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Abstract: Adaptive mixing control (AMC) is a recently developed control scheme for
uncertain plants, where the control action coming from a bank of precomputed controller
is mixed based on the parameter estimates generated by an on-line parameter estimator.
Even if the stability of the control scheme, also in the presence of modeling errors and
disturbances, has been shown analytically, its transient performance might be sensitive to
the initial conditions of the parameter estimator. In particular, for some initial conditions,
transient oscillations may not be acceptable in practical applications. In order to account for
such a possible phenomenon and to improve the learning capability of the adaptive scheme,
in this paper a new mixing architecture is developed, involving the use of parallel parameter
estimators, or multi-estimators, each one working on a small subset of the uncertainty set.
A supervisory logic, using performance signals based on the past and present estimation
error, selects the parameter estimate to determine the mixing of the controllers. The stability
and robustness properties of the resulting approach, referred to as multi-estimator adaptive
mixing control (Multi-AMC), are analytically established. Besides, extensive simulations
demonstrate that the scheme improves the transient performance of the original AMC with
a single estimator. The control scheme and the analysis are carried out in a discrete-time

framework, for easier implementation of the method in digital control.

Keywords: robust adaptive control; multiple-model mixing control; hysteresis
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1. Introduction

It is well known that, in feedback control design, unknown values of the physical variables of the
plant dynamics may lead to a large parametric uncertainty that cannot be handled by a single fixed
LTI controller, e.g., H, and p-synthesized controllers. The aim of adaptive control is to introduce
adaptation mechanisms in the control action in order to handle parametric uncertainties much larger than
those that robust control can handle. In the last decades the interest toward multiple model adaptive
control architectures has grown, due to the capability to combine tools from adaptive control and robust
non-adaptive control in order to handle plants with large parametric and other uncertainties [1-8]. The
multiple model architecture comprises a multicontroller consisting of a family of precomputed candidate
controllers and some logic that influences the control by selecting the candidate controllers based on
processed plant input/output data. The use of precomputed controllers allows the controller design
to be performed using well-established tools from LTI theory. Besides, the problem of stabilizability
encountered in adaptive control [9,10], where at some time instants the online calculation of finite
controller gains is not possible due to singularities, is completely avoided.

A recent adaptive control scheme involving the use of precalculated candidate controllers is adaptive
control with mixing (AMC), developed both for continuous-time [11] and discrete-time SISO plants [12].
By monitoring the plant’s input/output data, the supervisor determines the participation level of each
candidate controller based on real-time estimates of the unknown parameter vector, and ‘“mixes”
the candidate control actions. In the mixing scheme the learning is entrusted to the adaptive law,
whose performance depends on the initial conditions. If the I/O data that the on-line adaptive law
processes provide little information about the unknown plant dynamics, or if the true parameter vector
is far from the initial estimated parameter vector, some undesirable transient can occur before the
regulation/tracking task is achieved. In order to account for such a possible phenomenon, a new AMC
architecture is developed, involving the use of parallel parameter estimators, or multi-estimators, each
one working on a small subset of the uncertainty set. Every parameter estimator differs from the others
for its initial condition #(0), and for the subset in which the parameter estimate is projected. A hysteresis
switching logic orchestrates the decision of the best estimate among all parallel parameter estimates at
each time .

The resulting AMC scheme, called Multi-estimator AMC, or Multi-AMC, is here established both
theoretically and via simulations, to face regulation and tracking problems, for discrete-time SISO
uncertain plants. The control scheme is developed in a discrete-time framework, for an easier
implementation of the algorithm in digital control. It is shown that the Multi-AMC enjoys the same
stability and robustness properties of AMC with one estimator: in the ideal case, when no disturbances
or unmodeled dynamics are present, the tracking error converges to zero. The Multi-AMC is also robust
with respect to unmodeled dynamics and bounded disturbances: in such a case, all the closed-loop
signals are bounded and the mean-square tracking error is of the order of magnitude of the modeling
error and the bounded disturbance. While improvements in transient performance with respect to the
single estimator case are difficult if at all possible to establish analytically, extensive simulations are
used to demonstrate consistent improvements in performance due to the proposed Multi-AMC scheme.
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The paper is organized as follows. The problem formulation is exposed in Section 2. Section 3 deals
with the multicontroller and the mixing strategy, and the parallel estimation architecture and switching
logic are presented in Section 4. The main theorem dealing with stability and stability robustness of the
multiple-estimator adaptive mixing control scheme is presented in Section 5. In Section 6 a numerical
example is used to show the effectiveness of the method, together with its faster learning and better

transients behavior compared with the use of a single on-line estimator.

