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ABSTRACT In this study, a novel inverse optimal controller based on NARMA-L2 modelling technique
and online least squares support vector regression (LSSVR) method has been proposed for nonlinear non-
affine systems. Firstly, the nonlinear autoregressive with exogenous inputs (NARX) model of the system is
obtained using online LSSVR method, then this model is decomposed into NARMA-L2 submodels. Hence,
the non-affine system model is converted to a nonlinear affine system model. The obtained NARMA-L2
submodels are used in computing the inverse optimal control law. Furthermore, the parameters of the
inverse optimal controller have also been optimized online using the Levenberg-Marquadt algorithm. The
performance of the proposed LSSVR based inverse optimal controller using NARMA-L2 model has been
evaluated by simulations carried out on two benchmark systems, and the results show that the LSSVR based
NARMA-L2 model and inverse optimal controller attain good modelling and control performances.

INDEX TERMS Adaptive control, inverse optimal control, NARMA-L2 model, online LSSVR.

I. INTRODUCTION
In model based adaptive control methods, performance
depends on the estimation accuracy of the model. The system
model must be accurately obtained to achieve good control
results. For this purpose, machine learning based methods
have been frequently used for precise modelling. Artificial
neural networks (ANN) [1], [2], [3], [4], adaptive neuro fuzzy
inference systems (ANFIS) [3], [4], [5] and support vector
regressors (SVR) [6], [7], [8] have effectively been employed
for model identification in model based control methods.

Due to the non-convexity of the objective functions of neu-
ral network-based methods trained with the backpropagation
algorithm (ANN and ANFIS), these structures may become
trapped at local minima, making it possible to obtain only a
local model of the system.

In order to improve controller performance and minimize
modelling inaccuracies, identification methods based on
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SVR have been recently proposed and applied due to
their non-linear prediction and generalization competencies.
In SVR, a convex objective function is formulated, hence
gradient effects vanish and global extremum is ensured [9].

These machine learning based system identification meth-
ods generally start with an assumed model structure and then
try to identify the input-output relation of the model. One of
these presumed model structures is the so-called Nonlinear
autoregressive moving average (NARMA)-L2 model. The
NARMA-L2 model has been recently employed in various
applications due to its practicality. In NARMA-L2 modelling,
the Taylor series expansion of the nonlinear model is written
down and first-order terms are retained. Hence, it is possible
to have a model which is linear in input. In most of the
works in technical literature NARMA-L2 models of systems
are obtained offline [10], [11], [12], [13], [14], [15], [16],
[17], [18].

From the viewpoint of control design, the computation of
the control input is critical. In affine systems, the control input
is separated from the system dynamics and appears linearly,
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which makes it easier to calculate the control input. On the
other hand, in non-affine system models, the control input is
intermingled with the system dynamics and they cannot be
separated. The study of non-affine nonlinear systems is an
academically challenging subject, however the control input
design for non-affine systems is a complicated and difficult
task. The adaptive control literature contains numerous
discussions and analyses of different kinds of nonlinear
systems and nonlinear control methodologies [19]. Research
on non-affine systems should not be disregarded since these
types of systems have greater universality compared to affine
systems. Most physical systems are inherently non-affine.
At present, various control techniques have been developed
for nonlinear non-affine systems, such as backstepping
control [20], [21], [22], [23], adaptive control [24], [25],
[26], optimal control [27], [28], [29], [30], [31], [32], [33],
fuzzy control [34], [35], [36], [37], neural control [38], [39],
[40], [41], [42], etc. As an alternative approach, in this paper,
a novel least squares support vector regression (LSSVR)
based inverse optimal controller with integrator is introduced
for non-affine nonlinear dynamical systems.

The Inverse optimal control (IOC) method uses model
information in computing the control law and therefore
can be regarded as a model-based control method. The
straightforward application of the optimal control theory
leads to the Hamiltonian-Jacobi-Bellman (HJB) equation. For
linear systems, the HIB equation can be easily solved yielding
the linear regulator problem. For nonlinear problems, solving
the HIB equation is not an easy task. Therefore, inverse
optimal control methodology has been introduced to avoid
the need to obtain the exact solution of the HIB equation
for nonlinear systems. In literature, many studies have been
conducted by using the inverse optimal control method.
Numerical methods and global optimization techniques have
been integrated with inverse optimal control to determine the
optimal parameter values [43], [44], [45], [46].

