Automatica 116 (2020) 108922

journal homepage: www.elsevier.com/locate/automatica

Contents lists available at ScienceDirect

Automatica

automatica

Brief paper

Data-based reinforcement learning approximate optimal control for an
uncertain nonlinear system with control effectiveness faults™"*

Check for
updates

Patryk Deptula®*, Zachary 1. Bell ®, Emily A. Doucette ¢, J. Willard Curtis¢,

Warren E. Dixon®
2 The Charles Stark Draper Laboratory, Inc., Cambridge, MA, USA

b Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, USA

¢ Munitions Directorate, Air Force Research Laboratory, Eglin AFB, FL, USA

ARTICLE INFO ABSTRACT

Article history:

Received 19 November 2018

Received in revised form 2 November 2019
Accepted 22 February 2020

Available online xxxx

An infinite horizon approximate optimal control problem is developed for a system with unknown
drift parameters and control effectiveness faults. A data-based filtered parameter estimator with a
novel dynamic gain structure is developed to simultaneously estimate the unknown drift dynamics
and control effectiveness fault. A local state-following approximate dynamic programming method is
used to approximate the unknown optimal value function for an uncertain system. Using a relaxed

persistence of excitation condition, a Lyapunov-based stability analysis shows exponential convergence
to a residual error for the parameter estimation and uniformly ultimately bounded convergence for
the closed-loop system. Simulation results are presented which demonstrate the effectiveness of the

developed method.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Designing optimal controllers for uncertain nonlinear systems
is difficult because the solution to the Hamilton-Jacobi-Bellman
(HJB) is generally unknown. Approximate dynamic programming
(ADP) provides a viable way of approximating the solution to the
HJB via neural network (NN) representations (cf,, Jiang & Jiang,
2017; Kamalapurkar, Walters, Rosenfeld, & Dixon, 2018; Lewis &
Liu, 2013); however, ADP has two inherent significant challenges.

One challenge for dynamic programming methods is the curse
of dimensionality because a large number (e.g., exponential
growth) of basis functions is generally required to obtain a suf-
ficient approximation. In this paper, we provide an in-road to
address the computational complexity issue by leveraging the
recent state-following (StaF) method in Kamalapurkar, Rosenfeld
and Dixon (2016) to develop local approximations of the value
function with a reduced number (i.e., linear growth) of basis
functions.
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Another challenge for ADP methods is that, unlike traditional
adaptive controllers, the ideal weights of the NN must be exactly
learned (i.e., system identification) to approximate the optimal
controller. One way to achieve parameter identification is to
assume a persistence of excitation (PE) condition is satisfied;
yet, for general nonlinear systems, there is no currently known
way to ensure the PE condition is satisfied a priori, even with
an added disturbance signal or so-called probing noise, and no
way to verify if the condition is satisfied online. Motivated by
this issue, data-driven techniques such as simulation of experi-
ence and experience replay aim to relax the PE assumption by
utilizing concurrent learning (CL), where data richness is charac-
terized by the eigenvalues of a history stack, which unlike the PE
condition can be verified online (cf., Bhasin et al., 2013; Chowd-
hary & Johnson, 2011; Fan & Yang, 2016b, 2016¢; Kamalapurkar,
Rosenfeld et al., 2016; Kamalapurkar, Walters and Dixon, 2016;
Modares, Lewis, & Naghibi-Sistani, 2014; Vamvoudakis, Miranda,
& Hespanha, 2016; Zhang, Cui, Zhang, & Luo, 2011). Specifically,
CL collects pairs of input/output data and stores them in an
evolving history stack during task execution. The input/output
pairs can then be used, along with methods such as Chowdhary
and Johnson (2011) and Kamalapurkar, Reish, Chowdhary, and
Dixon (2017) to manage the size and composition of the history
stack, to perform system identification (assuming the derivative
of the highest order states is available or numerically generated).
Integral CL (ICL) removes the need to measure the derivative of
the highest order terms by including an integral of the terms in
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the history stack. Specifically, in Parikh, Kamalapurkar, and Dixon
(2019), ICL is formulated so that the dynamics are integrated
over a finite window; hence, the formulation includes both a
finite difference and an integrated function. However, such an
approach requires numerical techniques to evaluate the integrals,
which can cause errors to accumulate if large integration buffers
are used or in the presence of measurement noise. Another ap-
proach which uses an initial excitation (IE) condition to guarantee
parameter identification can be determined via an integral-like
update law (Roy, Bhasin, & Kar, 2018).

In addition to the nominal challenges faced with designing
and implementing ADP methods, the development of ever more
complex systems along with the emerging potential for cyber
effects, results in additional challenges. For example, adaptation
for fault tolerant control (FTC) has received an increased amount
of attention in recent years (cf., Fan & Yang, 2016a, 2016b, 2016c;
Jiang, Zhang, Liu, & Han, 2017; Liu, Wang, & Zhang, 2017; Lv,
Na, Yang, Wu, & Guo, 2016; Shen, Liu, & Dowell, 2013; Zhao,
Liu, & Li, 2017 and references therein). An input observer based
approach is considered in Shen et al. (2013) to estimate loss
of effectiveness (LoE) faults for linear systems subject to exoge-
nous disturbances while numerical solutions for Linear Matrix
Inequalities are used generate control policies. A continuous-time
constrained complementary controller using ADP for a partial LoE
fault with known nonlinear drift dynamics is developed in Fan
and Yang (2016a). In Liu et al. (2017), a high-gain controller is
utilized to compensate for an additive fault, while a discrete-
time ADP controller provides tracking guarantees. In Jiang et al.
(2017) and Zhao et al. (2017), a policy-iteration ADP approach
is developed to compensate for biased input faults. An integral
sliding-mode approach with a NN estimator in conjunction with
an actor-critic design was developed in Fan and Yang (2016b,
2016¢) to compensate for time-varying input faults for a class of
systems with partially unknown dynamics. The result in Lv et al.
(2016) uses a filter-based adaptive NN identifier to estimate the
unknown drift dynamics and control effectiveness for a fault-free
system. However, the results in Fan and Yang (2016b, 2016c¢) and
Lv et al. (2016) inject a probing signal that is assumed to satisfy
the PE condition to ensure the parameter estimates converge to
their true value.