2. Problem Formulation: Uncertain Plant

Consider the uncertain discrete-time LTI SISO plant

y=G(z0)(u+d) (D
G(z,0%) = Go(z,0%)(1 + Ma(2)) (2)
No(z,60%) 0, (2)
Go(z,0%) = = 3
o0 = D) T T 6T (7) )
where Gy(z,0*) represents the nominal plant; the vector 6* := [6;T 6:7]7 € R"™™*! contains the
unknown parameters of Go(z,0%); ap,_1(2) == [z 2772 2 1]; apu(2) := [2™ 2™ 2 1]; Ma(2)

is an unknown multiplicative perturbation; and d is a bounded input disturbance, i.e., |d(t)] < dy,
Vte Z,.

Even if, for the sake of simplicity, only the case of input disturbance with multiplicative perturbation

is considered, the scheme can be easily applied and analyzed, with slight modifications in the stability
proof, to linear systems with jointly input and output bounded disturbances and additive/multiplicative
perturbations.

y+dy = (Go(2,0%) + Aa(2))(1 + Ma(2))(u + du) 4)

We use the following plant assumptions:

P1. The degree n of Dy(z, 6*) is known.
P2. The plant is strictly proper, i.e., m < n — 1.
P3. Ma(2) is proper, rational, and analytic in |z| > /8y for some known 0 < &y < 1.

P4. 6* € ) for some known compact convex set 2 C R+,

Assumption P1-P4 are standard in many adaptive control schemes, e.g., in adaptive pole-placement
control, and include both unstable and non-minimum phase plants.
In the tracking case, an internal model for the class of reference signals ¥,,, to be tracked is introduced:

Qm(z)ym(t) =0 (5)

where @),,(z), known as the internal model of y,,, is a known monic polynomial of degree ¢ with all
roots in |z| < 1 and with no repeated roots on the imaginary axis. The internal model @), (z) is assumed

to satisfy

P5. Qmn(z), No(z) are coprime.
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in order to avoid marginally stable cancellations between the plant zeros and the poles of the controller
that will include the internal model.

The control objective is to choose the plant input u so that the plant output y (in the regulation case) or
the tracking error e; := y — y,,, (in the tracking case) is regulated to zero. The problem that motivates the
use of the proposed control scheme is having an uncertainty set {2 so large that no single fixed controller

coming from a robust control synthesis is able to achieve the desired control objectives.

3. Multicontroller and Mixer

We handle the large parametric uncertainty by dividing the parameter set ) into N smaller not
disjunctive subsets {€2; C R**™+1}

partition is developed such that each parameter subset €2; is compact and 2 C U,;7§);. For each

where Z denotes the index set {1,...,N}. The parameter

subset §2; a discrete-time LTI controller with rational transfer function C;(z) is synthesized, using for
example robust control methods, in order to yield a stable closed-loop system that meets the performance
requirements in the subset €2;.

Given the family of N candidate controllers {C;(2)},.7.

multicontroller is a dynamical system capable of generating each of the candidate control laws, as well

a multicontroller C'(z; ) is constructed. The

as a mix of candidate control laws. Construction of the multicontroller involves interpolation of the
candidate controllers over the parameter overlaps. Numerous controller interpolation approaches have
been proposed in the context of gain scheduling. These methods interpolate controller poles, zeros, and
gains [13]; solutions of the Riccati equations for an H., design [14]; state and observer gains [15];
controller output blending [5], i.e., u = le\; Biu;, where u; is the output of the i-th controller. The
multicontroller depends on the mixing signal 5 = [f1, ... ,5N]T, which determines the participation
level of the candidate controllers.

In order to solve the tracking problem, we include the internal model @), (=) into the controller design.

For fixed values of 5 the multicontroller u = —C'(z; 8)(y — v,,) has the transfer function:
Gl = —LEB) w8 4 P (o al) ©)
T LEA)Qm(z) T T (B)arga(2)
The multicontroller depends on a mixing signal 5 = [f,..., BN]T € RY that determines the

participation level of each of the candidate controllers, according to the parameter estimate provided
by the adaptive law. The mixer implements the mapping 3 : 2 — By, where (2 is the set where the
parameter estimate lies and By is the set of admissible mixing values. The set of admissible mixing
values is designed in such a way that C'(z;e;) = C;(z), where ¢; € RY is the i-th standard basis vector.

