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Abstract:

The aim of this paper is to introduce a combination of two control techniques proposed in the
90’s, namely the Smooth Sliding Control (SSC) and the Binary Model Reference Adaptive
Control (BMRAC) that shares common features with the recently proposed L1 Adaptive
Controller (L1-AC). The basic L1-AC structure is shown to be similar to that of the SSC,
except that the SSC is based on sliding mode control instead of adaptive control. On the other
hand, the B-MRAC provides a smooth transition between adaptive and sliding mode control.
The natural combination of both control techniques, called extended BMRAC (eBMRAC), is
shown to overcome important limitations of the LL1-AC, such as poor tracking performance to
time-varying reference signals, the need of excessively large gains and the difficulty to extend it
to output feedback control. In contrast to the L1-AC designs, the new output feedback controller
eBMRAC does not need to be structurally redesigned for different types of systems.

1. INTRODUCTION

A recently proposed control architecture has attracted
notable attention in the past few years. The so-called
L1 Adaptive Control (L1-AC), firstly published in [Cao
and Hovakimyan, 2006a]-[Cao and Hovakimyan, 2006b]
and later in the book [Hovakimyan and Cao, 2010] is
claimed to provide fast adaptation with guaranteed tran-
sient properties. The controller basically consists of a mod-
ified Model Reference Adaptive Control (MRAC) using an
input filtered control, a state prediction loop and high-gain
adaptation law with parameter projection. From now on,
the latter will be referred to as projection adaptation, for
simplicity.

Despite the fact that several works reporting successful
applications of L1 can be found in the literature, see [Ho-
vakimyan et al., 2011] and references therein, some recent
papers questioning the efficiency of this technique can also
be found [Ortega and Panteley, 2014a,b], [Boskovic and
Mehra, 2013].

Criticisms regarding L1-AC include the use of excessively
high adaptation gains, the inability to track a time-varying
reference and the coincidence of L1-AC control signal with
a full state PI controller, which suggests that adaptation is
unnecessary in such scheme [Ortega and Panteley, 2014b],
[Ortega, 2013].

It should also be noted that the L1-AC scheme is different
according to the application. For instance, if the plant
input gain is unknown, the algorithm has to be modified to
a more complex architecture [Hovakimyan and Cao, 2010]
(pp-35). This is similar for output feedback.
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On the other hand, the ideas of using high gain, input
filtering and prediction loop is not new in tracking control
of uncertain systems. The Smooth Sliding Control (SSC),
proposed by Hsu [1997] as a solution to avoid chattering in
sliding mode control (SMC) systems, also relies on input
filtered control together with an output error prediction
loop, similarly to the L1-AC. The high-gain naturally ap-
pears since the control signal is generated by an amplitude
modulated relay function. The discontinuous control is
filtered prior to being injected into the plant, providing
a smooth control signal. Despite the similarity, however,
an essential difference is apparent since the SSC explicitly
employs a reference model - which L1-AC does not. It is
then possible to track a time-varying reference with a small
residual error with the SSC while such property is not
guaranteed with the L1-AC.

The use of high gain projection adaptation laws was pro-
posed by Hsu and Costa [1994], under the designation of
Binary-MRAC (BMRAC), as a method to improve adap-
tation transient and to achieve the good performance and
robustness properties of a sliding mode controller (SMC),
while avoiding chattering. It was argued that the BMRAC
tended to a sliding mode controller as the adaptation gain
was increased. Therefore, it can be expected that the SMC
can be replaced by a BMRAC loop.

In this context, this paper seeks to discuss how to overcome
some of the flaws of L1-AC by combining the SSC and
BMRAC schemes. The key idea is to use the BMRAC high
gain projection adapdation law with the input filtering
and prediction architecture of the SSC and compare the
resulting scheme, named extended BMRAC (eBMRAC)
with the L1-AC. Simulations with simple examples illus-
trate that the e BMRAC outperforms the L1-AC.
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2. MRAC ERROR EQUATIONS

Consider an uncertain SISO linear time invariant plant

T
Yp = hp Lp, (1)
where z, €R" is the state, u€R is the input and y, €R is
the output. The corresponding input-output model is

Np(s)
"D p(8)’
where K, €R is the high frequency gain, N,(s) and D,(s)
are monic polynomials.