Building on our precursory efforts in Deptula, Bell, Doucette,
Curtis, and Dixon (2018), a unique filtered ICL estimator is devel-
oped in this paper to simultaneously estimate the drift dynamics
and unknown state-dependent control effectiveness fault for a
class of nonlinear systems. Specifically, we build on our previous
ICL development in Parikh et al. (2019) to replace the PE condition
with an eigenvalue condition that can be checked each time new
data is recorded by computing the minimum eigenvalue of the
square of the integral of data-based regression matrix. To account
for the potential for numerical integration error accumulation
when using large integration windows, the history stack is passed
through a low pass filter and a novel dynamic gain structure is
developed to increase the eigenvalues and generate less noisy
regressors for parameter estimation.

In addition to identifying the unknown drift dynamics and
fault, the unknown value function must also be identified. To this
end, we build on our previous simulation of experience based
approach via Bellman error (BE) extrapolation (cf., Kamalapurkar,
Rosenfeld et al., 2016; Kamalapurkar, Walters et al., 2016), where
the controller and BE are evaluated at extrapolated trajectories
in a neighborhood of the system state. Though the approach
seems similar to Fan and Yang (2016a), the developed approach
does not assume knowledge of the drift dynamics and considers
state-varying faults. Moreover, the result in Fan and Yang (2016a)
assumes a robust controller already exists which stabilizes the
system and a complementary controller is designed to improve

performance. In addition, this result is not limited to constant
control effectiveness perturbations as considered in Fan and Yang
(2016a). In this result, the overall controller is assumed to be
saturated which relates more to real-life systems where torque
limits or vehicle velocity and acceleration limits are present.
StaF kernel functions are used to estimate the value function
and local BE extrapolation is used to relax the PE condition
when learning the critic weights. Unlike the preliminary results
in Deptula et al. (2018) or the results in Fan and Yang (2016a),
this paper considers a wider class of reduced effectiveness faults,
by considering state-varying faults. Furthermore, compared to
the preliminary result in Deptula et al. (2018), a unique value
function representation is included and a more detailed stability
analysis is included. Simulation results along with discussions are
presented to illustrate the performance of the developed method.

2. Problem formulation

Consider the control affine system with a state-dependent
control effectiveness fault

X(t) =f(x(®)+gx () A(ma (x(©))u(t), (1)

witht € Rx,, where ty € R-o denotes the initial time, x : Ro¢, —
R" denotes the system state, f : R" — R" denotes the drift
dynamics, g : R" — R™™ denotes the known bounded control
effectiveness matrix, u : Ry, — R™ denotes the amplitude
limited control input such that sup; |u;| < o« Vi = 1,...,m,
where a € R. is the saturation constant, i, : R" — R™ denotes
the unknown state varying actuator perturbation, and A : R™ —
R™*™M is 3 diagonal operator defined as A () 2 diag{-}.!

Assumption 1. Each element of the actuator control effectiveness
perturbation is bounded such that 0 < g, (X) < WUy, i =
1,...,m, where 1t; € R.( are constants. Hence, the unknown
constant actuator fault is bounded such that 0 < || A (uq ()] <
g where 1, 2 sup {fyy ..., Hgn } and oty < 1,i=1,...,m.
Furthermore, the state varying perturbation is C'.

Assumption 2. The drift dynamic f (-) is differentiable in its
arguments, locally Lipschitz, and f (0) = 0. Furthermore, the
control effectiveness matrix g (x) is known and bounded, such
that 0 < |lg ®)]| < g, where g € R.g (Bhasin et al, 2013;
Kamalapurkar et al., 2018; Lewis & Liu, 2013).

To form the optimal control problem, let the cost functional
be defined as

o]

J(x,u) é/ r(x(t),u(o)dr, (2)
to

where r : R" x R™ — R, denotes the instantaneous cost

r(x,u) £ Qx(x) + ¥ (u), with Q, : R" — R being continuously

differentiable function satisfying qx|I> < Q.(x) < q|x|?* for

g.q € R.o and

v(u)=2 Xm: /OUi or; tanh™! (%)déui. (3)
i=1

In (3), &, is an integration variable, and r; are the diagonal ele-
ments which make up the symmetric positive definite weighting
matrix R € R™™ where R £ diag{r},and r £ [r{,..., 1] €
R!>™, The infinite-time optimal scalar value function V* : R* —
R=g is V* (X (1)) = infymyevjeers, [, T X (7)), u(r)) dr, where U
denotes the set of admissible controllers.

1 Although this paper uses a single saturation constant «, different saturation
constants can be used for each input such that sup, |u;| < «; Vi = 1,..., m,
where «; € R.( are the saturation constants.
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Assumption 3. A controller u : R>,, — U is said to be admissible
for (to,x0) € Rs¢ x R if it is bounded, generates a unique
bounded trajectory starting from (to, Xo), and results in bounded
total cost.

The following assumption facilitates a dynamic programming
based solution of the optimal control problem.

Assumption 4. The value function x — V* (x) is continuously
differentiable.

The objective is to determine the optimal control policy u*
which minimizes the cost functional in (2) subject to the dynamic
constraints in (1). To facilitate the subsequent development, let
F(x)2f () and G (x) £ g (xX) A (4q (x)). Then, the HJB is
0=VV*(F&) +G®u*)+r(xu), (4)

with the boundary condition V (0) = 0 (Kirk, 2004, Section 3.11).
Using Assumptions 2-4 along with (3)-(4), the optimal control
policy is Fan and Yang (2016a) and Modares et al. (2014)

R—]cT
v ). (5)

After substituting (5) into (4), the HJB becomes

0=VV*(X)F (x) + Qy (%)
R'GT (x)
2a

u* (x) = —aTanh(

+ a?FIn(1— Tanh?( (V' @)"), (6)
where 1 2 [1,1,...,1]" € R™, and Tanh (¢) 2 [tanh (&), ...,
tanh (¢,)]" for £ € R™.?

