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Abstract— This paper introduces a novel model-free solution
for a multi-objective model-following control problem, utilizing
an observer-based adaptive learning approach. The goal is to
regulate model-following error dynamics and optimize process
variables simultaneously. Integral reinforcement learning is
employed to adapt three key strategies, including observation,
closed-loop stabilization, and reference trajectory tracking.
Implementation uses an approximate projection estimation
method under mild conditions on learning parameters.

I. INTRODUCTION

Model-following techniques based on the optimal control
framework have been used for trajectory-tracking control
problems [1]. However, these solutions require offline solv-
ing of differential equations and full knowledge of process
dynamics. Model Reference Adaptive Systems (MRAS) have
been employed for real-time tracking control, but they have
limitations such as dependence on process dynamics and
lack of optimization for dynamic variables [2]. In this work,
we propose a new model-free control architecture using
an observer approach specifically designed for Linear Time
Invariant (LTI) systems. Our approach, based on Integral
Reinforcement Learning (IRL), ensures convergence under
mild conditions on learning parameters.

The model-following applications involve various systems,
including hypersonic aircraft, autonomous vehicles, under-
actuated systems, and robotic manipulators [3—6]. Several
existing solutions exhibit the aforementioned limitations in
model-following, such as dual mode predictive control [7],
sliding mode surfaces [8], adaptive backstepping and L,
adaptive control [4], Lyapunov-based MRAS [9], model
predictive control [5], and barrier function-based MRAS [3].
Graphical games have been used to address leader-follower
control problems for LTI agents interacting through graph
topologies [10-12], relying on pinning control to ensure syn-
chronization. Model-based approaches using sum-of-squares
polynomials [9], model-predicted control [13], and sliding
surface-based observers [8] have been explored. Additionally,
observer-based approaches [14] have been employed, but
they lack model-free strategies.
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Reinforcement Learning (RL) is a machine learning tool
that utilizes temporal difference structures to find optimal
strategies in dynamic learning environments [15-17]. This
implies seeking rewards or penalties to maximize cumulative
rewards. RL solutions are implemented using Value Iteration
(VD) and Policy Iteration (PI) techniques [17-19], and param-
eter estimation approaches such as Recursive Least Squares
(RLS) and Batch Least Squares (BLS) are employed to find
underlying strategies [19,20]. In the continuous-time domain,
the control setup results in the integral Bellman optimality
equation [21,22], which is solved using IRL approaches. As
the Bellman equation cannot be solved analytically, adaptive
critic structures approximating RL solutions are used [23—
27]. RL approaches have been applied to various problems
such as Linear Quadratic Regulator (LQR) [28], model-
following control [29], output-based regulation of multi-
agent systems [30], and control of flexible wing aircraft [31].

Contributions: This work proposes a customized con-
trol structure to solve the model-following control problem.
The structure consists of three model-free strategies, adept
at regulating model-following tracking errors, observation
errors, and optimizing closed-loop performance. The ob-
server strategy, with its flexible-order error dynamics, offers
advantages over low-order schemes and serves as an addi-
tional model-following structure to guide internal process
dynamics. Moreover, unlike many existing approaches, this
method optimizes both model-following error dynamics and
closed-loop dynamic performance by solving the underlying
LQR problem.

Mathematical notation: In this paper, R represents the
set of real numbers, Z0* denotes non-negative integers, and N
stands for positive whole numbers. The Kronecker product
is denoted by . The gradient of function M is referred
to as VM. Let |||l = supl||#(k)||« define the Lo— norm

keN

of a sequence {x(k)};, with £, déf{z lxll2 < oo} and

def
Lo = {2 ||%]|e < 00}

Structure: The paper is structured as follows: Sec-
tion II explains the overall control scheme consisting of
three model-free strategies to achieve optimization goals.
In Section III, the optimal control setup leading to the
integral Bellman optimality equation is discussed, along with
stability characteristics. Section IV presents the model-free
IRL solution and its actor-critic implementation, introducing
an approximate projection technique for stable adaptations
of actor-critic weights. Section V validates the IRL solution
using an unstable dynamic process and a nonlinear reference-
trajectory. Finally, Section VI summarizes the main findings.
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II. PROBLEM FORMULATION

The model-following problem encounters challenges
due to complex mathematical manipulations of reference-
tracking error dynamics and the need for simultaneous
optimization of other process variables. To address this, an
observer-based strategy is presented to simplify the control
scheme and enhance computational efficiency.