The concept of inverse optimal control has been imple-
mented in various fields of applications. Some examples
of these from technical literature are summarized here.
In [47], inverse optimal control has been applied to data
obtained via motion capture of human-robot collaborative
manipulation in a shared workspace. In [48], a basic pre-
dictive control structure has been designed for compensation
of strict-feedforward nonlinear systems with input delays.
Furthermore, it was shown that the proposed control is
inverse optimal with respect to a meaningful differential game
problem. Germinal Center Optimization algorithm (GCO)
has been utilized to find an optimal set of parameters for
a neural inverse optimal controller applied to an all-terrain
tracked robot [49]. For inverse optimal control of multi-agent
systems (MAS), first a consensus protocol is designed and
then the cost function is optimized via Jaya algorithm
(JA), teaching-learning algorithm (TLBO), and advanced
teaching-learning (ATLBO) [45]. A neural affine system
has been implemented to calculate the insulin delivery
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rate to control the glucose level in the blood for type 1
diabetes mellitus (TIDM) patients using inverse optimal
control method [50]. In another study, an inverse optimal
neural controller has been used for feedback control of
mobile robots with non-holonomic constraints [51]. Based
on the backstepping technique, neural networks have been
utilized to approximate the unknown function, in the
meantime, the inverse optimal controller has been used to
minimize a meaningful cost function to reduce the cost of
input [52].

A recurrent high order neural network (RHONN) has been
used in order to identify the unknown system, then a control
law which stabilizes the reference tracking error dynamics
has been developed using the inverse optimal control
approach [53]. RHONN structure has been utilized in various
other applications of inverse optimal control. RHONN trained
with extended Kalman filter (EKF) is employed to obtain
a mathematical model for a three-phase linear induction
motor (LIM) with uncertainties and discrete-time neural
inverse optimal control is employed to control the position
of the LIM [54]. Utilizing a RHONN which is trained with
an EKF-based training algorithm, inverse optimal control
technique is applied to a tracked robot [55]. In an attempt
to apply control policies for personalized drug treatment in
influenza infection disease, discrete-time impulsive systems
are derived by combining inverse optimal control with a
RHONN trained with EKF [56]. The passivity concept
based inverse optimal controller integrated with RHONN
has been utilized for stabilization of a bio-fuel production
process [57]. RHONN was also utilized to identify the
doubly fed induction generator and neural inverse optimal
control was integrated for improvement of low-voltage ride-
through capacity for a grid-connected doubly fed induction
generator [58]. To achieve trajectory tracking for uncertain
complex networks, a neural controller is applied to a small
fraction of the nodes. The controller is composed of a
RHONN and an inverse optimal controller to track the desired
trajectory [59]. The combination of a RHONN identifier and
neural inverse optimal control has been utilized to represent
the viral dynamics of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [60].

An adaptive neural inverse optimal consensus control method
is presented for MAS with uncertain dynamics and time-
varying disturbance. Fuzzy logic (FL) has been utilized
to identify the unknown nonlinear dynamics, and using
a backstepping recursive design algorithm, an adaptive
fuzzy inverse optimal scheme with a meaningful objective
functional is developed [61]. In another application of FL,
it has been utilized to identify the unknown nonlinear
dynamics, hence firstly a fuzzy state observer is designed to
estimate the immeasurable states. After that using the inverse
optimal control principle and adaptive backstepping design
theory, an observer-based fuzzy adaptive inverse optimal
output feedback controller is developed [62]. In another
work, FL has been employed to approximate unknown
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nonlinearities and auxiliary system model of vehicular
active suspension systems (ASS). Then combining adaptive
backstepping design technique and inverse optimal principle,
an adaptive fuzzy output feedback inverse optimal strategy is
proposed [63].