The positive definite solution to (6) is the value function
V*, which is an unknown nonlinear function. Furthermore, (6)
requires knowledge of the drift dynamics f and the control effec-
tiveness fault u,. However, because V*, f, and u, are unknown,
approximations are sought.

3. Approximate optimal control

In the following, an adaptive control strategy is presented to
approximate the drift dynamics and control effectiveness fault
simultaneously. Using a computationally efficient local ADP ap-
proach that exploits BE extrapolation is used to estimate V*.

3.1. System and fault estimation

Since the drift dynamics f and control effectiveness fault pu,
are unknown, using the universal function approximation prop-
erty, NNs can be used to represent the system in (1) over a
compact set x C R" containing the origin as

)‘(:fO(X)+¢(X,u)@+85ys(x,u), (7)

where f° : R" — R" denotes the known nominal drift dynamics,
© 2 [vec(wl)', vec(WZT)T]T € RP, denotes an unknown
constant vector, and

oxuw 2 [(dl@0®L) (¢ W®E®AW)] € RV,
denotes the known regression matrix, where p £ pin + p,m,
W; € RPP*™ and W, € RP2*™ are unknown constant weight
matrices, ¢; : R" — RP1 and ¢, : R" — RP2 are user defined
basis functions, and &gy R" x R™ — R" is the total NN
function reconstruction error defined as &g (x,u) £ &1 (x) +

2 If different saturation constants «; are used, then the optimal controller
and HJB in (6) become u* (x) = —aTanh(M (VV*@®)") and 0 =
VV* (X)F (x) + Q¢ (X) + Far? ln(l - Tanhz(M (VV* (x))T)). respectively,

where « £ diag{oq, ..., oy} € R™M,

g (x) A (u) &5 (x). The unknown weight, function reconstruction
error, and known vector of basis functions are assumed to satisfy
the following.

Assumption 5. There exist ¢,, ¢,, & € R.o such that

supe, 91l < @y, sup,e, llgall < ¢, and sup,., |eys| < &
respectively. Furthermore, there exists W,, W3, € R.g such
that |W;]| < Wy and ||W|| < W5, and based on the definition of
O, || < O follows Kamalapurkar et al. (2018) and Lewis and
Liu (2013).

Motivated by the fact that our previous ICL approaches use
piecewise constant sample data that are collected online, a fil-
tered representation of (7) is incorporated here to aid in learning
the unknown weight ®. Moreover, implementable filter variables
X € R, & e R™P, and F; € R" are defined based on the
following low-pass filter structures

kj(f -|-Xf =X, k@i)f-l-@f :CD(X, Ll), (8)
ka +F =,

where k € R. (. Using (8), (7) can be represented as

. X(t) —xf (t)

X (1) = =T = F () + &5 () O + & (1) 9)

k

where & € R" is the filtered version of the non-measurable
total NN function reconstruction error &g, which by following
the notation in (8) is generated by ké; + & = &g (x, u). Note
that & is not implemented nor measured and is only used in the
analysis.

Furthermore, let P € RP*P and Q € RP be dynamic gain
matrices updated by the update laws

P = —tP + ky®T & +ka Y1 VT,

Q=—tQ+ kﬂ)}(x‘kxf - Ff)+ (10)

ka S0 T (x (6) —x (6 = T) = 7).

with P(to) = 0 and Q(to) = 0, where ¢, kg, € R.g, and k, € R>g
are constant update gains, T € R.g is a user defined integration
window, t; € [T,t] are points between the initial time and
current time, and M € N.g is the user-defined number of data
points in the history stack.® In (10), J; 2 fthT @ (x (1), u(r))dr,

Fi 2[5 x()dr, x(6) — x(G—T) = Fi + %6 + &, and

AGE ftt_T &ys (x (1)) dr. Based on the previous development, é
is designed using a least-squares approach as

o =proj{-ro(Poém-20)}, (11)
F@y=pr@)y—roPor, (12)

where 8 € R.( denotes the forgetting factor and proj {-} denotes
a smooth projection operator with respect to 2 C RP, such that
® € £2, which bounds the weight estimates.*

Numerical techniques are required to compute the integrals
which can cause errors to accumulate if large integration buffers
are used. Moreover, measurements may be noisy which can de-
grade data when implementing ICL techniques such as Parikh
et al. (2019) on hardware. The structure of (10) is a filtering
method that also provides a means to increase the minimum
eigenvalue of P, and hence the convergence rate of ® (t).

3 As stated in Lv et al. (2016), the regression matrix tIJde>f in (10) can aid
in increasing Amin {P} using the current state and input pairs. However, the
use of only ¢}¢f would require the stringent PE condition to be satisfied;

hence, Zf; yiTy,- is used along with the less restrictive measurable condition
in Assumption 6 to show convergence of the parameter estimates in Theorem 1.

4 See Dixon, Behal, Dawson, and Nagarkatti (2003, Chapter 4) for details of
the projection operator.
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Remark 1. By Assumption 5, @, &g € L. Integrating (8), using
the definitions for ); and &;, and then substituting the bounds for
@ and &gy, from Assumption 5, then &y, Vi, & € L. Hence,
there exist @r, &, J, € € R.g such that ﬂ@f | <@ |&f| <7
1Vl <Y, and || <é&.

Assumption 6 (Parikh et al., 2019).
There exists T; € R.o such that T; > T, and strictly positive
constants Ay, A, € R.o where A4, < Z?il yfy,- < Ml,, Vt >Tj.