The process dynamics structure is described below.

X=AX+Bu and Y=CX, (1)

where X € R", u € R™, and Y € R” represent vectors of
the states, input control signals, and output signals, respec-
tively. Moreover, A, B, and C are the dynamic parameters
characterizing the process.

The process described by (1) is required to follow another
dynamical model given by: X = A X + B (u™® +u), where
X € R" is a vector of either the desired or observed states,
A and B are parameters of the desired dynamical system or
approximated process, and u™°» € R™ is the control signal
due to an observer strategy mop.

Remark I1: The parameters A and B can represent the
desired dynamical performance or an approximation of the
process (A and B). The objective is to regulate the observa-
tion errors without requiring partial or full knowledge of the
process dynamics.

The reference dynamical behavior is determined by a
command generator, represented as: Y"¢/ (1) = f(t), where
Y"¢/(t) € R?. The objective of the optimization problem
is to let an output Y*(¢) € R of system (1) follow the
reference-trajectory Y ¢/ (1) € RY (i.e., tlirg||er(t)|| — 0,

eMf (1) = Y™/ (t)=Y*(¢)). To clarify mathematical notation,
any time-dependent function g(z) will be denoted as g;.

To address the challenges, we divide the overall control
strategy into three sub-strategies: (i) u;°” € R™ observes
the process states, forming an additional model-following
loop to compare the process outputs (1) with the desired or
approximated outputs. (ii) ;" € R™ optimizes the closed-
loop performance of the dynamic system, and (iii) u, ™/ €
R™ reflects the model-following actions. These interactive
strategies are implemented in a model-free fashion, resulting
in the main control strategy u, = u; ' + u;r M7 The detailed
control scheme will be explained in the following sections.

A. Observing the Desired Dynamic Performance

This strategy aims to find the desired states using an
observer-like structure. Hence, the desired or approximated
dynamic process is described by:

X=AR +B@™" +u) and ¥ = C X, )

where X € R" and ¥ € R” are vectors of the desired or
observed states and output signals, respectively.

The observer control signal u”©? relies on a flexible-order
of tracking-error dynamics defined by a vector E®?. The
size of this vector varies according to the number of error

samples ¢9% =Y, - Y, collected at fixed-time intervals
ob _ [ ,0b ,0b Lob |T 3p
6, such that E?? = [ 0% ¢9h ¢Ob |" € R¥. The

observer strategy mop is selected using an adaptive learning
mechanism, and the resulting control signal is given by
w0t = u/O% + ;% where u " = mop EO”, u°" € R™.
The strategy mop is selected to minimize the performance
. . [e9)
index given by J;® = /t U9% (E9%, u7°%) dr. The cost
function U®? is used to minimize the observation errors.
Assumption 1: The dynamic system (2) defined by (A, C)

is observable and the process (1) is observable as well. O

B. Closed-Loop Strategy

The model-following strategy regulates the trajectory-
tracking error dynamics while stabilizing and optimizing
the process’s performance. To achieve this, a closed-loop
feedback strategy mc; is advised based on real-time ob-
served states, ensuring stability of the closed-loop dy-
namical system, provided it is stabilizable. The objective
function associated with this strategy is given by J;@ =

ftm U¢! (XT,qu’) dr, where US! is a cost function. The

resulting strategy takes the form of linear feedback: p, "' =
mer XCL, u€ e R™. This strategy solves the underlying
Linear Quadratic Regulation (LQR) problem for the desired
or observed system (2).