In all of the examples given above from the technical
literature, inverse optimal control methodology has been
implemented for the control of affine nonlinear systems,
where the control input can be separated from the nonlinear
system dynamics in the mathematical model of the system.
However, there is no significant research on the control
of non-affine nonlinear systems using inverse optimal con-
trollers. In this paper, a novel method has been proposed for
the control of non-affine and nonlinear systems using inverse
optimal control method. First, the nonlinear autoregressive
network with exogenous inputs (NARX) model of the system
to be controlled is obtained, consequently, this NARX model
is converted into a NARMA-L2 model. Both the NARX
and NARMA-L2 models have been identified by the online
LSSVR method optimized by the Levenberg-Marquardt
algorithm. The NARMA-L2 modelling provides a conversion
from a non-affine to an affine system model. Next, using the
computed affine system model, the inverse optimal controller
is designed. The parameters of the controller have also
been optimized with the Levenberg-Marquardt method. The
resulting control architecture is an adaptive structure where
the system model and control law are computed at every
sampling time in an online adaptive manner.

Since the performance of model-based control methods
depends on the model accuracy, updating the system model
adaptively at every time step increases the success of the
method. Furthermore, to the best of our knowledge, this is the
first implementation of inverse optimal control methodology
in literature in an adaptive manner, with optimized parameters
at every sampling time.

Finally, we have also added an integrator controller to the
design to decrease the steady-state error.

As mentioned, the main benefit of SVR-based approaches
over backpropagation-based identification algorithms is that
they guarantee the global extremum, allowing for the accurate
determination of the system model that is valid in all
regions. Thus, a novel online LSSVR-based inverse optimal
controller has been proposed in this paper for nonlinear
non-affine single input single output (SISO) dynamical
systems, by combining the powerful modelling capabilities
of LSSVR with the functionality of the inverse optimal
controller structure.

The proposed work presents a number of significant
contributions to the technical literature. These can be
listed as:

1) A novel method is proposed to implement inverse
optimal control methodology to nonlinear and non-affine
systems. To the best of our knowledge, this is the first
implementation of inverse optimal control technique to non-
affine systems.
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2) An online LSSVR has been employed with inverse opti-
mal control method for the first time. Online LSSVR is used
to convert the original non-affine system model (NARX) to
affine system model using NARMA-L2 modelling technique.

3) Another major novelty of the proposed work is that
the P and R parameters of the inverse optimal controller
are made adaptive, they are updated iteratively using the
Levenberg-Marquadt algorithm in an online manner.

4) Using inverse optimal control methodology and online
LSSVR technique, an adaptive control architecture is imple-
mented where model identification and control design are
carried out iteratively, in an online manner.

The main contribution of our proposed method was
to come up with a novel methodology to apply inverse
optimal control technique to non-affine nonlinear systems.
Nevertheless, there are numerous methods that have been
used to control non-affine systems in the technical literature,
however, our main motivation was to adopt specifically
the inverse optimal control technique to control non-affine
systems. The application of inverse optimal control method
has been limited to affine nonlinear systems and it has not
been formulated for non-affine systems, since the control
input term is implicit in non-affine dynamical equations and
it is generally not possible to find an explicit mathematical
solution for it. Hence, the inverse optimal control law
formulated for affine systems in technical literature cannot
be used. So, in this paper, we propose a novel approach to
overcome this limitation and apply inverse optimal control
method for nonlinear and non-affine systems.

The proposed method has been tested by simulations on
two different benchmark problems. The simulation results
verify that the introduced control method can successfully
provide good tracking control. Moreover, the robustness of
the method is also justified by the simulation results obtained
under disturbance, noise and parametric uncertainty.

This paper is organized as follows: Section II presents
a concise introduction to nonlinear and non-affine systems.
Section III gives a brief summary of the inverse optimal
control method for trajectory tracking. Section IV explains
the principles of NARMA-L2 modelling, additionally online
LSSVR is summarized and the derivation of LSSVR
submodels are given. In Section V, a detailed explanation of
the proposed control architecture is presented. In Section VI,
simulation results and performance analysis of the controller
are given. In Section VII, a detailed comparison between the
proposed control method and a conventional PID controller
is presented. The paper ends with a brief conclusion in
Section VIII.