Remark 2. In Assumption 6, A1 only requires a finite collection of
sufficiently exciting J; regressors to have Amin {Zf\i 1 y,-Tyl-} > A1

Moreover, Assumption 6 says that for all time after Zf; yl.T Vi
becomes full rank, then A3 £ Anin {P ()} > 0, where Ay, {-}
and Apnax {-} denote the minimum and maximum eigenvalues,
respectively, and I, denotes an n x n identity matrix.>°

Remark 3. The sufficient condition in Fan and Yang (201643,
Lemma 1) requires the summation of the history stack to be
positive for all time (i.e., Amin {Zf\i] yiTyf > 0 to hold for all t >
to). Hence the history stack needs sufficient initial data such that
it is full rank from to, which is difficult to ensure. Assumption 6
is less restrictive because it does not restrict the history stack to
be initially filled with data; and therefore Amiy Z?i ) yfyl-} >0
for t € [tp, T1). However, as input-output data is collected online
Assumption 6 indicates that the summation of the history stack
becomes positive definite such that Ay, {Zf/; yfyi} >A >0

for all t > T;. Unlike Fan and Yang (2016a), this switch in the
minimum eigenvalue of the collected input-output data makes
(11)-(12) a switched system. Theorem 1 shows stability during
both phases of learning.

Provided Amin {I"~" (to)} > O, using similar arguments to
Toannou and Sun (1996, Corollary 4.3.2), I can be shown to sat-
isfy I'l, < I' (t) < FI,,, where I” and I” are positive constants. To
facilitate the subsequent stability analysis, a Lyapunov function
candidate Vj : R? x Rs¢, — Ry is defined as

Vo (6,1) = (16, (13)
such that

1 ~ 02 ~ 1 ~ 2

=16l <vi@.0 < 5 o] (149

The following analysis shows that for the time interval t € [tg, T7)
the estimation error remains bounded because the matrix P is
positive semi-definite. For t > Ty, after a sufficient collection of
input-output pairs {V;, Ax;, J-‘,-}ﬁ‘i] have been collected to satisfy
Assumption 6 and P becomes positive definite, the estimation
error © exponentially decays to a smaller bound.

Theorem 1. The adaptive update laws in (11) and (12) ensure that
the estimation error ® remains bounded for all t > Ty such that

H@MBAC%ﬂm%+§W, (15)
r [
— L2

5 It is difficult to ensure the standard PE condition (c.f., Fan & Yang, 2016b;
Lv et al, 2016) is satisfied. However, data selection techniques (cf., Chowdhary
& Johnson, 2011; Kamalapurkar et al, 2017) can be used to help satisfy
Assumption 6, which can be checked with each new data set.

6 The basis @ and the history stack Zfil Y!'y; consists of bounded terms,
therefore it can be shown that P is upper bounded such that P < PI,, ¥t € Rxo
with P € R_g.

Ic
U1 2 2 ﬁ €2 £ i +2As, Aga & =2,

N (kpmfsf+kaMyg)
Vi =————F -

where co 2 ||© (to) || +

and sup; [lv1 (O] < vy, where

Proof. Substituting (9) into (10), then integrating yields
P (t) = kp ft; e—é(t—r)¢f (T)T @y (7)dt
e [ e M VT (1) 2 (1) dr, (16)
Q) =P()O —vi (D),

where v, is defined as

t
vy () 2 —/ e Ok, (1) &5 (T) dr
to

. M
_/ e*w”)kaZy,‘T () & (7) dr. (17)

to i=1

Substituting (16) into (11) for Q (t) yields

6 (t) = proj | (t) (P () & (t) — vy (1))} (18)

Using Remark 1, substituting the bounds in for @¢, ef, V;, & into
(17), and integrating yields ||v; (t)| < 1.

Furthermore, let z (t) be a Filippov solution to the differential
inclusion z (t) € K [h] (z (t)) for t € Rxy,, where K [-] is defined
in Filippov (1964) and h : RP+?* — RPP’ is defined as h 2

l@T, vec (1'"*1)T]T.7 Due to discrete collections of data points in
10), the time derivative of (13) exists almost everywhere (a.e.),
ie, for almost all t € R, and Vg (2) a'ee' \79 (z), where \79 (z) is the
generalized time-derivative of (13) along the Filippov trajectories
of z (t) = K [h] (z (t)) (Paden & Sastry, 1987). Using the calculus
of K [-], substituting (12) and (18), using the fact that P > 0 for
t € [to, T1) and bounding yields Vj (0, t) < < —uly, (6, 1)+ .
Since the set of discontinuities is countable, then V@ (@, t) and
Vy (O, t) are Lebesgue integrable over t € [to, Ty) such that

Vo (O (), t) < Vg (O (to) , to) e 1=
2
1 — e Pe1(t=to) —2 1
+ (1-e ) pa o (19)

where Ay1 £

CLEE. Since Amin !Zf‘; yfyi} > 0fort € [ty, Ty), us-
ing (14)in (19), ¥t € [t T) & ©) | = /% (|6 €] +22).

The matrix P depends on the collection of input-output data
and the filtered basis @f; hence, after sufficient data pairs
{):, Axi, F}M, have been collected to satisfy Assumption 6, a
similar argument as Ioannou and Sun (1996, Corollary 4.3.2) can
be used to conclude that P > 0 Vt > T;. Using the calculus of K
on the time derivative of (13), substituting (12) and (18), using
Assumption 6 and bounding yields

W6 ©.0% 216"+ 6] 5. 20

Completing the squares, using (14), and since V, (©,t) and
V (O, t) are Lebesgue integrable over t € R-r,

Vo (O (D). t) < Vy (B (Ty), Ty) e+
2
1>

+ (1 _ e*kﬁz(f*Tl))
FCL2

7 The projection algorithm is omitted from the stability analysis for ease of
exposition and without loss of generality (cf., Dixon et al.,, 2003).
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where Vg(@ (T1), T1> < V(O (to) . to) +

9,10

2 =28 1y
ETLzlvl . USlng (14)
results in (15).

