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Adaptive Identifier-Critic-Based Optimal Tracking
Control for Nonlinear Systems With
Experimental Validation

Jing Na™, Member, IEEE, Yongfeng Lv

and Jun Zhao

Abstract—This article presents and practically validates an
identifier-critic-based approximate dynamic programming (ADP)
method to online address the optimal tracking control problem
for nonlinear continuous-time unknown systems. The imposed
assumption on precisely known system dynamics is obviated
via a neural network (NN) identifier. A static control is first
adopted to retain the steady-state tracking response, while an
optimal control derived via the ADP method is proposed to reg-
ulate the tracking error by minimizing a cost function. A critic
NN is then trained online to obtain the solution of the associated
Hamilton-Jacobi-Bellman (HJB) equation. The learning of the
identifier NN and critic NN is performed online simultaneously
by tailoring a novel adaptation method, which can guarantee the
convergence of the estimated NN weights. Consequently, the critic
NN can be used to construct the optimal control policy directly,
such that the actor NN used in the previous ADP schemes is
avoided. Simulations are performed to verify the suggested con-
trol, and experiments on a helicopter plant are carried out to
show its feasibility and improved control response.

Index Terms—Adaptive dynamic programming, adaptive con-
trol, neural network (NN), optimal control.

I. INTRODUCTION

HE PRIMARY tracking control design objective is to

find proper control actions such that the state (or out-
put) of a system can track a given trajectory. Among different
control schemes, adaptive control [1] has been developed for
systems with uncertain parameters. To minimize a predefined
cost function, optimal control [2] has been derived based on
the Pontryagin’s minimum principle. Although it is practi-
cally useful, classical optimal control was solved offline based
on fully known system dynamics [3]. Hence, some effort has

Manuscript received February 8, 2019; revised December 24, 2019 and May
5, 2020; accepted June 8, 2020. This work was supported by the National
Natural Science Foundation of China under Grant 61922037 and Grant
61873115. This article was recommended by Associate Editor T.-M. Choi.
(Corresponding author: Jing Na.)

Jing Na and Jun Zhao are with the Faculty of Mechanical and Electrical
Engineering, Kunming University of Science and Technology, Kunming
650500, China (e-mail: najing@ 163.com; junzhao1993@163.com).

Yongfeng Lv is with the School of Automation, Beijing Institute of
Technology, Beijing 100081, China (e-mail: lvyilian1989 @foxmail.com).

Kaigiang Zhang is with the Remote Applications in Challenging
Environments, U.K. Atomic Energy Authority, Abingdon OX14 3DB, U.K.
(e-mail: kaigiang.zhang @ukaea.uk).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TSMC.2020.3003224

, Graduate Student Member, IEEE, Kaigiang Zhang
, Graduate Student Member, IEEE

, Member, IEEE,

been recently made to use adaptive techniques in the optimal
control synthesis. Specifically, optimal control can also be
solved via the reinforcement learning (RL) algorithms [4].
In this line, Werbos [5] introduced an RL-based approximate
dynamic programming (ADP) with a critic—actor framework,
which employs two neural networks (NNs) to obtain optimal
control solutions. This idea has been further developed for
solving various optimal control problems [2], [3], [6]-[14].

The ADP approaches have initially been developed
for discrete-time (DT) systems [10], [15]-[20], whereas it
is a nontrivial challenge to develop ADP control algo-
rithms for continuous time (CT) systems [2]-[4], [6], [21].
Abu-Khalaf and Lewis [22] proposed an offline ADP scheme
to design an approximately optimal control. In [3] and [23], an
integral RL-based online policy iteration (PI) was developed,
where a critic NN and an actor NN are trained sequentially.
A synchronous ADP algorithm [24] was further proposed,
with both the critic and actor NNs being trained simultane-
ously. To relax assumptions on accurate system dynamics,
an identifier-critic—actor ADP structure was presented using
an identifier to estimate the unknown drift dynamics [25]. It
is noted that the convergence of identifier NN weights was
not addressed, though the identifier output error converges to
zero in [25]. The work of [26] further relaxed the assump-
tion on the input dynamics and presented a new adaptation in
terms of the experience replay method. Note that an extra actor
NN is used in these ADP schemes to derive control actions,
thereby, imposing demanding computational costs. In paral-
lel, Jiang and Jiang [27], [28] presented a new PI method,
which solves the algebraic Riccati equation (ARE) to find an
optimal control of linear CT systems without the need for
NNs. Recently, an off-policy RL scheme [29] was also used to
solve robust control of uncertain systems using an optimal con-
trol method. However, all of the above results address optimal
regulation problem only.

Compared with the optimal regulation problem, the track-
ing control is more complicated due to its noncausal prop-
erty [2], [30]. The inverse optimal control [31], [32] was
studied for specific systems to minimize the cost function with-
out solving the Hamilton—Jacobi-Bellman (HJB) equation.
Alternatively, an NN approximator was used in the optimal
control design of linear systems [33]. However, ADP-based
optimal tracking control of nonlinear CT systems has been
less developed in comparison to the optimal regulation. In
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fact, the existing ADP solutions for optimal tracking control
can be mainly divided in two categories: In [34] and [35],
linear quadratic output tracking of linear systems was solved
by using a system augmentation approach, where the track-
ing error dynamics and command generator are merged into
one augmented system. However, extension of this idea to
fully unknown nonlinear systems is challenging. Another solu-
tion for optimal tracking control was given in [36], where
a static control is used to transform the tracking control of
the original system into the optimal regulation of an induced
error system. In this line, the work of [37] combined the
system augmentation and steady-state control to present an
optimal tracking control for uncertain systems. The subse-
quent work [38] adopted a concurrent-earning-based identifier
for tracking control of nonlinear systems with unknown drift
dynamics. In [39], Q-learning was incorporated into the lin-
ear virtual reference feedback tuning to achieve a model-free
tracking control. An observer was used together with the
critic—actor-based ADP control in [40] to remedy the unknown
system state and dynamics. However, these optimal track-
ing controllers all depend on the identifier-critic—actor-based
ADP structure. The other issue is these approaches require
an extra actor NN to prove the closed-loop stability, because
the convergence of the identifier NN weights is not addressed
for the adaptive laws designed via the gradient descent
algorithm [36]. Hence, this ADP structure with triple approx-
imators has slow convergence speed and heavy computational
costs. This problem was tackled in our previous work [41] by
developing a dual approximator-based ADP method. However,
the input dynamics of the system are assumed to be a known
constant in [41].