Il. NONLINEAR NON-AFFINE SYSTEMS

Optimal control of affine nonlinear systems is a well-studied
problem in literature [64]. However, currently, there is no
adequate work related to the optimal control of non-affine-
in-control nonlinear systems. When it comes to solving
the Riccati Equation (RE), Algebraic Riccati Equation
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(ARE), and Hamilton-Jacobi-Bellman (HJB) equation for
control systems, nonlinear non-affine systems are more
complicated compared to linear or nonlinear affine-in-control
systems [29]. The primary difficulty in the control problem of
nonlinear non-affine systems is that the structure of the plant
model does not conform to the conventional affine system
format, as the control input u appears in a non-linear fashion.
Hence, it is difficult to obtain an explicit solution for the
control input.

The generic representation of a nonlinear and affine
continuous system is:

X =f(x)+ gx)u ey

where the vector of system states is represented as x € R",
control input signal vector is denoted by u € R™, f(.) and g(.)
are nonlinear and smooth functions. In this representation, the
control input is separated from the nonlinear dynamics and
appears in linear form, this simplifies the design of the control
law. Since the majority of physical systems are inherently
nonlinear, they can not be modeled using the assumption
that they are affine. Systems where the control input cannot
be separated from the internal dynamics are called as non-
affine systems. The most general formulation for nonlinear
non-affine systems is given as follows:

x =f(x,u) @

When f(x,u) is a smooth function, equation (2) can be
rewritten in Taylor expansion form as in (3) [65]:

k
i = fol) + D fiu + Rex, ) 3)
j=1

Hence, nonlinear and non-affine systems can be approxi-
mated with affine system models by retaining the first-order
terms in (3). The design of control laws for non-linear
non-affine discrete-time systems is a difficult task due to
the control input nonlinearity or system output nonlinearity.
Thus it is common to assume that the plant is affine, which
means that the model is linear in control input. Nevertheless,
many physical systems, for example, chemical reactions,
PH neutralization processes, etc. are inherently nonlinear,
In their models, control input cannot be separated from the
nonlinear dynamics [65], [66], [67], [68], [69], [70].

In this work, a novel adaptive inverse optimal control
methodology for nonlinear non-affine systems has been pro-
posed. This method is based on derivation of the NARMA-L2
model of the system to be controlled and thereby converting
from a non-affine system model to an affine system model.
The main aim in this work is to explore the applicability of
inverse optimal control method for nonlinear and non-affine
systems. In the following section, some basic information
about inverse optimal control method is provided.

IIl. INVERSE OPTIMAL CONTROL
It is currently a challenging problem to find effective
approaches for optimal control of nonlinear non-affine
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systems. This is because the corresponding Hamilton-Jacobi-
Bellman (HJB) equations are complicated and difficult to
solve and have no feasible solutions when the systems
dynamics are not explicit. As a result, there is a lack of
sufficient research in this area [71], [72]. Thus in our study,
we extended the boundaries of inverse optimal control to non-
affine systems.

A. A BRIEF REVIEW OF INVERSE OPTIMAL CONTROL
The fundamental concept underlying inverse optimal control
theory is to compute a feedback control law that achieves
stabilization as the initial step. This control law is then
employed in optimizing a meaningful cost function that
takes into account both the state variables and the control
inputs [73], [74], [75], [76], [77], [78]. This definition of
inverse optimal control theory may sound perplexing when
compared to the definition of the optimal control problem
where the cost functional is predetermined to formulate a
stabilizing control law. In inverse optimal control approach,
a candidate control Lyapunov function (CLF) is used to
construct an optimal control law directly without solving the
HIJB equation. A storage function is used as a CLF candidate
and the inverse optimal control law is selected as an output
feedback control, which is obtained as a result of solving
the Bellman equation. Important concepts of inverse optimal
control are given below [78], [79], [80].

Consider a nonlinear, discrete and affine system given
as [81], [82], [83]:

Xni1 = f(xn) + gcn)un 4

where x € R", u, € R"f : R" - R",¢g : R" — R,
Here, x,, denotes the state, u, represents the control input,
subscript n expresses the time index at time n, n € Z1 and
f(), g(.) are smooth functions where £ (0) = 0 and g(x,) # 0
for all x,, # O.

