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(ABSTRACT)

Abstract

An indirect  adaptive quenching algorithm for a nonlinear
single-degree-of-freedom system with unknown constant system parameters is
presented. The system is subject to external or parametric sinusoidal
disturbances and the resulting control signal is also sinusocidal. The
quenching algorithm provides a reduction in the control effort required
compared to direct disturbance cancellation. The disturbance sinusoid and
the unknown parameters are incorporated into the system model and an
extended Kalman filter (EKF) with modified update equations is used to
estimate the system state and parameters. The estimates are then used to
form the quenching signal. The adaptive quenching algorithm is found to work

well inside a quenching region defined by the separatrices and suggests the



use of a hybrid control law. The algorithm was verified by implementing it on

an analog computer.
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CHAPTER 1

INTRODUCTION

1.1 Preview

In many realistic control problems, the system to be controiled is subjected to
persistently acting external disturbances which are not known beforehand. If
nothing is known about the form of the disturbance, it is usually modeled as
noise and the resulting controller or regulator design tries to minimize the
variance of the system output. If enough is known about the structure of the
disturbance to model it by a set of differential equations, the disturbance can
be incorporated into the system. Since the disturbance is unknown,
controilers that incorporate the disturbance usually require some form of

estimator.
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This thesis is concerned with reducing the effect of resonant sinusoidal
disturbances on the response of a nonlinear system with unknown constant
parameters. The reduction is accomplished by introducing a second resonant
excitation referred to as a quenching signal. Since the disturbance and system
parameters are assumed to be unknown, the quenching algorithm will be

implemented adaptively using a modified extended Kalman filter.

1.2 Literature review

Let us define the regulation problem as that of controlling a fixed plant to track
a given reference signal while rejecting a disturbance signal generated by a
dynamical system external to the plant. Hepburn and Wonham [1], Francis and
Wonham [2], and Francis, Sebakhy and Wonham [3] have shown using a
geometrical approach that a compensator which satisfies the regulation
problem must incorporate a ‘copy’ or internal model of the disturbance
dynamics along with the reference dynamics. The system can be augmented
to include the deterministically modeled disturbance as an uncontrollable
mode of the expanded system. The problem is then to design a feedback
compensator which renders the uncontrollable mode unobservable at the
output of the system. Chalam [4] discusses an algorithm proposed by Elliott
and Goodwin [5] for discrete-time adaptive pole placement incorporating the

internal model principle. Palaniswami and Goodwin [6] improved the
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algorithm by reducing the number of parameters to be estimated. The internal
model principle has been extended to nonlinear systems by Benedetto [7]. A
geometrical approach was again used to prove the existence and form of the
internal model needed for regulation but no practical implementation

procedure was given.

Quenching is a phenomenon in nonlinear systems that results from the
interaction of two different resonant excitations. The quenching or reduction
of the response of a nonlinear system has been investigated for several
systems subjected to sinusoidal excitations. In [8], Nayfeh analyzed the
response of a bowed structure modeled by a pair of coupled second-order
nonlinear differential equations to two external harmonic excitations. He was
concerned with combination resonances and showed that if certain conditions
concerning the amplitudes and the phase angle between the two excitations
were satisfied, the response would be quenched and consist of essentially the
linear response. Plaut, HaQuang, and Mook [9] investigated a system of
nonlinear equations which model structural elements having curvature and
exhibiting mid-surface stretching during motion. They showed that quenching
is possible for certain cases of simultaneous primary and superharmonic
resonant excitations. In a series of three articles, Nayfeh studied the response
of a single-degree-of-freedom system with quadratic and cubic nonlinearities.
Quenching was found to occur under certain conditions of excitation
amplitude, frequency, and phase for the cases of simultaneous primary and

superharmonic resonances [10], primary and combination resocnances of the
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additive or difference type [11], and principal parametric and subharmonic

resonances [12].

Quenching should not be confused with the use of dither signals in nonlinear
systems. Typically a dither is a much higher frequency signal than the system
cutoff frequency and therefore is greatly attenuated before reaching the output.
A dither signal [13] is introduced into a nonlinear system to augment stability
or eliminate undesirable jump-phenomena and not necessarily to reduce the

system response.

1.3 Organization of Thesis

An adaptive pole placement algorithm incorporating the internal model
principle [4,6] is reviewed in Chapter 2. Insights from the algorithm provide
the basis of comparison for the quenching algorithm. In Chapter 3 the
deterministic quenching algorithm is presented for a single-degree-of-freedom
system with quadratic and cubic nonlinearities. The quenching requirements
are given for the parametric and subharmonic resonant cases [12] and the
primary and superharmonic resonant cases [10]. Numerical examples are
used to demonstrate the sensitivity of the quenching algorithm to variations in
the quenching requirements. Chapter 4 begins by giving the equations of the
modified EKF used to estimate the unknown disturbance and system

parameters. The performance of the filter is discussed and the effect of initial
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conditions on the adaptive quenching algorithm is investigated. The chapter
concludes with an analog-computer verification of the adaptive algorithm

using a digital-computer interface. Finally, Chapter 5 contains conclusions

and some ideas for future research.
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CHAPTER 2