This article proposes and practically validates a simpli-
fied ADP framework based on an identifier NN and a critic
NN only, motivated to solve the optimal tracking control
problem of nonlinear systems with fully unknown dynam-
ics. Specifically, an error feedback term is used to enhance
the convergence in this work, therefore, remedying previously
imposed assumptions on the input dynamics [41]. Then a com-
posite control with a steady-state control and an optimal
control is suggested. First, an NN identifier is constructed to
online estimate the unknown dynamics. The identified dynam-
ics are used to retain the steady-state tracking response, while
the optimal control is then proposed to regulate the control
error and minimize a cost function. To realize this optimal
control, a critic NN is trained online to solve the derived
optimal equation. Both the identifier NN and critic NN can
be trained simultaneously by using adaptive algorithms with
the obtained estimation error [42]. Since this adaptation is
designed to ensure the convergence of the NN weights to
unknown ideal values, the critic NN can be utilized to directly
derive the optimal control action. Therefore, the widely used
actor NN is avoided, resulting in an effective ADP frame-
work with dual approximators, reduced computational burden,
and fast convergence. Consequently, it can be seen that the
adaptive laws presented in this article are different to the
Least-Squares [25] or Levenberg—Marquardt algorithms [24]
in other ADP schemes. Simulations are given to verify the
proposed methods. More specifically, practical experiments
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are carried out on a Quanser helicopter to exemplify the
proposed ADP method and demonstrate its improved control
performance.

In brief, this article has the following contributions in
comparison to other ADP methods.

1) An identifier-critic-based ADP scheme is used. This
scheme has a dual approximation structure, resulting
in reduced computational costs. Since the identifier and
critic NNs are trained via a novel adaptation rather than
the classical gradient schemes [24], [25], [36], the con-
vergence of critic NN weights can be retained. Thus,
the actor NN used in the existing identifier-critic—actor-
based ADP structure [25], [36] is avoided.

2) The previously imposed assumptions on the accurate
model of drift dynamics [3], [24], [37] and input dynam-
ics [36], [38], [41] are obviated. This work suggests an
improved identifier over previous work [41].

3) Practical experiments are given to exemplify the
presented ADP method, besides numerical simulations.
It is found that the steady-state control with an optimal
compensation derived via ADP can achieve better track-
ing performance.

The problem formulation is shown in Section II. The NN
identifier is designed in Section III. Section IV gives the
adaptive optimal control design. Simulations and experimen-
tal results are provided in Sections V and VI to validate
the proposed control method, respectively. Section VII draws
some conclusions.

II. PROBLEM FORMULATION AND PRELIMINARIES

A class of nonlinear affine multi-input multi-output (MIMO)
systems are considered as

(1)

where x € R”, u € R™ are the system state and control vectors;
f(x) € R" and g(x) € R™" are unknown functions.

The aim of this article is to design a controller u(f), which
not only guarantees that the state x(f) of system (1) tracks
a given reference trajectory x4(#) but also makes the tracking
error converge to zero in an optimal manner, i.e., to minimize
a predefined performance index [36] given by

X =f(x)+gmu

o0
View) = / r(e(r). u())ds @)
t

where e = x—x4 denotes the control error, r(e, o) : R" xR" —
R with r(e(t), u(r)) > 0 is the utility function; x4(¢) and x;(¢)
are bounded references to be tracked; f(x) 4+ g(x)u is Lipschitz
on a compact set €2, thus system (1) is stabilizable [24]. The
tracking error e(¢) is utilized in the cost function (2) as this
article studies optimal tracking control problem. In order to
address the unknown dynamics in system (1), we first propose
an NN identifier, and then use the reconstructed dynamics to
design a controller that realize an effective composite control
with a new ADP scheme.

Definition 1 [1]: A vector or matrix ¢ is persistently
excited (PE) if there exist constants T > 0,& > 0 such that
[T o¢T (ndr = el, ¥1>0.
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Throughout this article, Amax(-) and Apin(-) represent the
maximum and minimum eigenvalues of matrices.

III. ADAPTIVE NN-BASED IDENTIFICATION

To handle the unknown dynamics in system (1), an adaptive
identifier is proposed. Without loss of generality, the unknown
dynamics f(x), g(x) are assumed to be smooth functions on
a compact set €2, and thus approximated via NNs [43]-[45]
as

f) =08() +¢p, &) =1+ 3)

with 8 € R™% e R"™kv the ideal NN weights, £ € R*,
¢ € Rk ™ the regressors, and &f, € the approximation errors.

Substituting the NN approximation (3) into system (1), we
can rewrite system (1) in a compact form as

&= Wlp1(x,u) + er 4

with Wi = [0, ¥]7 € R the augmented weights matrix,
o1, u) = [ET), uT cT(0)]" € R? the augmented regres-
sor for d = kg + ky, and e7 = & + gou the augmented
NN error. Note that the NNs can also be replaced by fuzzy
systems [46]-[48]. In practice, the basis function in the regres-
sors &, ¢ can be implemented by sigmoid functions. For
specific systems where the unknown nonlinearities can be
formulated in the linearly parameterized form as (3), the
regressors can be designed based on the plant information as
shown in the case studies (see simulations in Section V).

As shown in [25], we know that the NN regressors &, ¢,
and approximation errors &f, &, are all bounded. Based on
Weierstrass theorem [22], [24], it is true that the NN errors &f
and ¢, will vanish as the number of neurons increases (i.e.,
kg, kw — OO)

Remark 1: Some recent works have reported several adap-
tive identifier designs for system (4), e.g., [25], [36] and
references therein. However, the adaptive laws used to update
the NN weights are driven by the identifier output error (the
error between x and the identifier output x), so that the conver-
gence of identifier NN weights cannot be retained. This article
will address this issue by developing a new adaptive law that
guarantees the convergence and simplifies the control design.

We first impose filtering operations on the measured x and
¢1 in (4) to obtain the filtered variables x and ¢y as [49]

Kty =2 5)
keiy + d1p = 1
where k£ > 0 is a filter coefficient.
Based on (4) and (5), it can be verified
=T T 6
f= = 1017 + ey (6)

where e7y is the filtered bounded error kézy + e77 = er.
The auxiliary matrices P| € R4*d and Q; € R¥*" now can
be calculated as

Py = —L1P1 + b1, P1(0)=0
. ey 1"
01 =-t101 +¢y[ 2] @1 =0

where £1 > 0 is a forgetting factor to guarantee the bounded-
ness of Py and Q.