Assumption 2: There exists a stabilizing control strategy
ncy that can stabilize the closed-loop dynamics of the desired
or approximated process X = (A + Br¢)X. O

C. Online Model-Following Strategy

The model-following strategy aims to regulate the errors
efwf between the selected outputs of the process Y and
those of the reference system Y;ef (i.e., efwf =Y -Y5).
Similar to the observer strategy, the model-following error
samples are collected at a ﬁxed—tirr%e interval ¢, resulting
in Efwf = efwf e?ﬁg e?g; l € R3. Three error
samples are considered for both the observer and model-
following strategies. The model-following strategy mps ¢ is
determined online using the control law u'y = u "/ +
w™, where ™ = anEﬁwf € R™. The perfor-
mance index to evaluate the quality of m¢; is defined as
JME = ftm uMs E]wa,,ufo) dr, where UM/ represents
the model-following cost function.

Assumption 3: The strategies mc; and 7y stabilize the
process around the desired reference-trajectory Y"¢/. O

D. Overall Control Solution

The control mechanism implies the existence of kernel
solution structures that realize the interactive optimization
goals of the sub-control problems (i.e., argmin, = J ",
argmin . J“, and argmin, . J™"). Since the process is
an LTT system, the kernel solutions can take quadratic forms
in the observer errors, observed states, and model-following
errors. Assumptions 1, 2, and 3 are made to ensure the
availability of such strategies that can stabilize the closed-
loop dynamics and follow the desired reference-trajectory.
Moreover, this solution form can also be attempted for
nonlinear systems, given the data-driven structure of its
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Fig. 1: The overall adaptive control scheme

proposed strategies. The overall control scheme of the model-
following solution is depicted in Fig. 1.

III. OPTIMAL CONTROL FOUNDATION

The aim of each sub-control problem is to minimize
its respective cost function, given by U! (Fi,ul") =
%(?;’TQiyﬂ;w;’fTRfy;”), where i € {Ob,ClMf}
refers to each sub-control problem, Q° € R™" and R! €
R"™ ™ are weighting matrices. Each optimization problem is
solved using a Hamiltonian structure, which is given by

H(F AT ) = AT 20+ U] (Frmf). )

where H',i € {Ob,Cl,Mf} is a Hamiltonian function
for each sub-control problem i, F' € {E?b, X, Eﬁwf },

and A € R"™ s a Lagrange multiplier associated with
constraint Z7' 1 Z% = [FiT 1T ¢ ROvm),

The following result demonstrates how the kernel solution
forms can be selected.

Lemma 1: Let VI(Z) > 0,V(0) = O be a solving
value function satisfying the Hamiltonian (3). Then, V/(Z]")
represents a Lyapunov Function.

Proof: The function V! takes advantage of the LTI
dynamic properties of the underlying sub-control prob-
lems. Therefore, its structure can be chosen as follows:
JREYI(zEy = 1258 75T where 0 < S =
Slf‘f Sff#,,
SL"T Symun
R. This form represents a candidate Lyapunov function
under the given assumptions. Furthermore, the Hamilton-
Jacobi (HJ) theory establishes the relation between the value

4x4 i 3%x3 i
€ R ,Sﬂfe R ,andSﬂ,,M €

function V! and the Lagrange multiplier A;% as follows:
AT = VVI = 8VI/OZ. Moreover, the solution of each
underlying optimal sub-control problem yields a solution for
its corresponding Bellman equation (i.e., H' (F:, VV/, u™) =
0) which implies that =& Z + U} (¥, ") = 0. This is
an infinitesimal form of the Hamilton-Jacobi-Bellman (HJB)
equation, given by: VI +U! (F%, 1) = 0. Since V/ < 0, then
V! is a Lyapunov function. [

The realization of a model-free control strategy involves
constructing a temporal difference structure, which can be
adapted using various approximate dynamic programming
forms, as explained in the following result.