THE INTERNAL MODEL PRINCIPLE

2.1 Regulation Using the Internal Model Principle

We consider an unknown linear time-invariant plant subject to unknown but
deterministically modeled disturbances as shown in Figure 1. The
input/output relationship of the plant is given by the autoregressive

multivariate average (ARMA) difference equation
PP I I N
A(g y(t)=8(q Hu()

where /3(0) =1, B~(0) =0, n = max(deg(A). deg(B)), and g-' is the backward

shift operator [14]. The shift operator is defined by
q"y(t) —_éy(t —1) fort>1,; q'1y(0) £
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and is used to write the difference equation in the time domain while the
complex variable z from the z-transform is used in the frequency domain
representation of the difference equation. It is analogous to the notational
separation in continuous systems of the complex variable s in the Laplace
transform and the differential operator p = d/dt. The disturbances can

similarly be modeled as solutions to the homogeneous difference equations
D(q ™ ")dj(t) =0
Do(q ™ ")do(t) = 0
D(g™") =D{q ™ )Do(a ™)
where D,(0) = Dy(0) = 1, deg(D,) = n,, and deg(D,) = n, The following

assumptions are needed:

i) n, n,, and n, are known while the coefficients of /I, é, D,, and D, are unknown.
ii) The roots of D, and D, are distinct and lie on the unit circle corresponding
to bounded and nondiminishing disturbances.

iii) The polynomial pairs (/iD,-, éDo) and (é, D,) are relatively prime.

From Figure 1 and the previous development, it can be shown that
—1 —1
A(g y(t)=B(g ult) (2.1)

where
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A(@~"y =A@ D@ (22)

B(g”")=8(q" D" (2.3)
n = max(deg(A), deg(B)) = n + n; + ng

Equation (2.1) is a higher-order ARMA model relating the controllable input
and the measurable output with common factors in the A and B polynomials.
The signals u(t) and y(t) are precisely the quantities required later for

parameter estimation. From Figure 1 the control law can be written as
L@ HR(@ D@ u(t) = P(@™")r() — y(1)] (2.4)

where the compensator polynomials P(q-') and L(g~') satisfy the diophantine

equation

L@ YR(@ D@ NA(GT) + P )B(G") = Allq™) (2.5)

The polynomial A, is chosen to be stable with the desired closed loop poles.

The polynomial R(g~') is known and satisfies the difference equation
-1
R(g™ )r(t) =0, deg(R)=n,

where r(t) represents the reference signal to be tracked. To ensure a solution
to equation (2.5) for arbitrary A,, we assume that the polynomials RDA and B
are relatively prime. Using the control law (2.4), we can write the closed loop

system as
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Ag@™ () = P HB (@ ")r(D)

which shows that the disturbance will be unobservable at the output and that

the output will track the reference signal asymptotically.

2.2 Adaptive Regulation

To implement the algorithm adaptively, we use a two-time-scale technique.
During the time interval te [kN,(k + 1)N — 1], a sequential least-squares
algorithm with covariance reset is used to obtain estimates of A and B from
which estimates of E, é and D are derived. At each t = kN the diophantine
equation (2.5) is resolved for new L and P polynomials. The time interval

should satisfy the relationship N > (3n + 2n,).

If the ARMA model given in equation (2.1) is expanded, it can be rewritten in

regression form as
y(t) = b(t — 1)76,
0o=1[—ay ... —a, by, ....b,]
bt —1)=[y(t—=1), ...yt —n), u(t—1), ..., u(t —n)]"
where
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n
AlgTh=1+ Zaiq_i
i=1

n
—1 —i
B(g7 )= Zb,—q '
i=1
The least-squares estimator is then given by

6(t) = 0(t— 1) + P(t — 2)p(t — 1)e(t)

14+ ¢t — 1)7P(t — 2)P(t — 1)

P(t — 2)p(t — 1)p(t — 1) P(t - 2)

P(t — 1) — -
14 ¢t —1)P(t—2)p(t — 1)
P(t—1) =

Uol, t=kN

e(t) = y(t) — p(t — 1)7O(t -1)

Using equations (2.2) and (2.3), we can write

, t#kN

B(g™"A(@ )0(g™) =B(g HA(@ ) =B(g A"

or

A(g™B(@™") - B(@ HA@ ") =0

Using the fact that 5(0) = 1, we can rewrite the previous equation as

THE INTERNAL MODEL PRINCIPLE
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[A(G")—118(g7") - B@ HA(@ " =—-B@G™"

The estimates of A and 8 are obtained by equating the coefficients of like
powers of g-' and solving the resulting system of 2n equations for the 2n
unknown coefficients of A and B using a pseudo left inverse. A similar
technique is used to find D(q'). If the coefficients of like powers of g' in
equations (2.2) and (2.3) are equated, the resulting system of 2n equations can
be solved for the (n, + n,) unknown coefficients of D(qg ') using a pseudo left
inverse. Using the estimates of A and é, equation (2.5) can be solved for P
and L by again equating like powers of g -'. To ensure solutions for P and L,
we assume the degree of A, to be (2n + n, — 1) or less and the degree of L and
P to be (n + n, — 1). With the polynomials L, P, and D held fixed, the control
signal u(t) is generated using equation (2.4) until the beginning of the next time

interval N at which time the above process is repeated.