This can be achieved by defining the following set of all admissible mixing values in 6 & ()

By={B€RN:> Bi(0) =1; ;> 0; f; = 0if 0 ¢ O} (7)

1€l
The following properties of 3(-) and of the multicontroller are assumed

MI. B(-) is Lipschitz in 2.
Cl1. The elements po(-), p(-), and I(-) are Lipschitz in R".
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C2. For all 0* € Q, let 5* := [(6*); then C(z; 8*) internally stabilizes the plant Gy(z; 0*).

Property M1, together with C1, will ensure that if the parameter estimate is tuned slowly then the
closed-loop system will vary slowly. Well-known stability results for slow time-varying systems can be
used in order to prove the stability of the adaptive scheme. Property C2 ensures that the multicontroller
is a certainty equivalence stabilizing controller. As in gain scheduling, interpolation methods may
not satisfy the point-wise stability requirement C2 (cf. the counter example of [15]) and should be
previously verified. In [11,16] the stability preserving interpolation method of [15] is used to construct

a multicontroller ensuring property C2.

4. Multiple Parallel Estimators and Switching Logic

The adaptive mixing law approach replaces 6* with its estimate §. The convergence properties
guaranteed by typical robust on-line parameter estimator (bounded energy of the estimation error in
the ideal case, and small estimation error in a mean square sense in the noisy case) are sufficient to
guarantee signal boundedness of the AMC scheme presented in [11,12]. The transient performance
however depends on several design parameters, the most important one being the initial condition of the
estimated parameters. If the initial parameter estimate deviates considerably from the actual one, the
transient behavior will be affected, as initially the wrong controllers will be switched on. On the other
hand, these transients create a level of excitation that aids adaptation, leading to more accurate parameter
estimates. One way to deal with initial parameter estimate conditions and improve performance is to use
multiple parameter estimators with different initial conditions and choose the output of those that give
the best estimate. In particular, every parameter estimator differs from others for its initial condition
6(0) and for the subset in which the parameter estimate is projected. Using a gradient law with dynamic
normalization signal and parameter projection [9], the parallel parameter estimators have the form, i € Z

0.(t) = Pr(6.(t = 1)+ Te(t)o(1)) ®)
t) = C(k)—er;Tﬂ((tt)_ Dé(t) o)
m2(t) = 1+ ¢"(1)o(t) + na(t) (10)

nat+1) = Sonalt) + [u(®)|* + y()[° (11)

where 6;(0) € €;, dp is the known stability margin of the multiplicative perturbation, Pr stands for the
projection operator that forces the estimated parameters to stay within the specified convex set, ¢; is the
normalized estimation error, I' > 0 is the adaptive gain. If necessary, different adaptive gains can be

chosen for each estimator. The quantities

) = ) (12)
o) = [Pt - Sy (13)

are, respectively, the observation and the regressor vector of the parametric model of the nominal plant

(3). A, is a Schur stable polynomial of degree n. It results that the parameter uncertainty subset (2;



Machines 2013, 1 38

is both the subset in which the estimate of the i-th estimator is projected and the set in which the
mixing function (3;, associated to the i-th controller, is not zero. In order to select the best estimate
among the NV estimated parameters vectors 6y, - - - , 0, we consider, for each parameter estimator, the

performance signals

t
Ji(t) =Y leims(7)” (14)
7=0

When unmodeled dynamics and disturbances are present, the performance signals (14) must be
substituted by
q

Jilt) = max = 3 e, (1) (15)

0<g<t q 0
T=!

A supervisory logic compares the N performance signals {7;(t) }icz, and selects, at each time ¢, the
estimate 0, ;) := 0,(t) of index o via the following hysteresis switching logic:
ot)=1Uc(t—-1),TJ1), o(0)=ipeT (16)
: 2 it Ji(t) < J. t)+h
(i, J(t) = { (t) ?ﬂ(J(t))( )

(T (t)), otherwise (17)

where () stands for the least integer j € Z such that J; < J;, Vi € Z, and h, a (typically small)
positive real, is the hysteresis constant.

The next Hysteresis Switching Logic (HSL) lemma, whose proof can be found in [17], establishes the
limiting behavior of the switching system arising from (16) and (17).

