 + K4ityidel + K42*y2del; 

ge5([k+1] = s5 + K5i*yidel + K52*y2del; 

qe6[k+1] = s6 + K6i*yidel + K62*y2del; 
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qe7 [k+1] s7 + K71*yidel + K72*y2del; 

ge8[k+i] = s8 + K81¥*yidel + K82*y2del; 

} /* end control loop */ 

stop_time = Time(); 

printf("Number of Low-Pri ticks = %d\n", stop._time - start_time); 

freq = k/((stop_time - start_time) *64e-6) ; 

printf ("Frequency #4.1f Hz\n", freq) ; 

printf ("Writing Data File....\n"); 

for (i=0;i<NLOOPS;i++) { 

dummy[i] = (double) y1[i]; 

dummy [i+NLOOPS] = (double) y2[i]; 

dummy [i+2*NLOOPS] = (double) y3[il; 

dummy [i+3*NLOOPS] 

} 

savemat(dataouti, 0, "y", NLOOPS, 4, 0, 

(double) y4[il; 

(double *) dummy, (double *)0); 

for (i=0;i<NLOOPS;i++){ 

dummy[i] = (double) yhati[il; 

dummy [i+NLOOPS] = (double) yhat2[i]; 
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} 

savemat(dataout2, 0, “yhat'', NLOOPS, 2, 0, 

(double *) dummy, (double *)0); 

for (i=0;i<NLOOPS; i++) { 

dummy[i] = (double) ge5[il; 

dummy [i+NLOOPS] = (double) qe6[il; 

} 

savemat(dataout3, 0, "qe_filt", NLOOPS, 2, 0, 

(double *) dummy, (double *)0); 

for (i=0;i<NLOOPS;i++){ 

dummy [i] = (double) qe7[i]; 

dummy [i+NLOOPS] = (double) qe8[il]; 

savemat(dataout4, 0, "qe_dist", NLOOPS, 2, 0, 

(double *) dummy, (double *)0); 

for (i=0;i<NLOOPS ;i++) 

dummy[i] = (double) uu[il; 

savemat(dataout5, 0, “u_cont", NLOOPS, 1, 0, 

(double *) dummy, (double *)0); 
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for (i=0;i<NLOOPS ;i++){ 

dummy[iJ = (double) yacci{il]; 

dummy [i+NLOOPS] = (double) yacc2[i]; 

dummy [i+2*NLOOPS] = (double) yacc3[i]; 

dummy [i+3*NLOOPS] = (double) yacc4[i]; 

dummy [i+4*NLOOPS] = (double) yacc5[il; 

dummy [i+5*NLOOPS] = (double) yacc6[il ; 

dummy [i+6*NLOOPS] = (double) yacc7[il; 

dummy [i+7*NLOOPS] = (double) yacc8[il; 

dummy [i+8*NLOOPS] = (double) yacc9[il ; 

dummy [i+9*NLOOPS] = (double) yaccio[il]; 

dummy [i+10*NLOOPS] = (double) yacciili]; 

dummy [i+11#NLOOPS] = (double) yacci2[il; 

} 

savemat(dataout6, 0, "yacc", NLOOPS, 12, 0, 

(double *) dummy, (double *)0); 

for (i=0;i<NLOOPS; i++) 

dummy [i] = (double) ldcell[i]; 

savemat(dataout7, 0, "dist", NLOOPS, 1, 0, 

(double *) dummy, (double *)0); 

fcloseall(); 

} 
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/* 

* savemat - C language routine to save a matrix in a MAT-file. 

* Here is an example that uses ’savemat’ to save two 

* matrices to disk, the second of which is complex: 

* FILE *fp; 

* double xyz[1000], ar[1000], ai[1i000]; 

* fp = fopen("foo.mat","wb") ; 

* savemat(fp, 0, "xyz", 2, 3, 0, xyz, (double *)0); 

* savemat(fp, 0, "a", 5, 5, 1, ar, ai); 

% 
* 

+ / 

typedef struct { 

long type; 

long mrows; 

long ncols; 

long imagf; 

long namlen; 

fclose(fp); 

Author J.N. Little 11-3-86 

/* type */ 

/* row dimension */ 

/* column dimension */ 

/* flag indicating imag part */ 

/* name length (including NULL) */ 
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} Fmatrix; 

savemat(FILE *fp, int type, char *pname, int mrows, int ncols, 

int imagf, double *preal, double *pimag) 

/* FILE *fp; File pointer */ 

/* int type; Type flag: Normally 0 for PC, 1000 for Sun, Mac, 

and Apollo, 2000 for VAX D-float, 3000 for VAX G-float 

Add 1 for text variables. 