Remark 1: During estimation the polynomiais RDA and B may share a common
factor which will lead to ill-conditioning of the matrix involved in solving
equation (2.5). If this happens, we just use the previous values of P and L for

the next time interval N.

Remark 2: To ensure persistency of excitation and therefore convergence of
the least-squares algorithm, we must not allow the norm of the coefficients

associated with the polynomial P(q ') to fall below a given bound. If this
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happens, the previous values of P and L are used again for the next time

interval N.

2.3 Example

The input disturbance is given by d|(t) = ¢, sin(2nt/T,) where T, is the period of
the sinusoid in samples. The output disturbance will be assumed to be zero

resulting in the disturbance model

D(gT)=1+dig™ +q7*

The discrete time model of the plant was selected to be

0.48q~' — 0.16q 2

1-18g""'—084q

Hg ") =

The intermittent disturbance with an amplitude of ¢, = 0.2 and a period of
T, = 18 samples disappears every 270 samples. The reference signal was a
square wave of period 220 samples. The control law was updated and the
estimator gain was reset to o, = 5000 every N = 18 samples. The desired

closed loop poles are given by
—1 —~1 -2
A" )=1-1.039g  + 0.36q
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corresponding to a 2% settling time of 8 samples and a percent overshoot of
46%. The tracking performance and disturbance regulation is shown in
Figure 2. Except in the transient stage where the estimator is trying to find a
good estimate of the plant, the algorithm works quite well. Figure 3 again
shows the reference and disturbance signals along with the control input.
Since superposition holds in linear systems, the control signal after each
transient is just the constant value needed to obtain the reference step minus
the disturbance. In the next chapter this will be referred to as direct
disturbance cancellation. As an alternative to this method, the disturbance
and the unknown plant coefficients could have been incorporated into the
system using a state space representation and the augmented system
estimated using a pseudo-linear parameter identification algorithm [15]. The
same control signal as in Figure 3 could then have been computed from the

estimates.
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CHAPTER 3

DETERMINISTIC QUENCHING ALGORITHMS

3.1 Introduction

The deterministic quenching algorithms are for single-degree-of-freedom

systems with quadratic and cubic nonlinearities governed by the equation
X+ 2ux + w%x + a2x2 + a3x3 + dyx =d, + d; (8.1a)
di=fcos(Qt+1), i=123 (3.1b)

where w,, 4, o, and a, are unknown constant system parameters. One of the
d, will represent a sinusoidal disturbance with unknown amplitude, frequency
and phase while one of the remaining d; will act as the control signal. The

disturbance sinusoid can enter the system in a parametric or external fashion.
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In either case, the proper choice of the control sinusoid can greatly reduce the
steady-state system response. For a comprehensive review of the response
of single- and multi-degree-of-freedom systems to parametric and external

excitations, we refer the reader to the textbook of Nayfeh and Mook [16].

In the next chapter the disturbance and unknown parameters will be
incorporated into the system model and then the augmented system
estimated. From the estimates the quenching signal will be generated and
become an input to the process. The method is comparable to the internal
model principle which for linear systems reduces to direct disturbance
cancellation. In light of this the deterministic quenching algorithm will be
compared to direct disturbance cancelilation and the possible advantages of

quenching highlighted.

Since the system parameters are unknown, the actual system may have a
variety of different possible characteristics determined by its equilibrium
points. The equilibrium points of undamped free oscillations of the system
governed by Eq. (3.1) are given by wix + a,x? + a,x® = 0. The system could
have any of the following set of equilibrium points: one stable, one stable and
one unstable, two stable and one unstable, or one stable and two unstable.
Although the quenching algorithm is general, all examples will be given for the
same system for comparison purposes. The actual system will have
equilibrium points at (x, x) = (0,0) ,( —0.5,0) and ( —1.0,0) corresponding to the

system parameters w,= 1,2, =3, and a, = 2. The points (0,0) and (-1.0,0) are
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centers while the point (-0.5,0) is a saddle point. For different excitations or
initial conditions, the steady-state response of the system may be a small
oscillation around either center or a large oscillation encircling all three
equilibrium points. Figure 4 shows the phase plane with the three possible

solutions of the undamped and unforced system.

Quenching is a phenomenon in nonlinear systems that results from the
interaction of two different resonant excitations. It is the interaction of the two
sinusoids that causes the quenching of the system response defined in Egs.
(3.1); therefore in the deterministic case it is irrelevant which sinusoid is called
the disturbance and which is considered the control. In the next two sections,
we assume that all parameters in Eqs. (3.1) are known and present the

quenching requirements for the two cases considered in this thesis.