(7

The aim to introduce the filters in (5) and variables Py, Q;
is to online calculate the matrix M| € R4 ag

My =P\W, - Q. )]
With the matrix M1, the NN weights can be estimated by
W) = —I'\M; ©)

with 'y > 0 is the learning gain. The motivation of introducing
the auxiliary matrices P; and Qg is to extract the estimation
error variable M, which enables the adaptive law (9) to retain
convergence of the estimated NN weighted, using the known
system dynamics x, @1.

The PE condition is necessary for guaranteeing the con-
vergence of the adaptive laws in [22], [24], [25], and [36].
In this work, the relationship between the PE condition and
the positive definiteness of matrix P; is first investigated as
follows.

Lemma 1: Suppose the augmented regressor ¢; is PE, then
Py is positive definite, i.e., there exists a constant o7 > 0 such
that Apin(P1) > o1.

Proof: The transfer function of (5) is given by 1/(ks + 1),
which is stable, minimum phase and strictly proper.
Consequently, the PE property of the filtered regressor ¢if
equals to the PE property of ¢ [1].

Suppose ¢; is PE, indicating ¢ir is PE, then from
Definition 1, the PE condition ftl+r qblTJc(r)qﬁlf-(r)dr > el is
equivalent to f;r ¢1Tf(r)¢1f(r)dr > ¢l for t > 7 > 0. Hence,
the following inequality is true:

t
e hir d)ﬂ(r)(mf(r)dr > e liTel.

-t

(10)

Within the time interval r € [t — 7, t], we know t —r < T,
and thus e 10— > =07 - () holds, such that

t t
/t » e TGl (s (dr = /

-t

e TPl (N pip(r)dr
(11)

> e lTgy,

Moreover, it can be verified for all + > v > O that

t t
/0 1Y ()iy (r)dr > /

-t

e Gl (i (rdr.
(12)
From (11) and (12), one can conclude that
t t
P = fo Gy = e [ gl oy war
-7

e el (13)

v

Hence, P; is positive definite, therefore, Apin(P1) > o1 > 0
is true with o7 = e “17¢. This finishes the proof. |

Remark 2: Although the PE condition is well-recognized
in the ADP literatures [22], [24], [25], [36], it is difficult
to test the PE condition directly [1]. Lemma 1 shows that
the PE condition implies the positive definite property of Pj.
Therefore, it is possible to online validate the PE property
by assessing whether Amin(P1) > o1 > 0. This online verifi-
able condition Apin(P1) > o1 > 0 is used in this article and
it also provides a feasible method to test the PE condition.
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However, Lemma 1 does not necessarily show the relaxation
of the PE condition, though this can also be done by using
the concurrent-learning or experience replay (see [26], [38]).

The main conclusion of this section is presented as follows.

Theorem 1: For nonlinear system (4) with the adaptive algo-
rithm (9), if ¢, satisfies the PE condition, the identifier weights
error W, = W) — W, converges to a small set around zero.
Moreover, in the absence of NN approximation errors (i.e.,
er = 0), W1 converges to zZero.

Proof: We first derive the solution of (7) as

Pi(t) = [ye 11 (0@ (ndr

01) = 110 gy [ 220 ar. Y

Then from (6)-(14), it can be validated that
01 =P1W; —v (15)
with v; = — fot e‘ll(’_’)tblf(r)s;f(r)dr being a bounded term

since the regressor ¢y and error g7 are all bounded, that is
lutll < ey for g1 > 0.
From (8) and (15), one can verify

M]=P1W1—P1W1+U1=—P1W1+U1. (16)

Here, the matrix M; contains the information of estimation
error Wi. In this sense, the proposed adaptive law is an
improved gradient algorithm to minimize the estimation error
rather than the observer error used in other ADP schemes.
Given a Lyapunov function Vi = tr(WlT r l_lﬁf])/Z, V1 is
obtained along (9) and (16) as

Vi = tr(WlTFl_leVl) = —tr(W] PyW) + tr(W] vy)

= = [Will (e [Wi] = 1) (17)

Based on the Lyapunov Theorem, the error W converges to
a small set around zero 2 : {W1|||W1|| < &y1/01}, whose
ultimate bound is determined by the NN error ¢7 and o7y.

Moreover, in the ideal case of e = 0 and thus vy = 0, (17)
is reduced to

Vi = —tr(WIPWh) < = [W1]* < =yt (18)

with u; = 20 /Amax(I‘l_l) a positive constant. Equation (18)
implies that W, exponentially converges to zero. |

Remark 3: As shown in the proof of Theorem 1 [e.g., (16)],
the variable M defined in (8) includes the estimation error Wi
with a bounded residual error v;. This residual error vy will
vanish by using sufficient neurons in the identifier NN (4) as
shown in [22]. Thus, in this article, M is adopted to design
the adaptive law (9) to achieve the convergence of Wl to Wj.

IV. OPTIMAL TRACKING CONTROL DESIGN

The optimal tracking control is designed by incorporating
the identified dynamics into the ADP synthesis. Therefore,

system (1) can be rewritten as
k=0800) + Ye@u+ey +er (19)

where § and 1} are the estimates of 6 and . Here, 6 and
Y can be derived from W; given by the adaptive law (9).
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e Optimal e
Con‘trol +y u Systom

X({,C Steady-state u; A+ [ x =S () + g
- + corﬁrol

Y .

02 (x)
Fig. 1. Designed ADP-based control system structure.

EN = W1¢1 denotes the identifier error, which is also bounded
as W, is bounded (proved in Theorem 1) and the NN regres-
sor ¢ is bounded. Thus, we have |ley|| < ny for a positive
constant ny.

For the purpose of tracking control design, the tracking error
can be defined as e = x — xy, so that

e=k—ig=00)+Vcu+ey+er—ia.  (20)

The objective of tracking control is to design a controller such
that e — 0 in an optimal manner. Thus, a composite control
action u with two parts [36], [41] can be designed

2

U=ug~+ Ue

where u, is used to retain the steady-state performance, which
should compensate the undesired system dynamics, and u, is
used to regulate the tracking error by minimizing a given cost
function. The schematic of the proposed identifier-critic-based
optimal control system is shown in Fig. 1.