Let . denote the class of all possible switching sequences o(+). Consider the assumptions:
Al. Foreacho(-) € . and i € Z, J;(t) admits a limit (which may be infinite) as ¢ — 00;
A2. Foreach o(-) € .7, there exist integers p € Z such that 7,(-) is bounded.
HSL Lemma [17] Let 0 be the switching sequence resulting from (16) and (17). Then, if Al and A2 hold,

there is a finite time t* € Z.., after which no more switching occurs. Moreover, J,+(+) is bounded.
The HSL Lemma is used to establish the following Theorem:

Theorem 1 Consider the parallel robust adaptive laws given by (8)—(11) and hysteresis switching logic
(16) and (17) with performance signals (14) and (15). Then, the resulting multiple estimator resulting

from the interconnection of the parallel adaptive laws with the hysteresis switching logic satisfies

El. €5(t), €a(t)Ms Algy € lo if Ma, d = 0.

E2. oty oo Moy € S (55) Moo if Ma, d 0.

where ls is the set of signals with bounded energy, |, is the set of bounded signals, AO(t) = 0(t) —

O(t — 1) and n(t) = %u(lﬁ) + Wd(t) is the modeling error due to the presence of

bounded disturbances and unmodeled dynamics, and S <7Z—22> represents the set of signals of the order

of magnitude of the normalized modeling error in the mean square sense

1 t+T—-1
S(p) = {U:f > \v(¢)\2§cou+%, Vt>0,7>0 (18)
T=t

for a given constant i, where cy, c; > 0 are some finite constants independent of 1.
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Proof- See the Appendix.

5. Stability and Stability Robustness of Multiple-Estimator Adaptive Mixing Control

The structure of the Multi-AMC is shown in Figure 1. The novelty of the new architecture is the
combination of the controller mixing with multiple parameter estimators. The supervisor comprises
of various subsystems: the parallel on-line parameter estimators generate real-time estimates 6;(t),
¢t = 1,..., N of the unknown parameter vector 6*. The switching logic, using performance signals
based on the past and present estimation error, orchestrates the decision of the best estimate among all
parallel parameter estimates at each time ¢. Finally, the mixer determines the participation level of each
candidate controller based on the selected estimate 6(t).

Figure 1. Multi-AMC architecture.
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The stability and stability robustness properties of the Multi-AMC scheme are described by the
following Theorem.

Theorem 2 Let the unknown plant given by (1)—(3) satisfy the plant assumptions P1-P5. Consider the
adaptive mixing controller with the multicontroller given by (6) and satisfying assumptions CI1-C2; the
mixer (7) satisfying M1; the parallel robust adaptive laws given by (8)—(11) and hysteresis switching
logic (16) and (17). Then the following results hold:

1. If Ma, d = 0, then all the closed-loop signals are bounded, i.e., ¢, u, y € l, furthermore
e1(t) == y(t) — ym(t) = 0 as k — oo.
2. If Ma, d # 0, then there exists u* > 0 such that, if c=2 < p* where 2 = HN%—A;[A

||og is the

1

250

Var
then the adaptive mixing control scheme guarantees ¢, u, y, €1 € lo, and

e 1/2
system norm defined as ||H||,; := —= {ffooo )H(\/SGJ“’) dw} , and ¢ > 0 a finite constant,

1 t+1T—-1 c
2 2 1
0 ; lex(M)I* < co® + =, VLT >0 (19)
where 1> = ¢(Z3 + =3), and 25 = ) NO(l/;MA) S do.
260
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Proof - Due to the modularity of the proposed approach, the proof can be lead by following analogous
steps of the stability proof of the AMC scheme with a single estimator, which can be found in [12].

Remark 1 The stability and robustness results are conceptually similar to those in robust adaptive
control [9,10,18]. The advantage of AMC in comparison with conventional robust adaptive control is
that for the proposed scheme the stabilizability of the estimated plant is no longer an issue in calculating
on-line the controller parameters. In addition, it allows well developed results from robust control to
be incorporated in the design. In fact, thanks to the modularity of the design, the analysis of the
overall system relies on certain properties of its individual parts. Furthermore, the Multi-AMC can
handle controllers that are not directly parameterized by the unknown plant parameters, e.g., H., or
p-synthesized robust controllers, extending the class of feedback adaptive control systems.