See LOAD in reference section of guide for more info. */ 

/* int mrows; row dimension */ 

/* int ncols; column dimension */ 

/* int imagf; imaginary flag */ 

/* char *pname; pointer to matrix name */ 

/* double *preal; pointer to real data */ 

/* double *pimag; pointer to imag data */ 

{ 

Fmatrix x; 

int mn; 

int n; 

x.type = type; 

X.mrows = mrows; 

x.ncols = ncols; 

imagf ; x.imagf 
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x.namlen = strlen(pname) + 1; 

mn = x.mrows * x.ncols; 

fwrite(&x, sizeof(Fmatrix), 1, fp); 

fwrite(pname, sizeof(char), (int)x.namlen, fp); 

n=fwrite(preal, sizeof(double), mn, fp); 

if (imagf) { 

fwrite(pimag, sizeof(double), mn, fp); 
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/* Include file for plate control code */ 

/* c_t5e4.h */ 

/* sample frequency 2087.0 */ 

/* controller order 8 */ 

/* number of inputs 1 */ 

/* number of outputs (controlled) 2 */ 

/* number of outputs (observed) 2 */ 

/* number of analog input channels 12 */ 

#define CHANO_GAIN 60 /* acc 1 */ 

#define CHAN1_GAIN 50 /* acc 2 */ 

#define CHAN2_GAIN 60 /* acc 3 */ 

#define CHAN3_GAIN 50 /* acc 4 */ 

#define CHAN4_GAIN 40 /* acc 5 */ 

#define CHANS_GAIN 50 /* acc 6 */ 

#define CHAN6_GAIN 60 /* acc 7 */ 

#define CHAN7_GAIN 40 /* acc 8 */ 

#define CHANS8_GAIN 50 /* acc 9 */ 

#define CHANS_GAIN 60 /* acc 10 */ 

#define CHAN1O_GAIN 50 /* acc 11 */ 

#define CHAN11_GAIN 60 /* acc 12 */ 

#define LC_GAIN 1 /* LC */ 

#define SENSO (10.1497*9.81) /* m/s*2/volt */ 
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#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

SENS1 

SENS2 

SENS3 

SENS4 

SENSS 

SENS6 

SENS7 

SENS8 

SENS9 

(10.085*9.81) 

(9.845*9.81) 

(9.919*9 .81) 

(9 .827*9.81) 

(10.004*9.81) 

(9.764*9.81) 

(9.994*9 .81) 

(10.059*9.81) 

(9.886*9.81) 

SENS10 (9.715*9.81) 

SENS11 (9.799*9.81) 

SENSLC (4.44*.9542) 

all 9.88948e-01 

al2 0.00000e+00 

al3 4.76840e-04 

al4 0.00000e+00 

al5 6.64438e-08 

al6 9.42675e-12 

al7 -1.82507e-06 

a1l8 8.02142e-08 

a2i 0.00000e+00 

a22 9.46812e-01 

a23 0.00000e+00 
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#define a24 4.68805e-04 

#define a25 4.11721e-08 

#define a26 5.85959e-12 

#define a27 7.90165e-07 

#define a28 -3.46139e-08 

#define a3i -4.60270e+01 

#define a32 0.00000e+00 

#define a33 9.86660e-01 

#define a34 0.00000e+00 

#define a35 2.74105e-04 

#define a36 5.63937e-08 

#define a37 -1.14002e-02 

#Hdefine a38 3.32952e-04 

#define a41i 0.00000e+00 

#define a42 -2.19729e+02 

#define a43 0.00000e+00 

#define a44 9.39293e-01 

#define a45 1.68455e-04 

#define a46 3.49250e-08 

#define a47 4.91941e-03 

#Hdefine a48 -1.42511e-04 

#define adi 0.00000e+00 
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#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#tdefine 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

a52 

a53 

a54 

aS5 

a56 

a57 

a58 

a61 

a62 

a63 

a64 

a65 

a66 

a67 

a68 

a71 

a72 

a73 

a74 

a75 

a76 

al77 

a78 

0. 

0 

-2.08707e+02 

.00000e+00 

.00000e+00 

.00000e+00 

.45146e-01 

.67125e-04 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

00000e+00 

.00000e+00 

.53743e-01 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

.00000e+00 

.83749e-01 

. 75695e-04 
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#define 

#define 

#define 

#define 

#define 

#define 

#Hdefine 

#define 

#define 

#Hdefine 

#tdefine 

#define 

#define 

#define 

#define 

a81 

a82 

a83 

a84 

a85 

a86 

a87 

a88 

bil 

b21 

b31 

b41 

b51 

b6é1 

b71 

0.00000e+00 

0.00000e+00 

0.00000e+00 

0.00000e+00 

0.00000e+00 

0.00000e+00 

-6.76069e+01 

9.80162e-01 

6.59370e-10 

4.10604e-10 

5.35900e-06 

3.33112e-06 

5.48540e-02 

2.08707e+02 

0.00000e+00 
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#Hdefine 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#tdefine 