3.2 Parametric and Subharmonic Resonant Case

Using the perturbation method of multiple scales [17,18], Nayfeh [12] analyzed
the interaction of principal parametric resonances with subharmonic
resonances of order one-half in systems governed by Eq. (3.1). To obtain

uniform solutions for this case, we rewrite Eq. (3.1) as
X + 2% + 03X + aox° + azx° + xfy cos(Qt + 1) = cos(Qt)  (3.2)
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where u,f,, and f, are order (¢?); w,, 0, w,, £2,, Q, are order (1); and ¢ is a
small dimensionless parameter that indicates the relative size of the
parameters. Both Q, and (), are approximately 2w, and 1 is the relative phase
between the two sinusoids. Under these assumptions, the perturbation
analysis yields a second-order approximate solution given by

X =¢a cos( —;—ta + y,)

2 2 (3.3)
anHa 0Ha f.
2l =5 cos(@ut + 2yy) - =5 — —2— cos(Qy) | + 0(&?)

6(00 2(1)0 QQ — Wy

+ &

where in general a and y, (amplitude and phase modulation) satisfy a pair of
highly nonlinear differential equations for which different solutions may exist
for different initial conditions of the system states. Optimal quenching of the

system response will occur if

2(12f2

Q1=Qz, T=0, f<|='—-"——
(€2 - )

+ 4wy (3.4)

If the quenching requirements are satisfied, a = 0 and Eq. (3.3) becomes

2
e°r-
X=— ——2-——2—2— cos(Q,t) + 0(53) (3.5)

Q5 — wy

In Egs. (3.3) and (3.5), ¢ indicates the relative size of the terms and should be
set equal to unity when computations are performed. The quenched response

is essentially the steady-state linear response of the system to the
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subharmonic excitation. The quenched response is not dependent on initial
conditions and will be the same for all initial conditions for which quenching

occurs.

The relationship between f, and £, in Eq. (3.4) is good only if the assumption
that both f, and f, are order (¢?) is not violated. If the subharmonic excitation
is considered the disturbance with the numerical values ,=2.0 and
f, = 0.06, then the quenching algorithm requires that Q,=2.0,f,=0.12 and
v = 0. Figure 5 shows the quenched system response in comparison with the
system response if only the disturbance was present when u =0.01. The
quenched response is a pure sinewave with an amplitude of 0.02 which agrees
well with Eq. (3.5). Figures 6, 7 and 8 show the maximum deviation from zero
of the system response for both quenching and disturbance cancellation when
the control sinusoid parameters are varied. Figures showing the maximum
deviation of the system response versus a control sinusoid parameter were
obtained by integrating the governing equations to steady state for a wide
range of control parameter values. In the figures showing the influence of
variations in the amplitude and frequency of the control signal, the response
magnitude is plotted versus the ratio of the actual parameter value to the
optimal parameter value. Maximum quenching can still occur for relatively
large deviations from the optimal values of the phase and amplitude of the
control sinusoid. Figure 8 highlights the fact that quenching and disturbance
cancellation are very dependent on the use of the correct control frequency.

The quenching algorithm is preferable to direct cancellation if the control
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signal cannot enter the process in the same manner as the disturbance. In the
present example, an external disturbance can be quenched using a control

signal that enters the process in a parametric fashion.

3.3 Primary and Superharmonic Resonant Case

Nayfeh [10] considered the quenching of a primary resonance by a
superharmonic resonance of order two in systems governed by Eq. (3.1). To

perform the perturbation analysis, we rewrite Eq. (3.1) as
X+ 2ux + mf,x + az2x2 + a3x3 = f; cos(LQt + 1) + £, cos(£2,t) (3.6)

where f, is order (¢?), u and f, are order (¢), and a,, a,;, w,, ,, and Q, are
order (1). For this case Qxw,, 2Q,~w, and 7 is again the relative phase
between the two sinusoids. The perturbation analysis resuits in a

second-order approximate solution of the form
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4£f2 1
x =¢tacos(Qt —yy + 1¢) + —5—— cos( - Ot + r)

4(:)(2) - Q? 2

16€f, xya°
+ &2 #sin —]—QH—r + 2 cos(2Qt — 2y + 21¢)
2 2.2 2 1 2 1 1 1

(4(1)0 — Q1) 6(00

n 16a2f28
Q4(Q + 4a)0)(4wg

16a,fa
22 COS(‘1—Q1t—'}/1+T—T1)
)

> cos(%Q,t -y +T+ r,)
— )

Q,(Q + dw)(dwd — O? 2
a282 Bazfg 3

- 2 2,. 2 22 | T 0(¢7),
2wy wo(4wg — €7)

(3.7)

The variables a and y, satisfy a pair of highly nonlinear differential equations

whose solution vary with different initial conditions. The requirements for

optimal quenching of the system response are

Qy=2Q, 1=1—1, 1 =(|l"2|/lr1|)f§'
where

(o —in)

— it _q =
Fy=ITle™ =1 2wy

i — i 4iuQd
M= 1|Tle=[1- (0~ iu) + — } i
2(

2wq Q3 — wp Q5 + wd)?