Remark 2 Equation (19) is a mean square condition: it does not guarantee that the tracking error will
be bounded from above by the modeling error bound at all times. As in conventional adaptive control, a
phenomenon known as “bursting” [19], where the tracking error assumes large values over short intervals
of time, cannot be excluded by the mean square bound. One way to get rid of bursting is to use a dead

zone to switch-off adaptation when convergence to steady state values is achieved [20].

6. Numerical Example

Despite the results of Theorem 2, establishing analytically that the Multi-AMC scheme will guarantee
better transient performance than other adaptive schemes is difficult if at all possible. Transient
performance can be just numerically demonstrated via extensive simulations. This section is devoted
to simulation testing of the proposed Multi-AMC scheme.

The numerical example used for simulations is a two carts system, shown in Figure 2, composed of
two masses M [kg] moving on a horizontal plane with known dynamic friction coefficient b[Ns/m]. The
two carts are coupled with a spring, producing an elastic force proportional to its deformation through
an unknown stiffness constant 6*[N/m]. In the simulations reported hereafter we consider M = 1 and
b = 0. Though apparently academic, this numerical example has been widely studied, since the two carts
structure appears in many vibration suppression problems and in control of flexible structures.

Figure 2. The two-carts benchmark example.
o
d

R

| b b |

The measurement y[m] available is the second cart displacement. The control u[N] is applied to the
first cart through a control channel with a time delay of 7[s|, which represents the unmodeled dynamics.
The control objective is to control the position of the second cart applying a force to the first cart. The
plant input is corrupted with an additive zero mean white actuator noise d[N|, parallel to the track, with
variance o2 = 1072, and chopped between £30 in order to obtain a bounded noise. The reference ¥,,
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to be tracked is a square-wave of amplitude between 0 and 1 and with period 60 s. The continuous-time
model is discretized using Euler’s approximation of the derivative with sampling time 75 = 0.1s as
in [21]. The nominal discrete-time plant is given by:

*NU
GQ(Z,H*) _ 9 0 (’Z)

= DE(2) + 0DV (2) (20)

where NV (2) = T223, DK (2) = (2 = 1)*((bTs + M)z — M)?, DY (2) = 2T2%2(2 —1)((0Ts+ M)z — M).
The unknown constant stiffness 6* is restricted to the compact set

Q={0:004<6<35} Q1)

We consider the family of N = 7 candidate controllers {C;(z) = S;(2)/Ri(z), i€ 1,...,7},
designed on nominal models with stiffness * = 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, respectively. The
controller synthesis has been performed using a weighted ., mixed-sensitivity criterion [22], as
described in [23], and discretizing the resulting controllers with sampling time 7 = 0.1s.

The coefficients of S;(z) = Y2+ _, sinz* " and Ry(2) = 2% + 3%, 74,2°" are reported in Table 1,
together with their corresponding stability intervals ©;, which is the sets of plants with stiffness * that
are stabilized by the controller C}, i.e.,

0; = {0| Go(z,0) is stabilized by C;(z)} (22)

Table 1. Controller coefficients.

Si1 Si2 Si3 Sia Ti Ti2 Ti3 O,

Cy 146.257 —428.616 419360 —136.999 —2.464 2038 —0.563 [0.04, 0.12)
Cy 79.779 —233.668 228.558 —74.668 —2.457 2.026 —0.559 (0.07, 0.23)
Cs3 43739 —128.102 125361 —40.997 —2.446 2010 -0.553 (0.16, 0.42)
Cy 31.680 —92.798 90.877 —29.757 —2.435 1994 —0.547 (0.23, 0.603)
Cs 22632 —66341 65.092 —21.380 —2.411 1958 —0.533 (0.37, 0.95)
Cs 19309 —56.746 56.013 —18.571 —2.323 1.830 —0.485 (0.65, 2.05)
C; 17744 54669 57372 —20436 —1.865 1.187 —0.252 (1.07, 3.5]

1

The mixer is constructed on the basis of the smooth bump function ¢(x) = e 122 if x| < 1, and
(x) = 0 otherwise. Because of the scalar nature of the uncertainty set, consider the pre-normalized
weights, 2 =1,...,7

0 — (Ui+Li)/2> 23)

~i o) —
Ai6) ¢( (Ui — Ly)/2
where U; and L; are the upper and lower bound, respectively, of the subset 2; = {0 : L; < 0 < U,}. The
mixing signal 3(0) is generated by normalizing 8= [Bl . .@]T, le,i€1,...,7

5i(0)