A. Steady-State Control

As aforementioned, uy should be designed to guarantee an
ideal tracking performance e = x — x4 = 0 for (20). Hence,
ug needs to compensate for the effect of 12 s(x), éé (x), and it
can be designed as

ua = &) ia — 05 — Kee| (22)
with K, > 0 the feedback gain, 2T(x) =
([I/A/g(x)]Tl/Afg(x))_l[x@g(x)]T is the Moore-Penrose inverse
of matrix 1} ¢(x) as used in [37] and [38]. To avoid the
potential singularity in calculating 27 (x), the projection
operator in [25] can be applied to the adaptive law (9), such
that 1/}g(x) # 0 is retained. Clearly, uy can be obtained based
on e, g and ¥ ¢ (x), O&(x) from identifier (4).

Then by substituting (22) into (20), the dynamics of tracking
error e are described as

¢ = —Kee +yc(x)u, + ey + er. (23)

With the help of steady-state control (22), the tracking error
in (20) is simplified to (23). Consequently, the optimal tracking
control for system (19) is reformulated to the regulation of
system (23) by using an optimal control u,. In comparison
to previous work [41], the imposed assumption on the input
dynamics g(x) is removed and a feedback term K,e is added
in the steady-state control to enhance convergence.
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B. Optimal Control

In this section, a simplified ADP framework with a critic
NN only will be introduced to design u, to stabilize (23).
As explained above, the steady-state control u; can compen-
sate for the undesired dynamics lﬁg(x), éé (x) and reduce (20)
into (23). Therefore, the cost function (2) can be reformu-
lated as

o0
Ve = [ e u(ends 4)
t
with r(e, u,) = e’ Qe+ul Ru, the utility function of the track-
ing error e and optimal control u,, where Q and R are the
weighting matrices.
To solve the optimal control problem of system (23), the
Hamiltonian is given as

He e, V) = V! | ~Kee + e +en + e |

+ e’ Qe + ul Ru, (25)

where V, £ 3V /de is the partial derivative of V.
Then based on the optimality principle in [2], an optimal
cost function V* can be denoted by

(0.¢]
V*(e) = min (/ r(e(t), ue(e(t)))dr> (26)
ueeW () \ J;
which must satisfy the following HJB equation:
0= min [H(e, u}, V*)]. (27)

u. €W (2)

The optimal control « is then derived based on (25)—(27)
by using dH (e, u}, V*)/ou; = 0 as

» Heo

ue=——R [isw] =

To implement optimal control (28), the HJB (27) should
be solved to provide V*. However, it is generally difficult
to solve (27) as it is a nonlinear partial differential equa-
tion (PDE). Inspired by the ADP principle [3], [22]-[25],
a critic NN is used to estimate V*. Assuming V* is a contin-
uous function on the compact set 2, V* can be approximated
by a critic NN in the following way:

ToV* (e)

(28)

Vi(e) = Wida(e) + &y (29)
where its partial derivative 9V*(e)/de is given by
aV*(e
Be( ) _ VoI W, + Ve, (30)

Here, W € Rland Pa(e) € R! are the critic NN weights and
regressor vector. &, is the critic NN error. / is the number of
NN nodes. V¢, = d¢,/de and Ve, = d¢,/de are the partial
derivatives of ¢, and &,.

By using (28) and (29), u} can be given as

ujz——R [wg(x)] (VoI W, + Ve,). 31)

Assumption 1 [22]: The NN weights W», regressors ¢ (e)
and V¢y(e) are bounded by W2l < Wy, |é2ll < ¢n,
IV@all < ¢p. The error Ve, is also bounded by ||Ve, || < ¢..

In the control implementation, the regressor vector ¢, can
be selected such that its components {¢ri(e) : i = 1,...,1}

provide an independent basis of V*. Based on the Weierstrass
theorem [22], [24], it is true that the approximation error and
its partial derivative &,, Ve, — 0 in the critic NN (29), (30)
for | — +o0.

Since the critic NN weights W> in (29) are unknown, the
practical critic NN output V(e) to estimate V*(e) is

W3 ¢a(e)

where W, is the estimated NN weights to be updated via the
online adaptation algorithm to be presented.

Then from (28) and (32), the practical optimal control is
described by

Vie) = (32)

[xlf()]J

. 1
Ue = —ER

1 -
= 3k [Isw] vel@w, (33)

with 8V (e)/de =
output.
Consequently, the practical composite controller u is

V¢2T W, the derivative of the critic NN

U= ug+ U, (34)

where u, is the steady-state control given in (22) and #, is the
optimal control defined in (33).

Remark 4: In most of existing ADP control designs for (23)
(e.g., [22]-[25] and references therein), the classical critic—
actor structure is utilized, where a critic NN and an actor
NN are used to approximate the value function and the con-
trol policy, respectively. Hence, they need fairly long transient
to achieve convergence and significant computational costs.
Moreover, most of these approaches either run offline [22],
[23] or assume that the system dynamics are known [24], [25].
In contrary to these approaches, the ADP framework proposed
in this article uses the critic NN only to derive the optimal con-
trol as (33). This could reduce the computational cost since
the actor NN is not needed. Moreover, both the identifier and
critic NNs are updated simultaneously in this article, leading
to a synchronous implementation rather than the sequential
scheme in [3].

C. Updating Critic NN Weights

The final problem to be addressed is to present an online
learning scheme to derive the critic NN weights W, for con-
trol (33). For facilitating the following developments, the HIB
equation (25) with (30) is rewritten as:

0= W2TV¢2[—Kee + I/Afg(x)ue] + eTQe + ueTRue + exyB
(35)

where erp = W1 V(e + e1) + Ve (—Kee + Vcue + ey +
er) is the residual HIB equation error, which is bounded and
sufficiently small with sufficient amount of NN nodes in the
critic NN [22], [24]. This is because ey, e — 0 holds if we
set kg, kyy — 400, and Ve, — 0 is true if we set | — +o0.
It can also be found from (35) that the convergence of W is
essential for the convergence of W, since the identifier error
ey is involved in the residual error term egjp.
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Define & = Vo[ —Kpe+ 1 ¢ (x)u.] and © = e’ Qe+ul Ru,,
so that the HIB (35) is reformulated as

©=-WIE—eyp. (36)

It can be found from (36) that the weights W> to be updated
appear in a parameterized formulation. Therefore, the adapta-
tion design proposed in Section III can be further tailored to
estimate W, rather than to minimize the HJB equation error
enp by using the gradient method in [24], [25], and [36]. In
this case, the convergence of W, to W, can be proved.