0=Q1—'(1)0
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Satisfying the quenching requirements results in a = 0 and Eq. (3.7) being

reduced to

A¢f 16uQ2,f.
x=—2—2—5-(cos—1—Q1t+r)+52 —,‘;/i—1—22—2 sin(lQ1t+r>
4600 - Q1 2 (4(1)0 - Q1) 2

(3.12)
B 8a,yf; } +0(d)

wi(dws — Q3

The quenched response is again basically the steady-state linear response of
the system to the superharmonic excitation, but in this case there is also a

small constant offset present.

If we let the disturbance be the superharmonic excitation with the numerical
values f, = 0.08 and Q, = 0.525, then the parameters of the control sinusoid are
f, =0.0183,Q2, = 1.05 and t = — 0.01486. Figure 9 shows the system response
to the disturbance (no control) along with the quenched response. The
disturbance response is an example of the large oscillation in Figure 4.
Figures 10, 11, and 12 show the maximum deviations from zero of the
steady-state response of the system for variations of the control sinusoid
paramaters. Simulations indicate that when quenching a large oscillation the
response may go from a quenched response to an unquenched one and back
to a quenched response for very small changes in any of the control sinusoid
parameters. Except for a slight disadvantage in frequency, direct disturbance
cancellation can reduce the system response considerably for a much larger

range of values near the optimal amplitude and phase. The advantage of
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quenching lies in the reduced control effort required. The perturbation
analysis shows that the amplitude of the primary excitation needed for
quenching the response is an order of magnitude smaller than the amplitude
of the superharmonic excitation. In the previous example the disturbance is
more than four times larger than the control and can be greater for a smaller

value of a,.
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CHAPTER 4

ADAPTIVE QUENCHING ALGORITHMS

4.1 The Modified EKF Equations

The previous deterministic quenching algorithms are implemented adaptively
using an indirect method. A modified EKF is used to estimate the disturbance
and the unknown parameters. The parameter estimates are used to update the
control sinusoid every n seconds. If at time T, there is no disturbance present,
the control is set equal to zero. Equation (3.1) can be written as
X, = f(x,, x,, u) where x, includes the two system states and the disturbance
sinusoid, x, is a vector composed of ail the unknown constant system and
disturbance parameters, and u is the control sinusoid. If the appropriate noise
processes are added to the system, the standard EKF [19] along with its

modifications are given by the following equations:
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The system and measurement models are

Xr = [XS] (41)
Xp

xs = fxg(t), Xy, u] +w(t); w(t) ~ N[O, Q(t)] (4.2)
Xp=0 (4.3)
Zy=h[x:(t )]+ v, k=1,2,3,...; v, ~N(O, R, (4.4)

The propagation equations are

Rs(t) = TTX,(1), %(1), u] (4.5)
P(t) = F[XH(t)IP(D) + P(FT[X4(t)] (4.6)
The gain matrix is
Ki = Pty — Hi(Rr(ty = D[ HiRrlte = DP(t = HiGr(t =) + R ™ (47)
The update equations are
X't +) = Xty — ) + K[ Z = (Xt — )] (4.8)
Pt +) = [1 + KiHi (X7t — N ]P(t —) (4.9)

where
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Ml
R

R (4.10)
xr{t)= xr(t)

ohy (x7(t,))
dxr(ty) Xi(t)= Xr(ty -)

HiRrlte =) = (4.11)

x7(0) ~ N(X;, Po) and E[ w(t)v] ] =0 for all k and t

Att, =mT, m=123,..., we let the error covariance matrix be partitioned as

Ps Pso
P =

Pps Py

S

where P, and P, are square matrices with dimensions equal to the dimension

of their associated state vector. Now we define the following quantities:

P4iag = P with all but the diagonal elements set to zero,
D, = vector composed of the diagonal elements of P,,

Ny = ||Dll,, and

Ef?,m = (Ne.m—x - No. m)/NH,m—1

Based on the above information, the modified update equations at

t.=mT,, m=123,.., become
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X = X'g (4.13)

X'g if Ep =8
Xp=1 (4.14)
X'g at ty=(m—NT, if £, <&

where § is a design parameter.

4.2 Performance Analysis

It is well documented in the literature [19] that the estimates obtained from a
standard EKF can be biased and have a tendency to drift after the filter
reaches steady state. These problems are magnified in the present case
because the system has a low level of excitation. The biased estimates may
cause the algorithm to use a control sinusoid that will not be able to quench
the response as evidenced by Figures 6-8 and 10-12. Figures 13, 14, and 15
show that resetting the phase of the control signal every T, seconds
significantly reduces the need for an extremely accurate estimate of the

disturbance frequency.