Bz(e) = Z;:1 ﬁ”']w) (24)
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The parameter subsets €2;,7 € 1,...,7, are:
Q; = [0.04, 0.09], Qo = [0.08, 0.19], Q3 = [0.165, 0.29]
Q4 = [0.25, 0.45], €5 = [0.39, 0.90]
Qs = [0.70, 1.70], €7 = [1.30, 3.5

The subsets have been found by a trial and error procedure, taking into account the stability intervals
in Table 1. Note that the plant is harder to control as the uncertain stiffness is small. This is reflected
by the stability intervals of each controller, which are not equally distributed over the whole uncertainty
set: in particular, in the interval [1.30, 3.5] one controller is sufficient to control the plant, while in the
interval [0.04, 1.70] six controllers are needed. The mixing function () derived from the described
procedure is shown in Figure 3. The multicontroller has been constructed using output blending, i.e.,

u = 21'7:1 Biu;, since this approach has been verified to satisfy assumption C2.

Figure 3. Mixing strategy: 3;(0),i =1,...,7.

081 ‘

0.2t ‘ ‘

0.5 1 1.5 2 25 3 3.5

The design parameters of the robust adaptive laws and of the hysteresis logic have been chosen
as follows:

=05 & =099, Ay(z)=((z—0.85)/0.15)" (25)
io=17, h=0.05 (26)

The initial condition for each estimator has been chosen as the middle point of the subset €2;.

The Multi-AMC is compared with the AMC scheme that uses a single parameter estimator [11], with
the same design parameters as the parallel adaptive laws, and initial condition 6, = (3.50 + 0.04)/
2 = 1.77, which is the center of the overall parameter interval 2. For a comparison with a conventional
adaptive controller, a discrete-time pole-placement adaptive controller (APPC) is implemented, using the
same single adaptive law as in the single estimator based AMC scheme. The pole-placement is designed
to place the closed-loop poles at the roots of x5(z) := Dy(z,0.5)R5(2) + No(z,0.5)S5(z), which is the
characteristic polynomial of the fifth nominal model in feedback with the fifth candidate controller.
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We compare the learning performance of the three approaches for the seven nominal values of the
uncertain parameter, * = 0.05, 0.1, 0.2, 0.3, 0.5, 1.0 and 2.0. We do not consider stiffness values up to
6* = 2.0, because one single controller is sufficient to take care of the uncertainty subset [1.70, 3.50].
Non-zero random initial conditions are assumed for the plant state (initial position and velocity of the
2 carts). For each nominal value of the uncertain parameter we run 20 Monte Carlo simulations: each

simulation has a time-length of 100s. The criteria used to evaluate the performance of each scheme are:

e The root mean square (RMS) tracking error over the first 50 seconds. This criterion is used to

evaluate transient and tracking error performance.

e The average time it takes for the scheme to converge to the final controller without any further
switching (used in the comparison of the single estimator based AMC with the Multi-AMC).

The results are given in Table 2 for the ideal case (d = 0, 7 = 0) and in Table 3 for the noisy
case with unmodeled dynamics (7 = 0.1 s). A consistent tracking error RMS improvement of the
Multi-AMC scheme can be seen with respect to both the APPC scheme and the AMC with a single
estimator. The column next to the tracking error RMS values evaluates the percentage RMS improvement
of the Multi-AMC over the other two schemes. As expected, the RMS improvements are more drastic
when the initial parameter estimate is further away from the true unknown parameter. There is no
improvement between Multi-AMC and AMC in the case #* = 2.0, because both approaches start with
an initial parameter estimate corresponding to the selection of the stabilizing candidate controller Cr
without subsequent switching.

The second performance criterion, shown in the last two columns of Tables 2 and 3, is the mean time,
calculated among all the simulations, after which, for both AMC schemes, the weight 3; associated to
the final selected controller C; remains in the interval [0.95, 1]. Thanks to the discontinuous adaptation
orchestrated by the switching logic, the Multi-AMC convergence to the final controller is faster than the

AMC employing a single estimator, as demonstrated in the last column of Tables 2 and 3.

Table 2. Simulation results: tracking, ideal case, non-zero initial conditions.