3.2. Value function approximation

The solution to (6) is the value function V*, which is unknown.
However, using recent developments in ADP, computationally ef-
ficient state-following (StaF) kernels can be used to approximate
the value function. Based on the StaF method in Kamalapurkar,
Rosenfeld et al. (2016), let B, (x) < R be a compact set with
y € B, (x) and c (x) € B, (x), where ¢ : x — x! are centers around
the current state x € x. Adding and subtracting a known positive
definite function S : R" — R, using StaF kernels centered at x,
the optimal value function can be represented as

VEm =SSO +W® o ¢, c®)+e ), (21)

where ¢ : x — R is the continuously differentiable bounded
function approximation error, W : x — R! is a continuously
differentiable ideal StaF weight function, and o : x x x! — Rl is
a bounded vector of continuously differentiable nonlinear kernels
(Kamalapurkar, Rosenfeld et al., 2016).

Property 1. The selected function S satisfies S (0) = 0 and VS (0) =
0. Furthermore, there exist Icriown constants S, VS, ¢; € R.o such
that SUPyey v 1S W < S, SUPyey yemw IVS WII < VS, and

VS W < ¢ llyll. !

Using approximations for the ideal weight W, an approximate
policy i : RT x R x R™ x R — R™ and approximate value
function V : R" x R" x Rl — R are expressed as

A A R 12 A A
u (y, x, Wy, Wz) = —aTanh<f2 D(y. x, W, Wz)),
o
7 (y.x We) =5 0) + Wlo ¢.c 00, (22)

where E)(y,x W,, Wz) 2 GT(y, Wz) (VGT . c(x) Wy + VST
) G(rWa) £ g A (Wp2). and a(y. )
W2T¢2 (y) denotes the approximated fault.' In (22), WC, Wa €

R denote the critic and actor weight estimates, respectively.
Using the system parameter approximations @, substituting in
the approximate value function V and control policy i1 into (4)
results in a residual error § : Rl x R x R" x R" x R™ — R called
the Bellman Error (BE) computed as

) <y, x, We, Wy, @) =r ( By, x, W, W2)>

FW O (% We, 6) + o5 (y.% W, 6), (23)

8 The bound on Vy can be made smaller by increasing the number of neurons
to decrease &;, hence decreasing & which decreases v;. Furthermore, if there
is no function approximation €ITor, i.e. &5 (xX) = 0, then it can be shown that

o] =< CE(T[ ”() (to) ||, where c¢ 2 \/7 e

9 Although a switch occurs at the time instance t = Ty, the bound is valid for
all time before and after Ty, the Lyapunov function in (13) serves as a common
Lyapunov function.

10 Although the parameter estimation and control policy u are coupled in
(10), the stability analysis for the update laws in (11) and (12) only require
Assumption 5. Moreover, the control policy u is bounded because of the
hyperbolic tangent in (5) and (22). Hence, the stability analysis for system
identification can be done independently of the stability analysis of the system
n (1) and policy u.

11 Since S is user-defined, it can be selected to satisfy Property 1. An example

. . . . T
of a function S which satisfies Property 1 is ﬁ

12 The notation VW (¥, X, ...) denotes the partial derivative of W with respect
to the first argument.

A

wherew(y,x W, @) Yo (1, ¢ (%)) (f" )+ (y, (. % Wa,
W) 6).and s (1.5 W 6) £ V50 (1 010 (13
Wo, W2 )) 6).

Since the optimal HJB in (6) is equal to zero for all x € R" and

t € Rsy, it is desired to find a set of weights W, and W, such
that the BE is driven to zero.

Remark 4. Under the continuity assumptions on the dynam-
ics and the local cost, the admissibility restrictions detailed in
Assumption 3, and under the smoothness condition in
Assumption 4, the optimal value function can be shown to be the
unique positive definite solution of the HJB equation. However,
the HJB equation has many other solutions in addition to the
unique positive definite solution. Thus, minimization of the BE
does not typically guarantee that the resulting weight estimates
that approximate the positive definite solution tend to the ideal
weights corresponding to this unique positive definite solution,
as opposed to tending to the ideal weights corresponding to the
other solutions of the HJB that are not positive definite. In this
paper, approximation of the positive definite solution is implicitly
guaranteed via appropriate selection of initial weight estimates
and Lyapunov based update laws that guarantee stability of the
closed-loop, see Remark 7.

Remark 5. In the preliminary result in Deptula et al. (2018), a
term is only added in the approximate control policy i, making
the policy deviate from the optimal policy. In this work, a positive
definite function S is added and subtracted in (21) when approx-
imating the optimal value function; hence the candidate function
S serves as a pseudo-value function, and is also contained in the
optimal policy u*.

3.3. Online learning

To implement the approximations online, at each given time
instance t, the controller in (22) and BE in (23) are evaluated as
u (t) and §; (t), respectively, with y = x (t). Furthermore, leverag-
ing simulation of experience for BE extrapolation (Kamalapurkar
et al.,, 2018, Chapter 7), off-policy trajectories {x,— 'R" X Ryo —

R“} _, are selected such that x; (x (t) , t) € B, (x), then (22) and
(23) are evaluated with y = x; (x (t), t) to give an extrapolated
control policy &i; : R™ — R™ and BE §; : R>9 — R (Kamalapurkar,
Rosenfeld et al., 2016).3 To improve the critic weight estimate,
recursive least-squares update laws are designed as

kao (6) kez g @i (D)
o Oy L ®). @4

W, (t) = — T} (t) (

kero (1) o (1)
P2 ()

keo o @i (1) @ (1)
o2y 0 0 n, (25)
N ; P (t)

ﬁc(t):ﬁcrc(t)_rc(t) Fc(t)

with initial conditions Wc (tp) = Wco and I, (tg) = Ii. In
(24)-(25) ke1, ke2 € R>o denote learning gains, B, € R.o denotes
the forgetting factor, p(t) 2 14+ yo () w(t), and y € R.g

13 For notational brevity, the notation C;(---) is defined as G (---) 2
C(x(x(t),t),...), ie. the function C evaluated at the extrapolated policies

x; (x(t), t) € B, (x), and the notation C (t) is defined as C (t) 2 C (x(t),.
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is a constant normalization gain. The actor weight estimate is
improved via the designed update law

(Kt (Wa (6) = We ©) + kW ()
— KA () W, (1), (26)

W, (t) = —Kq

where A(t) £ 2O () 4 ko SN a0 ) G (1) 2

p2(t) o)
aVa(x(t))é(x(r),wz(r)) (Tanh( D(t)) Tanh( D(t)))

K, € R is a positive definite gain matrix, kg1, ko € Rsp are
learning gains, and ¢4 € R-¢ is a small user defined constant.'*
Furthermore, the states x and x;, and hence w and w;, are

assumed to satisfy the following inequalities.