The steady-state estimate bias can be reduced by resetting the error

covariance every T, seconds and allowing the filter to reconverge starting with
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a better set of initial estimates. A common practice in linear systems is to
reset the error covariance to a constant diagonal matrix, say P = k,/. If the
constant k, is large enough to ensure an adequate filter convergence rate at
the beginning, the error covariance will be artificially large after several
resettings when the estimates are near their actual values. In linear systems
this causes no problem since the filter is guaranteed to converge to the
system’s proper values. For our system the artificially large error covariance
can cause different and possibly worse steady-state errors in the estimates at
every resetting. Even if the control sinusoid based on these biased estimates
is within acceptable tolerances as demonstrated by Figures 6-8 and 10-12, the
response may not be quenched as seen in Figure 16. The quenching algorithm
requires that the control sinusoid be constant for an extended period of time
to ensure quenching. This problem can be overcome if instead of P = k/, the
error covariance is reset to a diagonal matrix whose elements are the diagonal
elements of the EKF’'s best estimate of the mean-square error of it's
corresponding state estimate. Using Eq. (3.12) as the error covariance
resetting rule allows the EKF to obtain better estimates with each successive
resetting. The matrix P,,, will eventually reach steady state, indicating that the

filter is unable to obtain better estimates with the current excitation.

Shortly after P,,, reaches steady state, the parameter estimates may start to
drift slowly from their converged values. When P,  reaches steady state, the

condition £, , <4 will be true and Eq. (3.14) will keep the elements of )?,, at their
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converged values. Equation (3.13) allows the EKF to track the disturbance

after the system has reached steady state.

As an example, we consider the parametric/subharmonic resonant case

discussed previously. Equations (3.2) and (3.3) become the augmented system
. . 2 3
X1 = Xg, Xg = — XgXp — X3Xq — XgXq — XgXj + X3 — UXy

)'(3=X4, )'(4=—X5X3, ).(5=0, Xsfgg

xg =0, xg=2u, x;=0, x7§(u(2,

).(BZO, Xg = 0y, Xg=0, Xg = 03

For all adaptive quenching simulations a sampling rate of 20 Hz and position
measurements are used. The noise statistics and initial conditions of the filter
are given in Table 1. Figure 17 shows how P, reaches steady state
(Es.» — 0) in a relatively short time. Figures 18 and 19 show the short and long
term characteristics of the quantity &€ = 2915|X,- —x|/x. The estimated
parameters reach steady-state values and then would drift as indicated by the
dashed line in Fig. 19 if not for Eq. (3.14). Figures 17-19 show that the filter

exhibits the best convergence properties for a resetting time of 7,, = 20

seconds and this value is used in the remaining examples.

Figures 20 and 21 show how the algorithm performed for different initial

conditions of position and velocity. For both the parametric/subharmonic and

ADAPTIVE QUENCHING ALGORITHMS 40



the primary/superharmonic resonant cases the algorithm works well and
consistently inside a quenching region defined by the separatrix encircling the
origin. The perturbation analysis that leads to the deterministic quenching
requirements assumed that the system response was a small oscillation about
the origin. Even for initial conditions that seem to violate this assumption, the
response may be quenched although it might be undesirable since it may
linger for some time around the large solution in Figure 4 before converging
to the quenched response. Since any steady-state response which is not
quenched and centered at the origin is also undesirable, Figures 20 and 21
suggests the use of a hybrid control law where the quenching algorithm is
used when the system states are inside the quenching region and a global

control law is used outside this region.

4.3 Alternative Filters

Several other filters were tried and discarded in favor of the modified EKF
used. To try to lessen the drift of the estimates, a method which
overemphasizes the more recent observations was applied to the standard
EKF. The method as described by Jazwinski [20] multiplies the measurement
error covariance matrix by an exponential weighting factor less than unity
before deriving the filter equations. The result is an increased covariance

matrix and therefore an increased filter gain. The method is supposed to
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prevent the filter from becoming too confident of its estimates based on past
observations that it can not react adequately to new information caused either
by a change in the system or in the excitation. The filter based on this method
did not converge as well and experienced a faster drift than the filter used.
The failure of the filter did highlight the fact that the information for
identification is in the transient response and that the drift problem is caused

by the low level of excitation.

Another filter that was tried was based on the Jump Matrix Technique [21,22].
By using fictitious samplers and clamps, the technique models the nonlinear
system by a linear and nonlinear subsystem. The output of the nonlinear
subsystem is updated at every sampling instance and then held constant until
the next sample. The output of each nonlinearity is considered to be a state
variable. The result is that the complete system is modeled as linear between
samples with a nonilinear instantaneous ‘jump’ in the system states at the
sampling instant. The filter equations are those of a Kalman filter with the
exception of a nonlinear update equation for the state vector. The filter was
simulated and compared against a standard EKF. The filter did not perform

as well as the EKF and was discarded.
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4.4 Analog-Computer Simulation

4.4.1 Setup and Verification

Equation (3.1) was simulated on an analog computer for the system
parameters given in Chapter 3. The external sinusoidal disturbance was
obtained using a Wavetek function generator. The adaptive algorithm was
implemented using a 12 MHz personal computer with a 10 bit ADC and a 12
bit multiplying DAC to provide the interface between the analog and digital
computers. Figures 22 and 23 show the limit cycles of the disturbance and
quenched responses obtained from the analog-computer simulation. For both
the parametric/subharmonic and primary/superharmonic resonant cases the

algorithm performs adequately and obtains the desired quenched responses.