#define 

#Hdefine 

#define 

#Hdefine 

b81i 0.00000e+00 

cali 

cal2 

cal3 

cal4 

cald 

cai6 

cal7 

cal8 

ca2i 

ca22 

ca23 

ca24 

ca25 

ca26 

ca27 

ca28 

-9.65250e+04 

0.00000e+00 

-4.79873e+00 

0.00000e+00 

7 .03290e-01 

0.00000e+00 

0.00000e+00 

7 .03343e-01 

0.00000e+00 

-4.68699e+05 

0.00000e+00 

-1.60400e+01 

3.66434e-01 

0.00000e+00 

0.00000e+00 

~3.06230e-01 

dcaii 0.00000e+00 

dca21i 0.00000e+00 
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#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#Hdefine 

#define 

#define 

#define 

#Hdefine 

#tdefine 

#define 

C_LQi1 

C_LQ12 

C_LQ13 

C_LQ14 

C_LQi5 

C_LQi6 

C_LQ17 

C_LQ18 

Ki1 

K12 

K21 

K22 

K31 

-1. 

-2. 

-7. 

-7.24525e+03 

-1.03127e+04 

2.82101e+01 

1.69241e-01 

4.60050e-02 

4 .42722e-05 

-3.50000e+02 

8.00000e-01 

06512e-06 

7.39606e-08 

67493e-08 

57691e-08 

2.53506e-06 

K32 4.05447e-05 

K41 

K42 

KS1 

-3. 82900e-05 

1.71724e-06 

-2.15949e-22 
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#define 

#tdefine 

#define 

#Hdefine 

#tdefine 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#define 

#tdefine 

K52 

K61 

K62 

K71 

K72 

K81 

K82 

mf11 

mf12 

mf1i3 

mf1i4 

mfi5 

mf1ié6 

mf17 

mf18 

mf£19 

mf110 6.18393e-02 

mf111 1.72559e-01 

mfi12 1.35064e-01 

~1. 

“4, 

-2. 

-1. 

16386e-22 

60618e-20 

19688e-20 

82844e-04 

3.68598e-05 

5.19002e-02 

6.52848e-03 

2 

2. 

.26841e-01 

-94040e-01 

.56130e-02 

-84904e-01 

.04824e-01 

.78077e-01 

.59920e-01 

.87672e-01 

11887e-01 
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#define mf21i -1.86425e-01 

#define mf22 -2.98902e-01 

#define mf23 -2.50592e-01 

#define mf24 -6.73414e-02 

#define mf25 -1.26491e-01 

#define mf26 -1.10323e-01 

#define mf27 8.92666e-02 

#Hdefine mf28 1.48819e-01 

#Hdefine mf29 1.14976e-01 

#define mf210 1.61056e-01 

#define mf211 2.92332e-01 

fidefine mf212 2.34215e-01 

#define mf31 1.51168e-01 

#define mf32 1.87860e-02 

#define mf33 -1.94451e-01 

#define mf34 2.28256e-01 

#define mf35 3.42570e-02 

#define mf36 -2.75825e-01 

#Hdefine mf37 1.72012e-01 

#define mf38 3.15452e-02 

#define mf39 -1.95192e-01 

#define mf310 8.63878e-02 

#define mf311 3.18677e-02 

#define mf312 -6.11377e-02 
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#define mf41 -1.88112e-01 

#define mf42 -3.93751e-02 

#define mf43 2.06468e-01 

#define mf44 -1.07694e-01 

#define mf45 -4.85205e-02 

#define mf46 1.53280e-01 

#Hdefine mf47 8.89856e-02 

#define mf48 -2.46614e-03 

#define mf49 -1.13855e-01 

#define mf410 2.27128e-01 

#define mf411 -3.60397e-04 

#define mf412 -2.91816e-01 

135



[RAE a A I IE I I a AE A AE 2 2 a IC i Ck a a 2 2 2 a a 2 ak a 2k 2 a 2 ak aa a afc ak a 2k ak ok a 

* 

* filt_t2.c 

* Data Acquitsion code for 2-mode plate controller 

* Programmed By: 

* GKE 

* 12/27/90 

* 

2 26 2 2g 6 2 2g 2k 2 a 2 2 2 a 246 2k a i 2 2G 2 0 2G 2g a oA HC 2 2G 2 2 IC 2a 2 2 2g a 2A 26 2k 2 a 2 2g 2g IK 2c 2k 2k a 2c 2k 2k ok ok 2 ok 

+ / 

#include <conc.h> 

#include <inline.h> 

#define HEAP 1024 

#define ADC 0x6000 

#define SH 0x6100 

#define MUX 0x6200 

#define DAC 0x6800 

#define ADCMASK Ox0fff /* Since we have a 12-bit converter */ 

/* mask off the high nibble. */ 
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inp(Process *); 

outp(Process *, int); 

void main(void) 