Tp = Apzp + bpu,

Gp(s) =k

Yp = GP(S)U’a

We assume that the plant parameters are uncertain and
only known within finite bounds and consider the usual
MRAC design assumptions:

Al) G,p(s) is minimum phase.

A2) The plant is controllable and observable.

A3) The order of the plant (n) is known.

A4) The plant relative degree n* is known.

A5) The sign of K, is known and assumed positive
without loss of generality.

Considering that a reference signal y,, is generated by the
following reference model:

Ym = M(s)r (2)
where M (s) is stable with relative degree n*. The main
objective is to find a control law u such that the output
eITor € 1= Yp — Ym tends asymptotically to zero, for arbi-
trary initial conditions and uniformly bounded arbitrary
piecewise continuous reference signal r(t).

When the plant is known a control law which achieves
the matching between the closed-loop transfer function
and M (s) is given by u* = 6*Tw, where the param-
eter vector is written as 6* = [0;T 637 63 HZ}T, with
07,05 € R"1. 05,05 € R and the regressor vector w =
[wh wl y, r]" € R*" is obtained from I/O state variable
filters given by:

o = Awy + gu, @y = Awy + gy, (3)

where A € R?~1xn=1 5 Hurwitz and g € R”~! is chosen
such that the pair (A,g) is controllable. The matching
conditions require that 05 = K,,/K, [Ioannou and Sun,
1996]. The error equation is developed as usual for MRAC
[Ioannou and Sun, 1996], [Hsu and Costa, 1994].

e = Ac xe + K be [u —u”], eo=hl x., (4)
or in an input/output form
eo=k"M(s) [u—u"] (5)

3. BINARY MODEL REFERENCE ADAPTIVE
CONTROL (BMRAC)

The Binary-MRAC for arbitrary relative degree plants
was proposed by Hsu and Costa [1994] and consists of
a high gain projection adaptation based MRAC. The
resulting system presents better transient performance and
robustness to unmodeled dynamics than with conventional
adaptive controllers.

Since the parameter vector is not known, the control input
is designed using an estimate 6 of the ideal parameter 6*.
The implementable control law is given by:

u(t) = 07 (tw(t) (6)
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For the case n* = 1, 0 is obtained by a projection-type
adaptation law

O(t) = —0f — yeow (7)
with high gain v and the projection factor defined as
[0, if [|0]| < Mg or 0eq <0
Oeq, 1 |0|| > My and oy >0
with a constant My > |6*| and
—vepdTw
Oeq = — 3
161
The BMRAC scheme is depicted in Fig. 1.

(8)

(9)

r(r) Vo
—> Model
u RN
> Plant —><> eO
8 v High Gain |
Projection
Adaptation [¢—— W

Fig. 1. BMRAC block diagram

4. SMOOTH SLIDING CONTROL (SSC)

The Smooth-Sliding Control technique was proposed by
Hsu [1997] as a solution to avoid chattering in variable
structure model reference control systems. The architec-
ture of L1-AC resembles the SSC closely, but with a few
key differences: i) the absence of an explicit reference
model; ii) the use of projection based adaptation instead of
relay switched control; iii) the need to structurally redesign
the algorithm to deal with output feedback and unknown
input gain; and iv) the inability to track a time-varying
reference with acceptable error as will be seen in Section. 6.
Here, we focus on the case n* = 1 for the sake of simplicity,
since only straightforward modifications are needed to deal
with arbitrary relative degree [Hsu, 1997].