0*  Tracking error RMS Multi-AMC RMS Improvement Convergence to final controller

Multi-AMC 2.395 7.5 sec.
AMC 0.05 6.567 63.5% 22.0 sec.
APPC 20.393 88.3 %
Multi-AMC 1.852 7.1 sec.
AMC 0.1 4331 572 % 16.5 sec.
APPC 15.488 88.0 %
Multi-AMC 1.411 7.2 sec.
AMC 0.2 3.120 54.8 % 12.7 sec.
APPC 11.721 88.0 %
Multi-AMC 0.989 5.9 sec.
AMC 0.3 1.815 455 % 11.3 sec.
APPC 6.816 855 %
Multi-AMC 0.641 3.7 sec.

AMC 0.5 1.045 387 % 9.5 sec.
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Table 2. Cont.

0*  Tracking error RMS Multi-AMC RMS Improvement Convergence to final controller

APPC 3.304 80.6 %

Multi-AMC 0.458 4.1 sec.
AMC 1.0 0.606 24.4 % 4.9 sec.
APPC 1.164 60.7 %

Multi-AMC 0.584 0 sec.
AMC 2.0 0.584 0% 0 sec.
APPC 0.761 227 %

Table 3. Simulation results: tracking, noisy case, non-zero initial conditions.

6*  Tracking error RMS Multi-AMC RMS Improvement Convergence to final controller

Multi-AMC 1.881 7.0 sec.
AMC 0.05 4.390 572 % 22.9 sec.
APPC 15.215 87.6 %

Multi-AMC 1.746 7.0 sec.
AMC 0.1 3.927 555 % 13.8 sec.
APPC 14.047 87.6 %

Multi-AMC 1.669 7.2 sec.
AMC 0.2 3.192 47.7 % 12.8 sec.
APPC 11.939 86.0 %

Multi-AMC 1.340 5.1 sec.
AMC 0.3 2.083 357 % 12.7 sec.
APPC 7.739 82.7 %

Multi-AMC 0.744 4.6 sec.
AMC 0.5 1.014 26.6 % 10.3 sec.
APPC 3.890 80.9 %

Multi-AMC 0.508 4.2 sec.
AMC 1.0 0.619 179 % 4.8 sec.
APPC 1.415 64.1 %

Multi-AMC 0.586 0 sec.
AMC 2.0 0.586 0% 0 sec.
APPC 0.803 27.0%

Among all the performed simulations, two particular scenarios have been chosen to graphically show
and compare the behavior of the different adaptive schemes. One scenario does not involve noise or
unmodeled dynamics, with a value of the uncertain stiffness corresponding to #* = 0.05. The other
scenario considers the noisy situation with unmodeled delay 7 = 0.1 s, with uncertain stiffness 6* = 0.5.

Figures 4(a) and 5(a) show the output responses for the three adaptive schemes, for the two scenarios.
In Figures 4(b) and 5(b) the evolution of the parameter estimate is shown. Figures 6(a), 6(b), 7(a) and
7(b) show the AMC mixer weights. In both cases it is possible to see that the Multi-AMC scheme
exhibits a smaller transient when compared with both the APPC scheme and the single estimator AMC
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scheme. The Multi-AMC estimated parameter converges to the true value 6* much faster that the other

two schemes, which reflects a faster convergence of the mixing weights to a stabilizing controller.

Figure 4. Ideal case, * = 0.05: Multi-AMC (solid), AMC (dash-dotted), APPC
(dashed). (a) output response y(t): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed);
(b) Parameter estimate 6(¢): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed).
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Figure 5. Unmodeled dynamics, #* = 0.5: Multi-AMC (solid), AMC (dash-dotted), APPC
(dashed). (a) output response y(t): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed);
(b) Parameter estimate 6(¢): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed).

Y, (0
o
-
g
i
o(k)
5

-2} 4

-4r T 1 M \
" J \ -
6t \/ i 06 \ ' N
N =
_8 . . . . 0.4 . . . .
0 20 40 60 80 100 0 20 40 60 80 100

time [s] time [s]
(a) (b)

In order to clarify how the proposed adaptive method acts in the cases in which the unknown
parameters belong to overlapping sets, one more scenario is shown, corresponding to #* = 0, 18 with
input noise and unmodeled delay 7 = 0.1 s (Figure 8(a)). Such scenario as well as other stiffness values

belonging to overlapping sets are not shown in Tables 2 and 3 both for the sake of compactness of the
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tables and because the transient results are similar to the results shown for the seven nominal values of
the uncertain parameter. In Figure 8(b) the evolution of the parameter estimate is shown. Figures 9(a)
and 9(b) show the AMC mixer weights. Since 8* = (.18 belongs to both €2, and {23, both controllers C5
and C'3 run together in the loop (53, B3 # 0), thus leading to a blended control signal.