The auxiliary matrix P, € R>! and vector O € R! can be
calculated as

{Piz = —€2P2 + EET, Pz(o) = 0 (37)
O =—00+EO, 0:(0)=0
with £ > 0 the forgetting factor as used in (7).
The adaptive law for updating W, is represented by
Wy = —T2M, (38)

with I, > O the learning gain. The vector M, € R! is derived
from the variables P> and Q; in (37) by

My = P,Ws + Q). (39)

Similar to Lemma 1, the following lemma is true.

Lemma 2: The PE condition of the regressor E in (36)
implies the positive definiteness of matrix P, in (37), that is
Amin(P2) > oo > 0 for a constant o».

The convergence of adaptive law (38) is given as

Theorem 2: Considering adaptive algorithm (38) for critic
NN (32), if the regressor & in (36) is PE, then the weights
error Wo = Wo — Wa converges to a small set around zero.
Moreover, for null NN error gz = 0 thus, W2 converges to
zero exponentially.

Proof: The solution of (37) can be deduced as

Py(t) = [y e 2 EMNET (ndr
0s(1) = [y e 2 MOET (r)dr.

From (36) and (40), it holds Q» = —P, W, + vy, where vy =
— fot e~ 2N e p (P E (r)dr is bounded by a positive constant
ev2 as [lua]l < eva.

Then, (39) is further derived as

(40)

My = PyWy + Qs = —PoWa + vs. 1)

Hence, M, contains the information of estimation error, and is
used to derive the adaptive law with guaranteed convergence.
Select a Lyapunov function as V, = V~V2T ry 1W2 /2, then Vs is
calculated from (38) and (41) as

VQ = W;r;]ﬁ@ = —ngzﬁ/z + ngz
< —o|Wa|* + Wivs < —[Wa| (02| Wa | — eu2). 42)

Based on the Lyapunov Theorem, it follows that W> will con-

verge to a small set €2, : {VV2|||VV2|| < &y2/02}, whose size is

determined by the NN error ¢, and the excitation level o7.
Moreover, in the ideal case of eyyjg = O (and thus

vy = 0), (42) is reduced to

Vo= W) PaW, < —0n | Wa ||2 < —u2V2 (43)
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where y = 207 /Amax(I'y 1) is a positive constant. Thus, the
NN error W will converge to zero exponentially. |

As shown in Theorem 2, the estimated weights W converge
to a set around W5. Thus, Wz can be used to directly calculate
optimal control (33), so that the actor NN can be avoided. This
suggests a simplified ADP method with dual approximators.

Remark 5: In the proposed ADP scheme, the filter constant
£; in (7) and (37) is a forgetting factor to retain the bounded-
ness of P; and Q;. This constant introduces a d.c. gain 1/¢;
for the filter 1/(s 4+ ¢;); hence it cannot be set too small to
retain the convergence response. The constant k in (5) deter-
mines the “bandwidth” of the filter (e¢)r = (e)/(ks + 1), and
thus it needs to be small for enhancing the convergence speed.
Moreover, as shown in the proof of Theorems 1 and 2, the
learning gain I';, i = 1, 2 determines the convergence rate of
the estimation error W;. In practice, it can be set small initially
and then increased gradually to seek for better convergence
via a trial-and-error process.

D. Stability and Convergence Analysis

The controlled system stability and the convergence of
optimal control (33) can be summarized as follows.

Theorem 3: For nonlinear system (1), design the composite
control (34) with the steady-state control (22) and the optimal
control (33), where the adaptive laws (9) and (38) are used. If
the regressors ¢; and E are PE, then:

1) the tracking error e and the NN weights errors Wl, Wz
are uniformly ultimately bounded (UUB); the practical
control i, in (33) will converge to a set around the
optimal solution «} in (31), i.e., |l — u}|| < &, holds
for a positive constant &,;

2) if the approximation errors are zero, the tracking error
e and the NN weights errors Wl, Wz converge to zero;
the practical control &, converges to u}.

Proof: The detailed proof is shown in the Appendix. |

V. SIMULATIONS

In this section, two simulation examples are given to
validate the theoretical studies.

Example 1: The following nonlinear system is studied
as [50]:

X1 =—x1+x2
X = —0.5x1 — 0.5x(1 — (cos(2x1) +2)?)
+(cos(2x1) + 2)u.

(44)

The purpose of tracking control is to make the system
states x1,x» track the given demands x;; = sin(f) and
xpq = cos(f) + sin(¢f). Since the unknown nonlinear-
ities f(x), g(x) can be formulated in a linearly param-
eterized form (3), the regressor of identifier is set as

T
b = x1 x2 0 0 0 and
D7 1% 0 x2(1 — xa(cos(2x1) + 2)2) ucos@xy) u | °
0 00"

the unknown weights W are esti-

-1

o |;—0.5 0-0512

mated using the adaptive law (9) to validate its convergence.
To achieve the tracking control target, the steady-state con-

trol (22) is accomplished with the optimal control (33), aiming
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Fig. 3. Estimation performance of f(x) and g(x). & ep ( ple 1)
3
€4
2.5 e,
to minimize the following optimal cost function [50]: 2 B
1 1.5 - -
* 2 2
Vi(e) = e +e5 (45) e T ,
5 o5 1
with Q and R in (24) being identity matrices [50]. Hence, the § of- -
ideal optimal control is derived by T osp ]
ak 4
1 aV*(e) ]
—1 T ) 1
U, = —>R ' [g(0)]" ——— = —(cos(2e1) + 2)ez. (46) ol
2 de 2 -
To approximate the optimal value function (45), the regres- 255 5 i s 5 R A S a—Y

sor of critic NN is chosen as ¢,(e) = [e%, eiey, e%]T, such
that the associated weights are W, = [0.5, 0, 117. The sim-
ulation parameters are set as k = 0.001, €¢; = ¢, = 1,
' = I'y = 150, K, = 1.65. The initial NN weights are
W1(0) = W2(0) = 0 and the initial conditions are x| (0) = 3,
x2(0) = —1. Since the tracking control is considered, the
system is forced to track a sinusoidal command in the sim-
ulations. Based on Lemma 1, one can check the condition
Amin(P;) > o; > 0 and find that the regressors ¢, and & fulfill
the required excitation condition to retain the convergence of
the adaptive laws (9) and (38). Hence, different to the ADP-
based regulation (e.g., [24] and references therein), probing
noise is not needed in this case study.