Lemma 2: Let V;{(Z[*") > 0, V;}'(0) = 0O represent the
optimal solution of (3) following the optimal strategy m.;.
Thus, V;/(Z"") corresponds to the optimal solution of the
integral Bellman optimality expression provided by:

t+o

vizE = [ Ul () deevi s @

t . . .
Proof: The Hamiltonian H' (¥}, VV}, 1) = 0 can be
reformulated using Euler approximation as follows:

t+6
vz =/ UL (Fou™) de+VI(ZE). (5)
t

The optimal strategy takes on a linear form, which can be
expressed as follows:

. .1 . .
= =S St T ©)

This strategy leads to an optimal function V;(Z*), which
solves (4) and the HJB equation H' (¥, VWi pt) =0. =

The subsequent result indicates that the observer-based
model-following strategy achieves asymptotic stabilization of
both the observer and model-following errors. These tracking
errors are denoted as el, i € {Ob, M f} for clarity.

Theorem 1: Let the initial values of functions Vé(Zgi), Vi
be bounded by upper values Y',Vi € {Ob, M f}. Then, the
trajectory-tracking dynamical error systems are asymptoti-
cally stable (i.e., rli_)r£10||e§|| — 0).

Proof: The integral Bellman equation (5) yields a
Lyapunov function, as per Lemma 1. Hence, V/(Z]") <
Vé(Zg") < Y' and V/(Z]") € L, Vi € {Ob,Mf}. This,
Assumption 1, and Assumption 3 reveal that the trajectory-
tracking errors {ei,ei . 6,e§ w2 5} € L. and hence the sta-
bilizing strategy, derived using the kernel solution S', is
n; € L. The HIB equation H (¥}, VVi, u) = 0 signifies
that V! = —U! (Fi,uf) < 0. Therefore, V! € Lo and
Z,”" € L. This HIB equation yields tlLr£10||Vti|| - 0
with [} (T’;T Q Fi + u™T R y;’*f) dt < Vi(Z7). Then,
fot %T;T (Q +7r*Tl: Ri mi) Frdr < VI(Z[). This reveals
that 7} € L, and V; € L,. Therefore, according to Barbalat’s
Lemma lim Vi — 0, implying asymptotic stabilization of
the model-following and observation errors. [ ]

IV. IRL SOLUTION ALGORITHM

The analytical solution of the coupled integral Bellman
optimality equation (4) is challenging, requiring the use of
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approximate learning mechanisms like RL. Consequently, a
model-free IRL solution is developed to identify the optimal
strategies to follow.

A. Integral Reinforcement Learning Algorithm

Algorithm 1 presents an online IRL solution, which solves
the integral temporal difference equations (4) with the op-
timal strategies (6). This model-free approach utilizes error
measurements eﬁuf and ¢ alongside observed states X.
The algorithm employs an adaptive critic to approximate the
underlying optimal strategy using the actor structure, while
the critic assesses the quality of the attempted strategy.

Algorithm 1 Integral Reinforcement Learning Algorithm

1: Initialize the states F%, Vi and strategies m;, Vi.
2: Compute S'"*V Vi by solving the equation:

Vti(r+1) (Ztﬂi(r)) _ Vti(r+1) (Zﬂi(r)) —

t+6
+6 N
/ Ui (ﬂ,uﬂ”)dr, )
t

where r is an iterative index.
3: Update the strategy and determine the control signal

m0(r+) _ Gi(r+)™ Qi(r+l) g
t+6 __Sy”y” Sﬂ”‘}" ?z‘+6' (8)

4; Terminate upon convergence of ||S'"+) — 1| vi.