4.1 The case n* =1

The SSC is also based on the MRAC framework where the
error equations are given by (4)-(5). The SSC employs a
filtered input and a prediction loop, which is also used in
the L1-AC. The smooth control law is obtained using an
averaging filter with sufficiently small time constant 7 such
that the control u is replaced by w3, an approximation of
the equivalent control (ug)eq. The control law is

nom

u=u (10)

ug = f(t)sign(eo) (11)
where g¢ is an output prediction error associated with the
prediction loop

—ud’; ug® = (1/Fu(7s))ug

g0 =eog—€o; €0 = k""" Mlug — ug"]; (12)
since ég can be interpreted as a predicted output error by

*

considering £"°" and ug as estimates of £* and u"°" —u*,
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respectively. With correct estimates the prediction would
be exact, as seen in eq. (6). The modulation function f(t)
is chosen such that f(t) > |u*(t) — u™*™(t)|; Vt. The SSC
scheme is presented in Fig 2.

(1)
D e
., ++ u Yo -
> F.'(zs) > G,(s) > e,
+ e +
( | k) =) g,
u
d — f(0)sign()

Fig. 2. Smooth sliding control block diagram

5. LIMITATIONS WITH L1-AC

The L1-AC formulation considers the plant as
i(t) = Ax(t) + b(u(t) + 0T x(t), yt) =c"z(t); (13)
where A € R"™*"™, b,c € IR" are assumed as known

[Hovakimyan and Cao, 2010] (pp.18). The following control
structure is used

w(t) = U () + Uaa(t), wm(t) = =kl x(t) (14)
where k,, renders A,, £ A — bkl Hurwitz, while uaq(t) is
an adaptive component that will be defined shortly. Thus,
the partially closed-loop system is given by:

i(t) = Apa(t) + 007 x(t) + uaa(t)), y=cTa(t) (15)
The following state-predictor is used
E(t) = Ap@(t) + 00T 2(t) + uaa(t)) §=cTa(t) (16)

where #(t) € IR™ is the state of the predictor and 6(t) e
IR™ is the estimate of the parameter 6, obtained by a
projection based adaptive law

0 = vProj(0(t), —iT (t)Pba(t)), 6(0)=dy € ©; (17)

the prediction error is defined as #(t) £ @(t)—x(t), v € R*
is the adaptation gain, P = P is the solution of Lyapunov
equation AyTnP + PA,, = —Q for arbitrary symmetric
Q = Q7 > 0. The projection is confined to the set ©.
The adaptive control signal in the frequency domain is

tad(s) = —C(s)(7)(s) — kyr(s)) (18)
where r(s) and 7)(s) are the Laplace transforms of r(t)
and 7(t) = 67 (t)x(t), respectively. The input gain k, £
—1/(cT A,,1b) is assumed known and C(s) is a stable filter.
The L1-AC architecture is presented in the block diagram
of Fig. 3. It is interesting to note that the L1-AC needs
to be adjusted to be applicable to different situations.
For instance, if the states are not measurable, the scheme
showed above is no longer suitable. Similarly, if the input
gain is unknown, the structure has to be redesigned. Also,

r +, u X
K Filter > Plant
A

2 % -
+ ~
<>—> State Predictor —»(5 X
+ A
T - -
6 X High Gain
Projection |«
Adaptation

Fig. 3. L1-AC architecture

the L1-AC is not able to track time-varying references nor
it presents parameter convergence.

In [Ortega and Panteley, 2014a] and [Ortega and Panteley,
2014b], the control signal generated by the L1-AC is shown
to be equivalent to a full state PI controller, suggesting
that adaptation would be unnecessary.

This can be illustrated using a first order stable LTT filter
in L1-AC scheme, although it is also true for general filters
according to Ortega and Panteley [2014b]. Note that the
filtered input can be rewritten as

W= —k(u—0Tx) (19)
the control signal generated by (19) coincides with the
output of a perturbed LTI PI controller

o =kbT Ay — pk0Tz; uw=v—kblz (20)
where b is the pseudo-inverse of b, given by bf =
(bTb)~1bT. This means that if the parameter error con-
verges to zero, the obtained controller converges to an LTI
controller that could be obtained without adaptation.