Assumption 7. There exist constants T, € R.p and ¢,,C,,C5 €
Rso such that

N
1 i (t) ol (t
el < inf Ly ©
tGthO N o1 ,Di (t)

4 (1 X i (1) of (1)
/t (NZZ' dr, Vt € Ry,

i—1 pi (1)
t+Tp T T T
¢l < / <M) dt, Vt € Ry,
t p* (1)
where at least one of c,, ¢,, or ¢c; is strictly positive (Kamala-
purkar, Rosenfeld et al., 2016).

EzIL

IA

Provided Amin {27} > 0, using a similar argument to loannou
and Sun (1996, Corollary 4.3.2), the update law in (25) along with
Assumption 7 ensure the least squares gain matrix I satisfies
L < I < I, where I'., T'c are bounds positive bounds
(Kamalapurkar, Rosenfeld et al., 2016).

4. Stability analysis

In the following, a Lyapunov-based stability analysis is per-
formed to study the behavior of the closed-loop system. Further-
more, time dependence is suppressed for notational brevity. To
facilitate the analy51s the welght estimate errors are defined as
W, 2 W —W, and W, £ W —W,, and [(-)[] £ sup; g, [I(-)]| where
B: C x x Rl x RE x RP is a compact set containing the origin.

e e AT
Let Z & |xT, 0T, WI, w! ] and consider the positive definite
candidate Lyapunov function V; (Z,t) : R"™™24P x R, — R
defined as V; (Z,t) 2 V* (x) + W] 71 () We + WIK; "W, +
Vo (O, t), such that v, (I1ZI) < V(Z,t) < v (IZ]) for class K

functions v;, v : Rog — Rug, for all t € Ry, and Z € R™2LHP1
(Khalil, 2002, Lemma 4.3).

Theorem 2. Provided Assumptions 2-7 are satisfied, and Amin {H} >

0, /£ < v (W (&), where

4 _%ox  _ Pcx __ Yac
1 2 2 2
__Yox (A% _ P 0
R 2 16 2 ]
H = _ Px __ Yo keac _ Pac with L K, Qoxs Pexs
2 2 4 2
(% [ ka1+kap
_% 0 _% ( ¢ 4 @ — ‘paa)
Qacs Peo> Paa € Rsg defined in the Appendix and ¢ £ Zkﬁff
21l ¢

&)

5, then the approximate policy u (t), system state, and weight

4 If o is defined as « 2 diag {a1, ..., am} then G, (t) can be redefined as

Ga (D) 2 Vo (x (1) G (x ). W, (r)) a(Tanh(éfJ (t)) - Tanh(%ﬁ (t))).

approximation errors ©, W,, and W, remain uniformly ultimately
bounded.

Proof. Let z; (t) be a Filippov solution to the differential iIZIClelSiOI]
z1(t) € K[h](z (t) for t € Roy, and hy @ RYPHLEPTHE

. . . T
RMPH2L402 4 o defined as by £ [ZT, vec (Ffl)T | vec (F;l)T] )
Due to discrete collections of data points in (10) and

(24)- (26) the time derivative of V; exists almost everywhere and

VL (z1) e VL (z1), where VL (2) is the generallzed time-derivative
of (13) along the Filippov trajectories of z; (t) = K [h.](z (t))
(Paden & Sastry, 1987). Using the calculus of K[-] and V* =
VV* (F (x) + G (x) u) yields V, € VV*K [F (x) + G (x) ul+ W] !
K [W - Wc] — IWITSK [F] I7'We + WIK'K [v’v - Wa] -

or-'k o] - 16Tr Kk [F]r1é.

Substituting W = VW (F (x) + G (x)u), (4), (11), (12), and
(24)-(26) along with the analytical representations of the BEs
given by 8, = —w"W, + GIW, + A, and §; = —a)TWC + G W, +
Az, 1° then using Young's Inequality and completing with squares,

. a.e.
the Lyapunov derivative can be bounded as V; < —« ||% II?
~Z]HZ,~k |ZIP+ where Z, = [Ix] 8] o] e
R*. Provided the sufficient condition Amin {H} > 0 is met then
. a.e.
Vi < =« |1ZII*, VIIZ]| = /%, for all Z € Bg.

Hence, V| is a common Lyapunov function, and therefore,
Khalil (2002, Theorem 4.18) is invoked to conclude that the
concatenated state Z is uniformly ultimately bounded such that
limsup, ., IZ (Ol < v;' (Vi (/%)). Since, Z € Lq, it follows
that &, We, Wy, X € Lo, and therefore u € L. Furthermore,

since W is a continuous function of x, it follows that W (x) €
16,17
Loo. 16

Remark 6. The sufficient condition A, {H} > 0 can be satisfied
by increasing the gain kg, and selecting Qy (x), the penalty weight
R, and update gain K, with large minimum eigenvalues. For
system and fault estimation, increasing the number of neurons
p1 and p, can decrease the function approximation errors &y (x)
and &; (x), and increasing the size of the history stack can result

. .. . . M
in a larger minimum eigenvalue, i.e. Ay {Zi:] yiT Vi } Therefore,

selecting extrapolation points x; (x (t),t) such that c is large,
increasing the number of neurons for parameter estimations,
i.e. pp > n, p, > m, and selecting M > p will ensure the
sufficient condition is satisfied.