To provide enough time between samples to perform the required calculations,
we reduced the sampling rate to 9 Hz. The reduced sampling rate combined
with the implementation problems of non-Gaussian measurement noise, single
precision arithmetic, and a nonideal real system caused the filter not to
converge as well as in the digital-computer simulations. To partially
compensate for the reduction in performance, we started the analog-computer

simulations with a slightly better estimate of the system parameters.
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4.4.2 Time and Magnitude Scaling

The analog computer was operated in the slow mode resulting in a natural
frequency of approximately 0.157 Hz. To provide more time for the required
calculations, we scaled the time to slow down the analog simulation by a factor

of 10. The time scaling relation is given by
T =fit

where 7 is the computer time, t is the real time, and f} is the scale factor. In the
present case ff = 10 and the time scaling is achieved by muitiplying each input
of every integrator by —1—. The time scaling also requires that the frequency

f

of each external excitation be multiplied by 71}— Running the analog computer
in the slow mode and using the time scaling resulted in the simulations taking
three to four hours to reach steady state. To obtain the most accurate results
possible, one should magnitude scale the simulated equation to use the full
range (-10v to 10v) of the analog computer. For the parametric/subharmonic

resonant case, Eq. (3.2) was scaled using n = 10x. The scaled equation is

given by
i+ 2un + win + 010, + 0.01037° + ux = 10d

where d is the disturbance and u is the control sinusoid. The analog-patching

diagram for the scaled equation is given in Figure 24. For the
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primary/superharmonic resonant case, magnitude scaling was not possible

and Eq. (3.6) was patched as shown in Figure 25.

4.4.3 Sources of Error

There were several sources of error in the analog simulations. The ADC board
was found to have a small deadband centered at zero. The deadband was
large enough to cause the EKF not to converge properly, therefore the
sampled signal was offset by 6v, which was later removed in the software. A
multiplying DAC is only able to attenuate an input voltage, therefore an offset
voltage was necessary in order to produce the positive and negative values
of a sinusoid. The amplitude of the sinewave produced by the multiplying DAC
was larger than needed and later attenuated to the required value to reduce
the effect of discretization. The sinewave also had a small dc offset which was
partially compensated for by adjusting pot setting (3). The residual offset
resulted in a shift in the natural frequency for the case of the parametric
control and in a constant acceleration in the case of the external control.
Another source of undesirable acceleration came from the multiplier circuits
on the analog computer. The amplifier gains of the multiplier could not be
sufficiently adjusted to obtain a zero output given a zero input. While this
offset was only on the order of 10 mV, it was unmodeled and caused problems

in identifying the system. The problem was especially acute for the
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primary/superharmonic resonant case since the offset was roughly an eighth

of the disturbance amplitude.
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Table 1. Filter Parameters

Xo=[0 00 0 2.56 0.04 0.64 0 0]"

P,=01 Py,=0 P,=[100 10 100 1000 1000]

Q=0.1/ Ryx=1x10"" corresponding to SNR, = 20
K 0
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Figure 17. Variations of £, ,

TIME IN MINUTES

ADAPTIVE QUENCHING ALGORITHMS

52



[}
0 1 2
TIME IN MINUTES

Figure 18. Short-term characteristics of £

ADAPTIVE QUENCHING ALGORITHMS

53



3 1
"
-
o'--
v
L4
-l
- -
€ 21 " e
-
” o’ p
» Pl
10 - -’ -
- 30 _.- PLd
- el
P - -*
d Py g T
-
- -’ L’ 20
-” - Py
- Pl -
- -
- - -
- -’ -’
- - -
- - Y
L4 - -
1 - -’ -’ Pid 1
= z P 0
e
- -
Pris e
- -’
e P T
- -
L d - 30
—— Pid
.
"
g T
.
-
. 20
! 1 T 1

TIME IN MINUTES

Figure 19. Long-term characteristics of E:
EKF with standard equations.

{_) EKF with modified update equations and (- - -)

ADAPTIVE QUENCHING ALGORITHMS

54



Q4F F+++++00F+++++++0++00+++++++ 7 +++0FF++0+ 4
H O +0++ +0+++0++++0+0++++0+0+++++++0+++++0 H
-+ ++++0++++++++++++++++00+0++0+0+0+++++00
-+ +00+++ + ++++++++ﬁ
D+++0+++0+++0 +++0++0
++++++
+00++
+++00
++ 4+

O+++++++++4+++4++++

0.2

++0+++0N¢++++++0 4 +++++++00+++++ 4
+++0+0++++XF++++f++++++++++
C+0+00+00+++
++0+++0+++0+0K+++++++++++++

++O0+++0+++00%F +DF+++++++++++

O+++++

+r LA+t O++ A
oD+ ++ 4

+++++

0.0

+++++
+++r+ A+ L0+ +++00+F+++++NF++ bbb+t
+0++0+¢0++00004+A +r++E+t

+0++++

+ b+ H
+00+ ++0
+++++O0++0++RNEt++++A+++0++ 4

VELOCITY I.C.