It is also important to note that L1-AC analysis does not
guarantee zero tracking error for time-varying reference
signals, as shown in [Hovakimyan and Cao, 2010]. The
same applies to parameter error, such that only the pre-
diction error is assured to be uniformly bounded.

Note that this controller requires full state measurement,
which as mentioned is quite restrictive and it also requires
knowledge of input gain. Even though the L1-AC theory
is able to extend the idea shown above to contour these
limitations, it is important to note that this is achieved by
changing the control architecture.

The proposed controller is able to overcome these diffi-
culties, since it does not require knowledge of input gain
and is able to track a time-varying reference with residual
error using output feedback without the need to modify
the control scheme.

6. COMBINING SSC AND B-MRAC

The core idea of this paper is to propose a controller
that combines the SSC and BMRAC by using the SSC
architecture with the BMRAC adaptation. The resulting
scheme is named Extendend BMRAC (eBMRAC) To
that end, the relay of the SSC is replaced by an output
feedback projection adaptation law with standard MRAC
parametrization. The scheme is seen in Fig. 4.

Consider the MRAC error equations (4)-(5). As well as the
SSC, the e BMRAC uses an input filtered control signal
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u = C(s)[uol; (21)
where 6 is an adaptive parameter. For the sake of simplic-
ity, the plant high frequency gain K, is assumed known.
Nevertheless, the case where only sign(K,) is known can
be addressed using a similar development as in [Hsu, 1997].

wo = 0" w

Consider the auxiliary errors

é() = k*M(S)[u - 'U,()L Eo = €p — é() (22)
The adaptation law with parameter projection is
H(t) = —00 — YEoW (23)
0, if |]] <My or o0¢ <0
- 24
o {Ueq; if H9|| Z Me and Teq Z 0 ( )
*"}/E()QTW
Ocq = — 3 (25)
191

The eBMRAC equations are ¢ = y, — ym, Eq. (21)-
(25) with w as defined in Section 2. The block diagram is
shown in Fig. 4. The predicted error ¢y state dynamics can

r(t) y
—> Model
Filt u yp )
> ilter > Plant
+ € 0
A
+ +
Output Error e E
Predictor _ 0
MO High Gain
Projection
Adaptation

Fig. 4. Extended BMRAC (eBMRAC) block diagram

be written as
To = Ac e + k*be [u— ug), (26)
which allows to obtain the state dynamics for the predic-
tion error
e = Ap ke + K be [up — u*], g0 = hl x., (27)
o = k*M(S)[U() — u*], (28)
Note that the prediction error does not depend on the
filtered input.

~ T «
éo=h, Ze,

The following properties are guaranteed by the projection
based adaptation law:

Theorem 1. Consider the error system described by (4)-
(5) and the auxiliary errors (22),(27). The control signal
is given by (6) with adaptation law (23)—(25). Assume
that assumptions (Al1)-(A4) hold, |0(0)] < My and K,
is known. If 7 is sufficiently small, then

i) 0] < My, Vt > 0;

i) Jz(0)]? < cre™ |22 (0)]* + O(y 1), Vt > 0 for some
positive constants ¢; and \q;

iii) The prediction error £ tends asymptotically to zero;

iv) ep tends exponentially to some small residual interval
of order 7.

The more general case, when only sign(K,) is known
and unmodeled dynamics (including delays) are present,
can also be considered following the same developments
presented by Hsu [1997].