Fig. 2 shows the profiles of the no-null elements of the
identifier weights W1, which converge to their ideal values in
around 1 s, showing the merit of the proposed adaptive law (9)
with the estimation error. Fig. 3 gives the estimation perfor-
mances of unknown nonlinearities f(x) and g(x). It shows that

Fig. 6. Tracking errors.

the proposed adaptive identifier can reconstruct the unknown
system dynamics. The estimated critic NN weights W, are
depicted in Fig. 4, which also converge closely to the ideal
values W> = [0.5,0, 117 in about 2 s. This implies that the
proposed optimal control (33) approaches to the ideal solu-
tion in (46). Moreover, the system states and the command to
be tracked are depicted in Fig. 5, and the tracking errors are
shown in Fig. 6, which indicate accurate tracking response.
Finally, Fig. 7 illustrates the error between the estimated cost
function f/(e) = WZT ¢2(e) and the optimal cost function (45),
showing that good approximation response is achieved.

For comparison, an ADP control with a triple approximation
structure (consisting of an identifier NN, a critic NN, and an
actor NN) in [36] is also tested for the system (44) in the same

Authorized licensed use limited to: UNIVERSITY OF BRISTOL. Downloaded on October 23,2020 at 12:26:40 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

8
PSAT LAY
RN
X R
KSR
Fig. 7. Steady-state cost function error AV =V — V*,
40 T T T T T T T T T
., 301 T j‘
= 4
£ v
'§ 20~ 1" — Wy === Wep ===== Wes {
% 10~ ,I -
2 ol M 1
‘
© 1ok - S~ B
20 : : ; : : : : : :
o 6 8 10 12 14 16 18 20
0.5 . Wyy ===== Wap ===== Was
@ AN
= 1
5
g o "
= ""'l'a"
]
S osl A~ J
g 0.5 ."II‘ I’I ~.
1
(%
o] 2 4 6 8 10 12 14 16 18 20
t(s)
Fig. 8. Comparative simulation results of [36].

Identifier parameters
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t(s)

Fig. 9. Estimated identifier weights W1.

simulation conditions. Fig. 8 provides the profiles of the critic
NN weights and actor NN weights. Since the adaptive laws for
the identifier, critic and actor NNs in [36] are obtained based
on the gradient method, the NN weights shown in Fig. 8 do
not converge to their ideal values though the tracking response
can be retained owing to the steady-state control. In contrast,
the adaptive laws (9) and (38) proposed in this article can
retain a fast convergence performance (Figs. 2 and 4), such
that the actor NN can be avoided. Moreover, differing to our

previous result [41], the input dynamics are unknown here.
Example 2: The following nonlinear system is studied:
{ k1 = pix1 + paxs 4 paxi (¥ +x7) @7

X2 = paxi + psx2 + pex2 (x5 + x7) + pru

where p = [1,1, -1, —1,1, —1, 1] are the unknown param-
eters to be estimated. The desired trajectory is set as xjg =
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Critic NN weights

t(s)

Fig. 10. Estimated critic NN weights Wz.

Fig. 11. State tracking performance (Example 2).

sin(#) and x2g = 2 sin®(¢) 4 cos(¢) — sin(f). Simulation param-
eters of the identifier are kK = 0.001, ¢ = 1, I’y = 1000,
W1(0) = W2(0) = 0, x;(0) = —0.15, x(0) = —0.1. The
unknown dynamics can be formulated as (3) with the identifier
regressor and weights

01"

.

The optimal value function is set as V*(e) = O.Sez—i-e%. In this
case, the regressor of the critic NN is ¢ (e) = [e]; erea, e%]T.
The adaptive law (38) is adopted to update the critic NN
weights. The simulation parameters of control are ¢, = 6,
', =700 and K, = 1.65. Fig. 9 shows the profiles of iden-
tifier weights Wl, which converge to the ideal values. Hence,
the unknown system dynamics can be precisely reconstructed.
The critic NN weights W, are depicted in Fig. 10, which
shows the convergence to their ideal values W, = [0.5, 0, 7.
The tracking performance is given in Fig. 11, and the derived
tracking error is indicated in Fig. 12. To prove the neces-
sity of using the optimal control u, to improve the tracking
performance, four indices of error e; with the composite
control u and the steady-state control u; are considered:

,/foto efdt/t), integral
absolute error (IAE = f le1|dt), and integrated square error
(ISDE = f(el — e1.)%dt ) with the mean error ej.. The val-
ues of these indices are given in Table I, which indicates that

b1 = X1 X2 xl(x%—f-x%) 0
1= X1 X2 0 xz(x%—kx%)

T
1 1 -1 0 0
Wl:[—l 1 0 -1 1] '

root mean square error (RMSE =
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Tracking errors

: . . . . . : . .
o 2 4 6 8 10 12 14 16 18 20
t(s)

Fig. 12. Tracking errors.
TABLE 1
COMPARATIVE ERROR PERFORMANCES OF u AND ug
Performance | Optimal control u | Steady-state control ug
RMSE 0.4458 0.5815
IAE 36.725 51.693
ISDE 12.854 17.552

Tracking Response

Disturbance d

0 5 10 15 20
t(s)

Fig. 13. Control performances with disturbance.

the proposed control u# has smaller index values, and a better
control performance than the steady-state control ug.

Finally, to verify the robustness of the proposed optimal
tracking control, a disturbance d = 0.2sin(5x¢) is added to
the system state x,. The corresponding tracking performance
is presented in Fig. 13, which indicates that this control can
effectively eliminate the effect of disturbances, because this
disturbance can be taken as a part of unknown dynamics,
which are identified and compensated for.

In these simulations, it is observed that the proposed iden-
tifier estimates the unknown system dynamics accurately, and
the critic NN can estimate the optimal value function well.
Hence, a satisfactory tracking control response is achieved by
using the suggested composite optimal control.