Remark 7. Since the Lyapunov analysis results in local uniform
ultimate boundedness, the convergence results are conditioned
on selection of an initial guess for the weights that is close
to the ideal weights which correspond to the unique positive
definite solution of the HJB as opposed to the ideal weights
that correspond to other solutions which are not positive defi-
nite. Appropriate selection of an initial guess and the developed

15 The terms A, and Ay are defined as A, 2 _Ap®® + AaWa + VSAs +
Ar + A and Ay £ —ApiPi0O + AqW, + VSiAg + A + A;, where @ £

[(45{ ®®) . (¢>£ ®® (—“g @A (Sg“ @)))]
1

Using Assumptions 2 and 5, the terms A, As, and Ay are bounded as
1 4all < Aq, 1451l < As, for Aq, As € Rug, and | 47| < [[(aTVW + Ve) Ly [xIl,

respectively. The functions Ay, Agi, A, A; : R" — R are uniformly bounded

over x such that the residual bounds ||Ag|l, || Agill, |All, ||A;ill decrease with
decreasing [[VS][, [VW], [le[l, and [l&]l.

17 Using Assumption 2 and the Mean Value Theorem between f (0) and f (x)
for x € x yields [If ()|l < L [Ix]l, where Ly € R.o.




P. Deptula, Z.I. Bell, E.A. Doucette et al. / Automatica 116 (2020) 108922 7

Lyapunov-based stability-preserving update laws implicitly en-
sure that minimization of the BE results in approximation of the
positive definite solution of the HJB equation as desired.

5. Simulation

To demonstrate the effectiveness of the developed method,
two simulations for a two-state nonlinear system are provided.
The control-affine system in (1) is considered with f (x) =

T
2 _xq—
I:_x1 + X, xz(cos(2x1)-2#2) X1 xz] and

g =[0, cos@x)+2]".

In the first simulation, a constant reduced effectiveness fault
is considered such that u, (x) = 0.5. Moreover, the drift dy-
namics are assumed to be linear-in-the-parameters (LP) and
an exact basis for system identification is provided. The ba-
sis to estimate f (x) the basis ¢ (x) is selected as ¢1 (x) =

[x1. %2, X2 (1 — (cos (2x1) + 2)2)]T with f° (x) = 0,7, while the
basis to estimate u (x) is selected as ¢, (x) = [1, (In(1251+
exp (x)))T]T. The StaF basis is selected as o (x, ¢ (x)) = [o7 (x,
1 (X)), 02 (%, 2 (X)), 03 (x, c3 ()", where o; (x,¢; (x) = x

(X+0.70g (0 di (%), i = 1,2,3, vg (x) 2 (%) and the

T

T
offsets d; are selected as d; (x) = [0, 1]7, d5 (x) = [ﬁ —1] ,and

2 2
T
dy, (x) = [—‘/j —1] . For BE extrapolation, a single point is se-

2°72
xTx+1><10’4>

lected at random from a uniform distribution over a ( 130 5xTx

X (%) square centered at the current state x (t). The
initial conditions and gains conditions are shown in Table 1.18
Fig. 1 shows the developed method regulates the system state
and input successfully to the origin for the first simulation. Specif-
ically, Fig. 1a and b show that the states and applied control
policy of the system converge to the origin. Fig. 1c shows that
the estimates of the unknown parameters, represented by W (t),

1, 1, 0
5, 0, —05

are known since the drift dynamics f (x) were modeled using
a known basis, i.e. €1 (xX) = 03.1. In Fig. 1d, the fault estimate
ilq converges to actual fault u, = 0.5; even though the fault
is estimated using an uncertain basis. Fig. 1e and f show that
the critic and actor weight estimates remain bounded. Since, the
optimal weights W (x) are unknown, the estimates cannot be
compared to their ideal values.

In the second simulation, a state-varying reduced effectiveness
fault is considered as jq (x) = 0.5 4 0.2 (1 — (max {tanh (x?) ,
tanh (xz)})z) sin (x1). The drift dynamics are assumed to be LP;
hence, an exact basis for system identification of f (x) is provided.
The basis to estimate f (x) is selected the same as in the first
simulation, while to estimate the fault u, (x), the basis ¢, (x) =

[1, (In (141 + exp (VZ}?)))T]T is selected, where X £ [1, xT]T and

V,, = U[0.25, 2] 1544. The rest of the parameters, apart from the
dimension of 6 (t) changing from a 7 x 1to a 11 x 1 vector,
remain the same as in the first simulation.

The results for the second simulation considering a state-
varying fault are shown in Fig. 2. Similar to the first simulation,
the system state and control policy converge to the origin, as
shown in Fig. 2a and b, respectively. Fig. 2c shows that the drift

7
converge to the true values W; = [—_O ] , which

18 The notation U [a, b] x 1,x, denotes a n x m—dimensional matrix with
entries selected from a uniform distribution on [a, b], and 1,.,, denotes a n x m
matrix of ones.

dynamic parameter estimates converge to close to the true val-
ues, which are represented by the dashed green lines. Moreover,
Fig. 2d shows that the fault estimate converge to the true fault at
around 4.5 s. Finally, similar to the first simulation, the actor and
critic weight estimates are shown to remain bounded in Fig. 2e
and f but cannot be compared to the ideal values since they are
not known.