B. Actor-Critic Implementation

Real-time parameter estimation involves two steps. First,
we use structures S, Vi to approximate matrices S',Vi by
solving the underlying integral Bellman optimality equations.
Second, we approximate the optimal strategies x.;, Vi in the
form of 7;, Vi. The vector-indices of the process are defined
as follows: n =3 and m = p = s = 1. To approximate each
function V/(Z]"), we use the following critic structure:

Vi(zZl) = ”'TS ZJ Vi 9)
Al T .
where ﬁlT € R* and 0 < Sl € R¥4 are the weights
of the actor and critic structures, respectively. The Bell-
man optimality equation is written as V/  (Z" )

t+6 » ’ Ai R

/ U (FrpF) dr, Vi with V(250 = VIZT) -
Vis(Z, i +5)» Vi. This equation can be reformulated as follows:

0'ZF = o,

where Zf" = {(Zfi ®sz) ,
(WX p+m), Lo =
L(vxs+m), nop = Lop,..., (€ X p+m), ner =

ctre-os (nXp+m), Moy =Cop, ..., (vxs+m)}, O is a

vector that is calculated by reshaping matrix 1.S to associate

its entries with Zf", and @ = ftH& Ui (?”T,y”*‘) dr.
Similarly, the best strategy-to-follow (8) is approximated
by an actor structure 7; such that

(10)

ie{Ob,CL,Mf}, lob
(X p+m), Lop

. . . Ai~l N .
Ry =@, and @, =-8,7,7 S,ap Fp. (11)

The actor-critic weights will be tuned using projection-
based parameter estimation approach. The following result
outlines the convergence characteristics of the employed
projection adaptation approach.

Theorem 2: Let the actor weights 7; and critic weights S
be calculated using Algorithm 1. Then,

a. The actor and critic weights converge to a set of

weights 77 and K respectively.

b. The actor and critic weights’ deviations from the
optimal solution (i.e., #7 and 0™) remain bounded,
given mild conditions on the learning rates.

Proof: a. The tuning errors in the adapted critic
and actor weights are optimized using the Hamilto-

nian functions Héa and H’7r respectively, as follows.
Hi (@i Pl f(f)) 1 (@i(r+1) @i(r)) (@i(r+1) _ @i(r))T

iy £ and Hi (R, Al £ = LR = 27) (R - 27)T +
/l’ f’ where /l’ and /l‘ are Lagrange multipliers associated

with the optimization constraints f’ @‘(HI)Z"‘ ®: and
fi =AM FE - ¢l respectively. To determine the critic and
actor adaptation laws, the Hamiltonian optimization condi-
OHg 0Hg, 0H',

s P =Y, N =
ﬂ.r+1

PR :

tions are applied as follows:

i

% — 0. This yields (/) — @) 1 Z7 = o,

Tt
f& =0, (A7+ - fr{)T + A5, =0, and f% = 0, respectively.
Further manipulation results in the following critic and actor
update laws: @' +D = @(") — —. (@’(r)Z"’ (I)’r) and

A o Fir
n.lr+1 = A" - t

AT - (AT FE - 9L). The actor-critic adapta-
tion forms can be modified while maintaining the overall
optimization objectives by controlling the adaptation paces
and addressing possible singularity issues, ensuring non-
divergent behavior. The modifications can be incorporated

as follows

i ;T
@i(r+]) (_)i(r) Z (@l(l’)zﬂ, _ (Dl)(lz)
Z”' Z”’
AF Ar 0— 7:1T AT
A L y? R N(E
aa+T’ F

where o, al, o, and @, Vi € R are positive parameters.
Algorithm 1 and the stability results from Lemma 2 and

Theorem 1 show that tango||?;i|| — 0 and tlergo||Zfi | — 0.