7. SIMULATION RESULTS
7.1 Example 1

In order to show the efficiency of the proposed controller
in comparison with L1-AC, we use a simple first order
example. Consider the following plant, state predictor and
filter:

& =3z +u+0x; C(s) = ¢ (29)
s+c
It is desired to track a sinusoidal reference signal, given
by r(t) = 10sin(0.5t). High-gain is used as suggested by
Hovakimyan and Cao [2010]. In this case, I' = 10* and
¢ = 160. The unknown parameter is assumed to be in the
set @ = [—10, 10]. For # = —5 the result is seen in Fig. 5,
note that the system output does not track the reference

input. The same plant, reference model and filter is used

fz—2§c—|—u;

tracking error
10 ‘ ‘

0 10 20 30 40 50
tracking performance

D

filtered control signal

I 1 I
0 10 20 30 40 50
time(s)

Fig. 5. L1-AC performance for Example 1

for the e BMRAC, that is
1 1 1

= - M = — U:—
Gls) §—3-10’ () s+17 7" s+l (30)

Design parameters are chosen as v = 10; My = 10 and
7 = 0.02. The result is shown in Fig. 6, where it is possible
to note a good tracking performance.

7.2 Example 2

L1-AC: To further compare the two schemes, the
simulation results in this section consider the second order
plant used in [Cao and Hovakimyan, 2006a,b], already
including the unknown parameter 6 of (13), that is:

] [0 1 o a1

R R e il P
The reference signal is 7(¢) = 100cos(0.2t) and the filter
is designed as C(s) = 160/(s + 160). Adaptation gain
is I' = 10* and @ is assumed to be in the set 6, =
[—10, 10], i =1,2.
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tracking error

tracking performance

0 10 20 30 40 50
filtered control signal

] i i i
0 10 20 30 40 50
time(s)

Fig. 6. e BMRAC performance for for Example 1

The plant transfer function has relative degree n* = 2.
However, when dealing with state feedback, one can obtain
an output of relative degree n* = 1 . The results of Figs. 7
reproduce the results shown in [Cao and Hovakimyan,
2006b] and it is possible to note a poor tracking perfor-
mance as well as oscillatory parameter values.

The limitations of L1-AC can be more clearly shown in two
different scenarios: i) if the frequency is increased, which
severely impairs the performance as seen in Fig. 8 when
reference signal is (¢) = 100cos(t); and ii) if the input gain
is not known. In this case, the whole L1-AC scheme has
to be redesigned, which is a restrictive constraint. Fig. 8
shows that it is not even possible to track a unit step input

tracking error
100 ‘ ‘

~100 I I I I
0 10 20 30 40 50

tracking performance

100 — reference
TN P NS
\

_1 00 L L L L L s
0 10 20 30 40 50
filtered control signal
1000 ‘ ‘ ‘ ‘
0 V\
-1000 : ‘ ‘ :
0 10 20 30 40 50
time(s)

Fig. 7. L1-AC: Example 2 with r(¢) =100cos(0.2t)

eBMRAC:  The same plant of Eq. (31) is used assuming
there is prior knowledge on the system states such that it
is possible to obtain an output of relative degree n* = 1.
Considering both states are measurable, an output of
relative degree one is obtained by combining the states
such that the output is 4, = Pb,z,.

It is important to note that this is done for the sole
purpose of providing a fair comparison, since the L1-AC
is designed as state feedback. The more general version

tracking error

|

_200 I I I I
0 10 20 30 40 50

tracking performance
100 ‘ ‘ :

— reference
0 —plant
-100 L .

0 10 20 30 40 50
filtered control signal

) J\/\/\/\/\/V\/\

_500 I I h I
0 10 20 30 40 50

time(s)

(=]

Fig. 8. L1-AC: Example 2 with 7(¢) = 100cos(t)

tracking error

100
ok i
-100 I I I
0 5 10 15 20
tracking performance
200 :
100
0 i ; i
0 5 10 15 20
time(s)
filtered control signal
1000 :
O/ ]
-1000 ‘ ‘ :
0 5 10 15 20

time(s)

Fig. 9. L1-AC step response for unknown input gain in
Example 2

of the e BMRAC would be able to deal with systems of
higher relative degree, however for the sake of simplicity
and for a more intuitive illustration of this comparison, it
is chosen to deal with output feedback of a system with
relative degree n* = 1.