VI. EXPERIMENTAL VALIDATION

To assess the applicability of the suggested optimal control,
practical experiments were carried out on a helicopter test-rig
(Quanser Company Ltd.) as shown in Fig. 14. The target is
to control the elevation angle x; and the elevation velocity
x> to track given references. The two propellers are identical,

Counter
Weight

myg

Propellers

Fig. 14. Experimental setup.

and the output thrust-forces of two propellers are linear with
respect to the control voltages. Therefore, the dynamics of
two propellers are taken as the same presentation containing
the gravity m,g and the thrust force F, = Kru, where Ky=
0.1188 N/V is the propeller force-thrust constant.

Hence, the elevation dynamics model is derived as

; 0
B
*2 0 0]l 2my 2+ myL2,

(ZmpLa — mew)

LK, gcos(x1 + 6o)

(48)

X u—

where m, = 0.575 kg is the mass of propeller, m, =
1.87 kg defines the mass of the counter weight, and g =
9.8 N/kg denotes the gravity factor, L, = 0.6604 m is the
distance between the travel axis and the helicopter body,
L, = 0.4699 m represents the distance from the elevation
axis to the counter weight gravity center, ) = —23 deg indi-
cates the initial offset of the elevation (which is determined by
the physical configuration), and K = 10 N/V is the lumped
gain (including the amplifiers gain and motor drive board gain)
from the control output to the propeller motors. Moreover, the
cost function is set as V(e(t)) = ftoo (e2+ug)dr, which is used
to derive the optimal control action u,.

In practice, the original reference signal is a square wave
signal with a step size of 10° with a period of 20 s. The
offset is set as 10° to avoid contact between the helicopter
body and the test ground. The elevation references x41, X42
are calculated by injecting the original reference signal into
a second order model with natural frequency w = 1 rad/s
and a damping ratio { = 0.707. The proposed controller
was then implemented by using Simulink module built in
dSpace. Based on the model (48), it is clear that the unknown
dynamics can be formulated as the linearly parameterized
form (3), such that the regressor of the identifier can be set
as ¢1(x,u) = [u,cos(x; + 00)17, where the term x; will
not be involved. The parameters in the identifier are set as
k = 0.01,¢4; = 5 and I'1 = diag([0.8, 18]). As shown in
Fig. 15, all the estimated weights rapidly converge to the ideal
values of W = [1.72 — 25.59]. Note that the convergence
of one parameter (with true value —25.59) is slightly slower
than the other one since the amplitude of the related regres-
sor cos(x| + 6p) is smaller. Moreover, due to the unavoidable
uncertainties and measurement noise in practice, the estimated
identifier weights oscillate slightly around the expected val-
ues after a transient period. The regressor for the critic NN
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Fig. 16. Tracking performance of the proposed controller.
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Fig. 17. Critic NN weights.

is ¢(e) = [e%, eren, e%]T, while the learning parameters are
k= 1,0, = 0.5, and T, = diag([0.8, 2, 3]). The tracking
response using the proposed composite control is illustrated
in Fig. 16. One may find from Fig. 16 that fairly satisfactory
tracking control responses can be obtained. The oscillations in
the velocity come from numerical differentiator used to calcu-
late the velocity via the measured position signal. Moreover,
the online updated critic NN weights are shown in Fig. 17,
which illustrates the convergences in 100 s.

To show the advantages of the suggested optimal control
action, a nominal feedback controller u = K,x + K,d with
K, =[—-0.97,—1.1] and K, = 0.97 is also applied to the
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Fig. 18. Comparative tracking errors.
TABLE I
COMPARATIVE ERROR PERFORMANCES
Performance | Nominal control | Optimal control
IAE 93.658 90.939
ISDE 39.590 30.011
IAU 3427.9 3428.4

experimental setup for comparisons. The tracking errors of
this nominal controller and the proposed composite controller
are shown in Fig. 18, where it is shown that the tracking
errors using the proposed controller are smaller than that of
the nominal controller. This implies that the use of optimal
control leads to a better tracking response. Specifically, the
suggested optimal control achieves a faster convergence rate
than the nominal controller under large initial conditions. In
the steady-state, the optimal controller has less oscillations in
the velocity error compared to the nominal controller. To quan-
tify the control performance, three performance indices: 1) the
integrated absolute error: IAE = f le(?)|dt; 2) the integrated
square error: ISDE = f (e(t) — ep)*dt with the mean error
eo; and 3) the integrated absolute control; [AU = f |u(t)|dt
are calculated. Table II provides comparative results of e; for
both controllers within the time interval t = 0 ~ 100 s. From
Table II, one may conclude that the proposed optimal control
obtains smaller IAE and ISDE, and thus better performance.
However, this is partially at the expense of a larger control
effort (i.e., IAU).

VII. CONCLUSION

This article proposed and practically validated an optimal
tracking control of nonlinear systems with unknown dynam-
ics. It introduces a new identifier-critic-based ADP framework,
where the unknown dynamics are reconstructed by using the
identifier. Then, an optimal control that minimizes a given cost
function is accomplished with a steady-state control to achieve
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optimal tracking. A critic NN is used to approximate the solu-
tion of the derived HIB equation. In this ADP approach, only
two NNs (i.e., an identifier NN and a critic NN) are needed,
while the widely used actor NN in other ADP schemes is
avoided. Consequently, the computational costs can be reduced
and the convergence speed can be improved. Another salient
feature is that the novel adaptive laws are proposed to update
the weights of the NNs simultaneously to retain the conver-
gence to the ideal values. Simulations and experiments all
illustrate the efficacy of the proposed control scheme. Future
work will focus on the optimal tracking control for nonaffine
systems, and relax the required PE conditions.

APPENDIX
PROOF OF THEOREM 3

Proof: By substituting (33) into (23), if follows:

é=—Kee+VYcu. +ey+er
1 )
:—Ke-l—l//s'{——R (Vs) Vi,
1 N T
—R_1<1pg) (V¢2TW2+st)}
+ 1/A/gu;f + ey +er
| Lo (2 \T
= —Kee+5VsR™ (V) VoI Wa+ 59k (¥rs) Ve,
+ Ycut + ey +er. (49)

Choose the following Lyapunov function:

V=Vi+ WV +V3+Vs+ Vs
P IO
= Ser(WITT W) + SWIT, 2 Wa + Tele + KV

+ T1U1TU1 + T2U2TU2 (50)
where V* is the value function given in (26); K > 0, I’ > 0,
T; > 0, T» > 0 are all positive constants. Within a com-
pact set Q € R x R x R? x R x R! x R” x R"of the
coordinates (W;, W, e, v1, v2, x4, X4), which contains the ori-
gin in its interior, i.e., (VV], W, e, vy, V2, X4, Xq) € Q implies
(e + x4, uqg(e + x4, x3) + u.(e)) € 2, one can choose x4 and
X14 within the compact set Q. Then, for any initial condition,
the system state x and control action u will be within € in
finite time, ¢ € [0, T1], guaranteeing that v,uv; are bounded in
all ¢t € [0, T1].