Consequently, the weights (") and 77 will converge to a

solution comprising @ and frf, respectively.

b. Let the adaptation errors in the adapted critic and actor

weights be denoted as follows: @) = @ —@i(") and R, =

respectively. Then, (12) yields @."*DT = @7 _

R - A7,
i 7R i i(r) o) 5\
ol 727 (cpr—(—@)e +0 )Z, )
iy Z;?iT Z;:rz
i(r+1) T i(r)T
Further, @, VT = @V T

with @ — @*Z% = .

s h T
WAL AR
al+ 28T 7R

= AL 0T, where AL = (I’c -

@i(r) Tor simply

ol 2] Z5T
i TZ7rl

i(r+1) T
@2(“’)

al+Z]

) and
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I’ is an identity matrix. To ensure bounded tuning of the
critic weights, the parameters o, and a; must be chosen
such that 0 < 0} <2 and O < «f. Similarly, (13) yields
) ) ol FigiT

= Alaﬁ'{e with Ala = %

ol + T T ,
is an identity matrix. Hence, the conditions 0 < o <
2 and O < ay ensure convergence to solution 7. ]

Ar+]

i i
bt I, - , where I,

V. MODEL-FOLLOWING VALIDATION RESULTS

The model-free IRL solution is validated using a third-
order dynamical process with the following parameters:

0 1 0 0 ,
A=|0 -5 10|,B=|0|,andC=[0 1 0].
0o -1 -5 1
The dynamic parameters of the desired process are as
R 0.0132 1.0085  —-0.0055 R
follows: A = 0.0132  -5.0286  9.9132 and B =
-0.0526 —-1.0155 —4.9374

[ -0.0072 -0.0547 1.0527 ]T. The selected output of
the process is represented as Y* = X(2). Additionally, the
nonlinear reference trajectory Ytref is expressed as:

_ 1.5¢
Ytrgf _ 1+exp( 0.017) COS(Z_O)’ fort < 10

0.5 (1 +exp(-0.01(r-10))), for 10 <z <20

The model-following goal is to regulate the errors ¥,/ —

X(2) such that tlim ||Y,ref - X(2)|| — 0. The remaining
learning parameters are outlined in Table I. The simulation is
performed using MATLAB software for a duration of 20 sec.

TABLE I: Learning and Adaptation Parameters

Parameter  Value Parameter  Value
Q' 0.0513 R! 0.01
5 0.01 sec  a’ 1.8
o} 0.5 al 1.8
ol 0.5

Discussion: The desired response features an unstable
process with a nonlinear reference trajectory, challenging the
IRL solution’s performance. Simulation results in Figure 2
illustrate closed-loop, observer, and model-following loops
with solid, dotted, and dotted-dashed lines, respectively.
Critic and actor weights are computed using (12) and (13),
and adaptations of the actor weights are depicted in Fig. 2(a).
After an exploration phase, the actor weights converge to
solutions for the sub-control problems. Control signals p,"°*
and u; ™"/ demonstrate the IRL solution’s ability to regulate
observation and model-following errors (Figs. 2(b) and 2(d)).
The closed-loop control signal ' enables the process
to follow the nonlinear reference trajectory and optimize
closed-loop performance (Fig. 2(b)). The closed-loop strat-
egy converges to m¢; = [-15.9517,-4.0410, —4.9822]. De-
spite the unstable process and nonlinear reference trajectory,
the observer and closed-loop strategies stabilize the dynamic
process while following the desired reference-trajectory. The

IRL solution successfully achieves the control goals simulta-
neously in a model-free manner, as highlighted in Fig. 2(c).

VI. CONCLUSION

An innovative model-free integral reinforcement learning
approach is proposed to solve the model-following control
problem. The control structure comprises three interactive
strategies: one for regulating errors between actual and
observed states, another for optimizing and stabilizing the
closed-loop system, and a third for enabling the process to
track a nonlinear reference trajectory. Our solution effectively
optimizes the process’s dynamic performance while precisely
regulating model-following errors. Implementation involves
using an approximate projection method to adapt the actor-
critic weights for the sub-strategies, with careful management
of learning parameters to ensure convergence.
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