{ 

int nloops; 

Process *ain, *dout; 

/* read in the number of control loops from the 

root transputer */ 

nloops = ChanInInt (_boot_chan_in) ; 

/* allocate the processes */ 

ain = ProcAlloc(inp, HEAP, NULL) ; 

dout = ProcAlloc(outp, 256, 1, nloops+1); 

ProcPriPar(ain, dout); 

$ 

inp(Process *p) 

{ 

int *daci; 

int temp; 

int 1; 
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int *adc, *sh, *mux; /* Hardware addresses */ 

int outdat[26]; /* we need 8 bytes to pad each word with */ 

/* 2 zero bytes to make it look like */ 

/* 32-bit ints we are sending back to */ 

/* control node. */ 

daci = (int *) 0x6808; 

/* zero out the outdat[2i] */ 

for(i=0; i<sizeof(outdat)/sizeof (int); i++) { 

outdat[i] = 0; 

} 

*sh = 0; /* track mode */ 

adc = (int *) ADC; /* assign the hardware pointers */ 

sh = (int *) SH; 

mux = (int *) MUX; 

while(1) f{ 

*mux = 0; /* channel 0 */ 

*sh = 1; /* hold the data */ 

ProcWait (1); 

*xadc = 0; /* start the conversion, channel 0 */ 

ChanInInt (EVENT); /* are we done? */ 

outdat[0] = *adc & ADCMASK; /* save the data */ 

*xdaci = outdat [0]; 

*mux = 1; /* channel 1 */ 
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ProcWait (1); 

xadc = Q; 

ChanInInt (EVENT) ; 

outdat[2] = *adc & ADCMASK; 

*daci = outdat[2]; 

*xmux = 2; /* channel 2 */ 

ProcWait (1); 

*adc = 0; 

ChanInInt (EVENT) ; 

outdat[4] = *adc & ADCMASK; 

xdacl = outdat [4]; 

*mux = 3; /* channel 3 */ 

ProcWait (1); 

xadc = 0; 

ChanInInt (EVENT) ; 

outdat[6] = *adc & ADCMASK; 

xdaci = outdat [6]; 

*mux = 4; /* channel 4 */ 

ProcWait (1); 

xadc = 0; 

ChanInInt (EVENT) ; 

outdat(8] = *adc & ADCMASK; 

xdaci = outdat [8]; 

*mux = 5; /* channel 5 */ 

ProcWait (1); 
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*xadc = 0; 

ChanInInt (EVENT) ; 

temp=*adc; 

outdat[10] = temp & ADCMASK; 

*xdaci = outdat[10]; 

*mux = 6; /* channel 6 */ 

ProcWait (1); 

*adc = 0; 

ChanInInt (EVENT) ; 

outdat[12] = *adc & ADCMASK; 

*daci = outdat[12]; 

mux = 7; /* channel 7 */ 

ProcWait(1); 

*adc = 0; 

ChanInInt (EVENT) ; 

outdat [14] = *adc & ADCMASK; 

*daci = outdat[14]; 

*mux = 8; /* channel 8 */ 

ProcWait (1) ; 

*xadc = Q; 

ChanInInt (EVENT) ; 

outdat[16] = *adc & ADCMASK; 

*xdaci = outdat[ié6]; 

*mux = 9; /* channel 9 */ 

ProcWait (1); 
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*kxadc = 0; 

ChanInInt (EVENT) ; 

outdat[18] = *adc & ADCMASK; 

*daci = outdat[18]; 

*mux = 10;  /* channel 10 */ 

ProcWait (1); 

*adc = 0; 

ChanInInt (EVENT) ; 

outdat[20] = *adc & ADCMASK; 

xdaci = outdat [20]; 

*mux = 11; /* channel 11 */ 

ProcWait(1); 

*adc = Q; 

ChanInInt (EVENT) ; 

outdat [22] = *adc & ADCMASK; 

xdaci = outdat[22]; 

*xmux = 12;  /* channel 12 */ 

ProcWait (1); 

*¥adc = 0; 

ChanInInt (EVENT) ; 

outdat [24] = *adc & ADCMASK; 

*daci = outdat [24] ; 

ChanOut(_boot_chan_out, (char *) outdat, sizeof(outdat)); 

*sh = 0; /* track */ 

ProcWait (1); 
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outp(Process *p, int nloops) 

{ 

int data; 

int *dac; 

dac = (int *) DAC; 

*dac = 2047; /* zero the output */ 

/* control the number of loops in this routine */ 

while(nloops--) { 

data = ChanInInt (_boot_chan_in) ; 

*dac = data; 

} 

*dac = 2047; 

} 
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