+++++0+0 F+0+++0+++++++0++ +++0++ ++ H
+++rtrr Pt bt 4+ ++++00++++++++0+++00+00 4
O0++++++++++++++++t++++++++++r+rrr+++++H

N +++0+0++0++4+0+0+0++++++++++++++++0++0+ H
i ] T

-0.4

T
-1.5 -1.0 -0.5 0.0 Q0.5
POSITION I.C.

Figure 20. Convergence of the adaptive quenching algorithm for different initial conditions for the
parametric/subharmonic resonant case: (+) quenched about the origin, (E])
oscillation about x = - 1.0, and (Q) large oscillation encircling all three equilibrium
points and x = 0.

ADAPTIVE QUENCHING ALGORITHMS

55



Q4 F F+F+ T -+ + T+t +r+ T+ ++++rr+++Fr+++++r0++++0++ 4
F++ 4+ 4+ 4+ 4+ 4 0+0+++0+++0+++++ s+ 445444+ 45
r+u+++++++++++++n++u++u+c++++++++ao++++nﬁ
+O0+++00+ +
02 ++++++
H 4+ ++ + + +
-+ ++ 0+
-+ 0+ ++
Q0 +++++
-+ ++ ++

+++++00+++++++0++ +++4++++04

+rt et +4+++++ H

IR b+ ++++++A+00+++0
O++++++++0R+++++ A+ +++++++++$+00++ +
++0++ H
++4+ 404
+4+4+++H
he++++ 4

P+ ++rt ot +H

R R T T N e Ak K A

A X T e
O+00+++ ++++ +0

+0++++++++++4+
+RF S+ +

VELOCITY I.C.

e+t R b+ 4+ 4+ OO+ b+
-+ + 4+ P\ A
0.2t ++++++4 O++0+++

-+ O+ +++ 4+ B R R R LR R R +++++++0H

++0++++ P

L+++++++D+D++++++++++UD++++++U++++++B+U+ﬁ

L+++++++n++++++++++++nc+n++n+++++++n+n++j

_Q44++++++++++++++++ig+++u+++++++++++++c+++
T 1

{
-1.5 -1.0 -0.5 0.0 0.5
POSITION I.C.

Figure 21. Convergence of the adaptive quenching algorithm for different initial conditions for the
primary/superharmonic resonant case: (+) quenched about the origin, gEl)
oscillation about x = - 1.0, and (Q©) large oscillation encircling all three equilibrium
points and x = 0.

ADAPTIVE QUENCHING ALGORITHMS

56



: aN

Figure 22. Limit cycles of the disturbance and quenched response from the analog-computer
simulations for the parametric/subharmonic case
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Figure 23. Limit cycles of the disturbance and quenched response from the analog-computer
simulations for the primary/superharmonic case
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CHAPTER 5

CONCLUSIONS

An adaptive quenching algorithm was presented and verified by its
implementation on an analog computer. Potential advantages of quenching
include a reduction in the required control effort and an alternative to direct
disturbance cancellation when the control is unable to enter the process in the
same manner as the disturbance. Both quenching and direct disturbance
cancellation require a sinusoidal actuator instead of a general force actuator

and might prove advantageous in some situations.

For the algorithm tn work correctly the filter used must provide estimates of
the disturbance and system parameters that are within some neighborhood of
the actual parameters for which quenching can occur. After the filter obtains
adequate estimates, they need to remain constant over the duration of the

disturbance to provide the required constant quenching sinusoid.
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In the deterministic case, enhancement (increase) of the response is possible
by changing the phase requirement for quenching from 7 =0 to 7 = n for the
parametric/subharmonic resonant case and from t =1, -7, to t=n + 1, — 7,
for the primary/superharmonic resonant case. Let us assume that the
modified EKF obtains estimates that satisfy the quenching requirements except
for a small steady-state error in the quenching frequency AQ. Then AQ could
be modeled as a time-varying error in the phase requirement, resulting in the
system cycling through periods of enhancement and quenching. This scenario
is prevented by resetting the control sinusoid every T, seconds. It is the
increased range of adequate frequency estimates, as shown in Figures 13-15,

that enables adaptive quenching to work.

Quenching requires the parameters of the system and the disturbance to
remain constant at least as long as the disturbance is present. Quenching is
also dependent on the assumption concerning the relative size of the
parameters of the system and disturbance. If either of these two assumptions
is violated, disturbance cancellation wiII have an advantage over quenching.
Also quenching results from the interaction of the two resonant excitations and
usually requires a longer time to produce a reduction in the system response

than direct disturbance cancellation.

In most cases quenching results in the response of the nonlinear system being
essentially the linear response. As an alternative to the indirect adaptive

method proposed, a model reference adaptive controller (MRAC) might be
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formulated using the characteristics of quenching. The true system could be
made to follow the response of its linear subsystem to the same disturbance
excitation. The problem would be to find the error feedback based update

equations for the parameters of the quenching sinusoid.
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