Figure 6. Ideal case, 0* = 0.05: AMC controller weights 3(t): Multi-AMC (solid), AMC
(dash-dotted). (a) 31 (1), Ba(t), Bs(t), Ba(t); (b) Bs(t), Bs(t), Br(t).

1
|
o5t I
|
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100
1 | | T T T 3
— 1 =
= I |
~ 0.5F — |
= I = 05 ol
O o L 1 1 1 [Co8 . |
0 20 40 60 80 100 0 ! . . N .
1 A ‘ ‘ ‘ 7 0 20 40 60 80 100
| -
= | 1 = T T T T
= |
= 0.5+ i 4 = |
= |
0 /! i L n L < 05 | |
0 20 40 60 80 100 0 . . i N .
1 7 ‘ ‘ ‘ ‘ 7 0 20 40 60 80 100
= ] 1 T T T T 3
= 05 i - ,
0 o . - . o 05 o
0 20 40 60 80 100 ol . . N .
time [s] 0 20 40 60 80 100
(a) (b)

Figure 7. Unmodeled dynamics, #* = 0.5: AMC controller weights 5(¢): Multi-AMC
(solid), AMC (dash-dotted). (Note that, for both schemes, all the controller weights from [

to 34 are zero for all ¢ > 0). (a) B(¢), Sa(t), Bs(t), Ba(t); (b) B5(t), Bs(t), B7(t).
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Figure 8. Unmodeled dynamics, * = 0.18: Multi-AMC (solid), AMC (dash-dotted), APPC
(dashed). (a) output response y(t): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed);
(b) Parameter estimate 6(t¢): Multi-AMC (solid), AMC (dash-dotted), APPC (dashed).
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Figure 9. Unmodeled dynamics, 6*

= 0.18: AMC controller weights £(t): Multi-AMC
(solid), AMC (dash-dotted). (a) 51 (1), Ba(t), B3(t), Ba(t); () B5(t), Be(t), Br(t).
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7. Conclusions

A new multiple model adaptive mixing control scheme employing a bank of parallel parameter

estimators has been developed.

The stability properties of the resulting architecture, namely

(Multi-AMC), are analyzed (convergence of the tracking error to zero for the nominal and noiseless case,

and bounded closed-loop states with tracking error of the order of the modeling error in the presence of
unmodeled dynamics and bounded disturbances). The control scheme and the stability results have

been carried out in discrete-time, for an easier implementation of the adaptive scheme in digital control.
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The proposed scheme achieves faster learning and better transient performance. A two carts system
was used to demonstrate, via Monte Carlo simulations, the effectiveness of the proposed Multi-AMC
in consistently improving the transient behavior when compared with standard adaptive pole placement

and a single estimator AMC scheme.

Appendix: Proof of Theorem 1

The conditions Al and A2 of the HSL Lemma are satisfied in the ideal case with no unmodeled
dynamics and disturbances, using the performance signals (14). In fact, the functionals (14) are
monotone non-decreasing, so they have a limit (which may be infinite). Besides, since §* € 2, for
some index j, there is always at least one estimator such that €;m, € [y, which implies J; (t) is bounded.
Hence, there is a finite time t* € Z.., after which no more switching occurs and, moreover, J,(+)(+) is
bounded. The conclusion is that, because of the final switching time and the boundedness of the final test
functional, it is possible to show that €,(.), €5(.ym, Aby() € 2. From éz := 0* — 0, (thanks to parameter
projection) and ¢/mg € l,, we have €o(.)> €o(-)Ms € lso, which is property EI.

When unmodeled dynamics and disturbances are present, in order to satisfy conditions A1-A2 of the
HSL Lemma, the performance signals (15) must be used in the switching logic. In this case, thanks to
the max operator, the functionals (15) are monotone non-decreasing, so they have a limit (which may be
infinite). Besides, since 0* € (); for some index j, there is always at least one estimator such that ¢,

ems €S (7’77; ) Note that the boundedness in the mean square sense of €;m, implies the boundedness
of the functional J;(¢) in (15). Hence, there is always an index j such that 7;(¢) is bounded. Using
the HSL Lemma it follows that there is a finite time t* € Z,, after which no more switching occurs

and, moreover, J,()(-) is bounded. The conclusion is that €,.), Ab,.y € S (72—22) N |, Which is
property E2.
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