To show the advantage of the developed approach in this pa-
per compared to the preliminary results in Deptula et al. (2018),
a comparison of the control policy, system states, and total cost
is performed. To provide a fair comparison, the gains are kept
the same for each method. The results are shown in Fig. 3 for
both the system subject to a constant fault as in the first sim-
ulation and a state-dependent fault as in the second simulation.
Shown in Fig. 3a and b, the developed result provides a smaller
control effort compared to the preliminary result. The developed
method also regulates the system to the origin faster than the
preliminary approach in Deptula et al. (2018), especially for the
constant fault case, as shown by Fig. 3c and d. Moreover, because
a smaller control effort is used and the system state is regulated
to the origin faster, the total cost is smaller when implementing
the developed method compared to the result in Deptula et al.
(2018). In Deptula et al. (2018), a robustness term was added
to the approximate controller. This term caused the controller
deviate from optimality, whereas in the developed method in this
paper, the approximate controller in (22) closely resembles the
approximate form of the control policy in (5) after substituting
n (21). This, and because the developed method in this paper
considers state-varying faults, results in the developed method
to better handle both the static and state-varying scenarios.

6. Conclusion

An infinite horizon regulation problem for a system with un-
known drift dynamics and control effectiveness fault is investi-
gated. An integral data-based system parameter estimator which
relaxes the PE condition is developed to simultaneously estimate
the drift dynamics and unknown control effectiveness pertur-
bation. Furthermore, the problem is posed as an optimal regu-
lation problem and a local StaF-based ADP method is used to
approximate the optimal value function weights. Uniformly ul-
timately bounded convergence is shown via a Lyapunov stability
analysis for the closed-loop system. Simulation results for a two-
state nonlinear system are included and compared to preliminary
results to illustrate the performance of the developed method.

The developed method focused on a state-varying control
effectiveness fault with unknown drift dynamics; however, many
systems experience faults that occur at random times and are
subject to state-constraints, which can cause potentially unsafe
systems. In addition, many systems experience biased faults
which degrade controller performance. These different scenarios
serve as motivation to possibly investigate the development of
a safe ADP approach such as Yang et al. (2019). A topic of
future research would be to investigate an ADP approach which
considers randomly occurring faults and biased input faults in
systems that may be subject to state constraints.
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Fig. 1. The system trajectory (a), approximate optimal input (b), estimates of the unknown parameters (c¢) and fault (d) using the update laws (11) and
(12), and estimates of the critic (e) and actor (f) weights using the update laws (24)-(26), respectively. The constant fault, shown in Fig. 1d, is estimated as
g () = W2T (t) ¢y (x (t)) and converges to the true fault u, (x) shown by the dashed green line.

)
—a(t)

0 —() = J/hwl(t)'
" 2 &= 0
4 e =1

0 5 10 15 0 5 10 15 0 5 10 15

time (sec) time (sec) time (sec)

Q) (©) (9 |

— 4 —Wa(®)

. ,n(t)

“: N Vas (1)

time (sec)

Fig. 2. The system trajectory (a), approximate optimal input (b), estimates of the unknown parameters (c) and fault (d) using the update laws (1

time (sec)

tlrne (bec)

1) and (12), and
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g () = WZT (t) ¢y (x (t)) and converges to the true fault shown by the dashed green line.
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Fig. 3. The comparison of the applied control policy u (t) (Fig. 3a and b), system state x (t) (Fig. 3c and d) and total cost (Fig. 3e and f) between the designed method
and the method in Deptula et al. (2018). Fig. 3a, ¢, and e represent the results for the constant fault while Fig. 3b, d, and f represent the results for the state-varying
fault. In each figure, the blue squares represent the developed controller in this paper, while the green circles represent the controller in the preliminary result
in Deptula et al. (2018).
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Table 1

Initial conditions and parameters for the first simulation.

Initial conditions at tp =0

x(0) = [1.0, —1.0]", W, (0) =
I (0) = 1015, 6 (0) =

U[2,3] x 131, We (0) = 0.7 x W, (0),
U[0.25, 1] x 1gx1, I" (0) = 50I.

Penalizing parameters

Q(0) =x"qex, gy =1.25L,, R=

F=02, a=2, 8@ = &¥x,

1+xTx

Gains and parameters for ADP update laws

ke = 0.001, ke = 0.9, kg = 0.75, kg = 0.02, y; =0.05, B, = 0.005, K, =I5, ¢¢ =0.02, N =1.

Gains and parameters for system identification

M =30, T=0.01, £=1, kf = 0.1, k, = 0.0001, kg = 10, g = 10.

Appendix. Auxiliary terms

To facilitate the analysis in Section 4, k € R. is defined as k¥ £

min {% o kot W} and the constants @gx, Qe Yac, Peos

¢aa € R are defined as gox 2 | VS + WTVo + aTVW + Ve
©gCs, Pep ket 16fllﬂqb Ml + kap S, mf 3 Al @gll,

G & ka + kalsquan + kg Tiny 22 T4l + £
IVWlgeW2lIVoll, o 2 7- VWL + ker me( oTVW + Ve |
L+ k2R T+ LTI W, g & s W
wiWcs + kals (o * T (R))nwnWiEZchs), w2
(i TVWlesWa V01 + 5 L (ad + 5l ) TWIW;958°

+

k __ — _

(kYo" + %2 XL, TVGl) ). where ¢, gua%m@g-
42

Furthermore, the constant ¢ € R.q is defined as: £ (4 + i1 + C:‘j +

2
c

2
keac T (kg1 +kuz)

— 2T
g (kc]uwn WT +

. 5
I+ %57 16f <°‘§ + ZAm,n(R)> 2¢2

25, (ol TWI +c Il ) ) TWT
P ||VW||<ng2||Va||||W|| + | VS +WTVo +0oTVW + Va||
GWallVol, 2 LTVWIgWIValIW] + k

where 14 £ kg||

C1]6f

TAT + kof X0, 22 (vsnAs,n +Jas[ +TAT). w2
HVS +WTVo +oTVW + Ve g [ Vo [[W],

2 |VS+WTVo +oTVW + Ve |8ty 3 . (R) £,8¢C;, and 14 2
w72 | VS+WTVo+oT VW+Ve||gi,
ar 2min(®

x | A (W] ¢z +&2) 8T (VWTo + VeT) + A (e2) g"VaTW .
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