The averaging filter is designed with 7 = 0.02, and I/O
state variable filters are A(s) = 1/(s + 1). Projection
adaptation parameters are v = 10 and My = 10. Results
show good tracking performance with residual error, as
seen in Figs. 10, and a similar result when the frequency
is increased, showing in Fig. 11. Zero tracking error is still
obtained if £, is unknown. The result when k"™ = 1.2 is
shown in Fig. 12 Note that an excessively large gain is not
needed and that the error can be made smaller choosing
a smaller 7. It is important to stress that the eBMRAC
inherits the robustness of the SSC to unmodeled dynamics
such as delays and nonminimum phase dynamics.

8. CONCLUSION

This paper shows that the combination of two early control
strategies, the Smooth Sliding Control and the Binary-
MRAC, provides an adaptive controller that overcomes
fundamental limitations of the L1-AC, such as poor track-
ing performance to time varying reference and the use of
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tracking error
5 ‘ ‘

_5 I I I I
0 10 20 30 40 50

tracking performance

50
0
-50
‘ i
0 10 20 30 40 50
filtered control signal
500 : : : :
0 w
-500 : L i i
0 10 20 30 40 50

Fig. 10. eEBMRAC: Example 2 with r(¢) = 100cos(0.2t)

tracking error

10 T T
Or\/\/\/\/‘\/'\/'\./\.;
-10 | I I I
0 10 20 30 40 50

tracking performance

0 10 20 30 40 50
filtered control signal

0 10 20 30 40 50
time(s)

Fig. 11. eBMRAC: Example 2 with r(t) = 100cos(t)

tracking error
1 : :

i
0 2 4 6 8 10
tracking performance

< T T T

ON H O

;
0 2 4 6 8 10
filtered control signal

401 8

20

time(s)

Fig. 12. eBMRAC step response for unknown K, in
Example 2

excessively large gain. Also, the new controller is simpler
and its architecture does not need to be structurally re-
designed in order to be applied to problems of different
complexity, in contrast to the L1-AC.

9. PROOF OF THEOREM 1

Proof: Property (i) is derived by considering the Lyapunov candi-
date: 2Vp = 0760. The derivative is:
V= (oeq—0) ||9‘|2:(‘Teq_‘7)v/2 (32)

from (8) it follows that (0eq—0) < 0 for |0] > My, such that |0] < Mg
is positively invariant and therefore 70 is uniformly bounded.

Property (ii) is obtained using through the following Lyapunov
candidate: V = a:ngE + %GTG. The time derivative is

V= —2TQu. — 22470 (33)
Y

without the Since || is uniformly bounded V' < zI Pz. + O(y~1)
From which is possible to establish that V < —X\; [V - O(’y_l)]
where A1 = Apnin (Q) Amaz(P), with Apin(Q) and Amaz(P) being
the minimum and maximum eigenvalues of Q and P, respectively.
The proof of (ii) is completed using a comparison lemma.

Following the same arguments presented in [loannou and Sun,
1996] (pp. 205) one can conclude that g — 0. Thus, since g9 =
k*M(s)[uo — u*], it is possible to establish that ug — u*. Conse-

u* *}
—u” .
s+ 1

J u*. Following similar

quently, referring to the tracking error: eg = k™M (s) {
p

Which is equivalent to eq = k* M (s) [ 718
s

steps presented in the proof of Theorem 2 in [Hsu, 1997], it can

be shown that w is bounded and hence u* is also bounded. Since
—T8

Hk*M ‘ < 7Kj. thus

Ts+ 1

leo| < 7K + cae™*2t for some positive constants c2 and Az

M (s) is minimum-phase, it follows that
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