From Young’s inequality ab < a®n/2 + b*>/2n for n > 0, it
follows:

V) = —tr(WIPy W) + tr(WT01) < —on [ Wi |7+ | WP |

< ~(o1 = g I 20 o
and
Vs = —WIP W + Wvn < —on | Wa|* + | W v
< (o2 gt Il 2R (s

On the other hand, V3 from (26) and (49) is calculated as
V3 =2le’e + K(—e' Qe — u" Ru})

1 -
= 2FeT<—Kee + EBR—113Tv¢2T W» + Bu
|-
+ 3BR'B Ve, +ey +er
K(—e" Qe — u"Ruf)
=< _[ZAmin(Ke)F + K)\min (Q)

+ ir |BTR 1BV || ]* + %r |87RB| Vel Ve,

BTR"'BV4) H + HBTR_lBH + 3>F]|Ie||2

+ Fe,T\;sN + FS;ST
— (Khmin(® = TIBI?) | (53)

with B = I/A/g(x) a bounded variable.
Based on (15), one can know U] = —£ v —i—qﬁlfs;f, so that

Ve =210l o1 = 2100 (—rvr + digely)
< i@t -l + Jovel | m 9

From (40), it holds v, = —fpvy + Eepgyp, so that

Vs = 2T2v2Tf12
=2130] | - 2l
+ B[ (WIVe2 + Veu)(en + e7)
+ VEVB<—R*IBTV¢>2T Wz/z) _ stKee]}
< —T2(26; — 4n) vl
+ %TZHE(W{ Vo + Ve,) [Pllen?

1
| E(W Vg2 + V) WETE

o2
EVe,BR™ BTVl W, H

1
—
+ a7 2
T2
+ 7||Wev1<e||2uen2. (55)

Consequently, substitute ey = Wi¢1 into (55) and have

V=V1+V2+V3+V4+V5

1
= _|:01 YRS
1 ~
- (r gl V) Jion 2
1 1 _ 5 12
- (Uz 5 L 13V¢2H)“ W

- |:2)¥min(Ke)F + K)\min(Q)
- ([ o] )

Ty,
—~ 7||aVeVKe||2]||e||2
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_ (Kkmin(R) - F||B||2> [[ucs ||2 Thus, the constants a1, as, a3, a4, and as are all positive.
1) When both the identifier and critic NN errors are
2 2
= Y124 = L5)[ull” = 1228, — 4.5n) [|v2 |l nonzero, we know y # 0. Then, for any

1 = (T 2 2 - -
+ (F + . T2 (W, V2 + V)| )Herll | > Vy/ar. | W] > Vy/a. llell > vy /as.
1
+ ArlsR el ve, Ioill > Vy/ashoall > Vyfas (58)
1 ) | ) it can be verified from (57) that V is negative. This
+ - H¢1f8;:fH + 4—T2 EVSVBR”BTV%T W, H . (56) together with the Lyapunov theorem illustrzites that tpe
N N control error e, the NN weights errors Wi and W»
are UUB.

Hence, it allows to represent (56) as N ..
P (56) To prove ||it, — u}|| < &y, we recall the definition of u}

V< —a “ W ”2 Cw “ W, ”2 3 a3||e||2 ~ aallos ”2 in (31) and %, in (33), and then have

N I __ - 1
— as|wl® +y (57) fte — 17 = SR 'BT A @I W, + SR 'BTVe,. (59)
with Then for + — oo, the upper bound of (59) fulfills
. N X Ly, ~
tim e —uz| < 3 |R7'B"| (6w Wa] + @) < e (60)

1 2 5 1—>+00
ay =01 — —— — (T + 12| E(WI Vg, + Ve ) .
! ! 20y ( 2” ( 2 V2 V) ” /n)lienl with ¢, > 0 a constant.
1 1 Tl 2) In the ideal case where both the identifier and critic NNs
a) = oy — — —F”B R BV¢2H . .
Y, 4 errors are null, i.e., e7 = Ve, = 0, we can verify that

1 ~ 5 y = 0, such that (57) can be rewritten as
a3 = 2Amin (KT + KAmin(Q) — — 12| EVeyK, || . _ 2 -2 2 2
n V=—a|W]|" —a|W2||" = azllell* — asllvz]I* < 0. (61)

Tp—1 Tp—1 N ~ - a
N (”B R BV¢2H + HB R BH + 3>F Then, there exists a set Q C Q in (Wq, Wa, e, v, 12)

as = Y1(2¢1 — 1.5n) with (0,0,0,0,0) in its interior. From the Lyapunov
as = Y2(2¢, — 4.57) Theor~em,~we know V — 0 within  as t — 400 and

1 2 thus Wy, W», and e all converge to zero. Finally, to show
Yy = (F + ;Tz |E(W1 Ve + Ve,)| )||8T||2 the convergence of the proposed control under Ve,=0,

1 _ . 1 " we can obtain
+ ZFHB R™'B| Vel Ve, + EH"blf‘?TfH

1 Lo
e — U —ER_IBTV%T Wa + 5R—lBTVqszT W

e

1 A 12
— —1pT T
+ —7Y,|EVe,BR™'B'Vo WZH. Lo, Tw
4n v 2 = ER B V¢, W (62)
It is clear that y is a positive constant, which represents the so that
effects of the identifier and critic NN errors ¢7,Ve,. Moreover, . A 1 15T |11
. Yy lim |, —u}| < —¢u|R'B"|[|Wa] =0. (63)
to guarantee the stability of (57), a1, az, a3, a4, as should t—>+00 2
be positive. For this purpose, the design parameters K, I', The proof is finished. ™
Y1, Yo, n,4,i=1,2, and K, need to be configured properly.
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