The cost functional related to the trajectory of the system
and the control input is constructed as given below:

C(za) = D_ () + u] Ruj) )

i=n

Here we define the tracking error along the trajectory x, as
Zn = Xn, — X5, Where x5 , denotes the desired trajectory of
Xn. Czy) : R* — RT,I(z,) : R" — RT is a positive
semi-definite function and R : R" — R"™ ™ represents a
real symmetric and positive definite weighting matrix, here,
superscripts denote matrix dimensions. The values in matrix
R can either be chosen as constant or can depend on the
system state to adjust the weighting on control efforts based
on the state value. In the context of state feedback control
design, it is assumed that the entire state x;, is accessible. The
optimal value function C(z,) can be utilized as a Lyapunov
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function and can be reformulated as follows:

V(zn) = (I(zy) + u! Ruy,)

+ D () + ul Ruy)
i=n+1
= (l(zn) + ! Ruy) + V(zp41) (6)

The boundary condition V(0) = O is necessary for V to
be considered as a Lyapunov function. According to the
Bellman optimality principle, in the case of infinite horizon
optimization, the function V(z,) becomes time-invariant and
satisfies the discrete-time (DT) Bellman equation.

V(z) = min[(l(za) + ty Run) + V@)l (D)

V(zn+1) depends on x,, x5 , and u,, by taking one step ahead
prediction for z,,41. It is important to note that the DT Bellman
equation is solved backward in time.

To acquire the necessary conditions that the optimal control
law must satisfy, we define the discrete-time Hamiltonian
H(z,, u,) as:

H(zn, tn) = (I(zy) + u} Rity) + V(zns1) — V(za)  (8)

The necessary condition for optimality of the control law is

that %M'LZ") = 0, hence:
aV(z
0 = 2Ru, + 2V GrtD) )
Un
The chain rule for vectors is applied in (9) to get:
ov
0 = 2Ruy + g () L) (10)
0Zn+1

When optimal control theory is implemented for trajectory
tracking problem, the HIB equation is obtained as:

Wzp) + V(zns1) — V(za)
T
LIV G) o7 R g ) e )
4 3zp41 0Zn+1
Solving (11) is a challenging task, therefore inverse optimal
control technique has been proposed as an alternative method
to overcome this difficulty.

Definition 1: Radially Unbounded Function A positive
definite function V(x,) such that V(x,) — o0 as ||x,|| — oo
is called to be radially unbounded.

Definition 2: Control Lyapunov Function Assume that
V(x,) is a radially unbounded function, with V(x,) > 0,
Vx, # 0and V(0) = 0. If for any x,, € R" there exist real
values u,, such that AV (x,, u,) < 0, where the difference in
Lyapunov function is defined as AV (x,, u,) = V(f(xn) +
g(xp)un)—Vi(x,), then V(.) is called to be a discrete-time
control Lyapunov function (CLF) for (4).

Theorem: Global Asymptotic Stability The equilibrium
point x, = 0 of equation (4) is globally asymptotically stable
if there exists a function V : R” — R such that the following
conditions hold

=0 (11)
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(i) V is a positive definite, decrescent and radially
unbounded function.

(i) —AV(x,, u,) is a positive definite function, where
AV (xp, un) = V(xXp4+1)—V (xn).

Theorem [50]: The optimal control law to achieve
trajectory tracking is formulated as:

1 aVv
w, = —~R'g" (x) (Zn+1) (12)
2 0Zn+1

with the boundary condition V(0) = 0.

Equation (12) is an inverse optimal (globally) stabilizing
control input along x; , if the following two conditions are
satisfied:

Condition 1) For the system represented by (4),
equation (12) achieves (global) asymptotic stability of x,, = 0

Condition 2) The control Lyapunov function, V(z,)
satisfies:

Vi=V(@nt1) — V() + ul Rzue, <0 (13)

If I(z,) := —V, then V(z,) is a solution for (11) and it follows
that the cost functional of the tracking error is minimized.
To compute the inverse optimal control law for the trajectory
tracking problem of nonlinear systems, first a CLF satisfying
the necessary properties [50] is selected as:

1
Viz) = Ez,{ Pz, P=pP >0 (14)

where the trajectory tracking error (z,) is represented as:
(X1,n = X18,n)
in =Xn —Xs§n = (15)
(XN ,n — XN§,n)

The inverse optimal control law can be computed as:

1 9z! Pzu41
Uy =| __R—lgT(xn)L'H'
4 aZn—H

1
=l -5 R+ Po(x)) " Py (i, x5.0) | (16)

where

g" () P(f (%) — Xsnt1)
Jor f(xn) > X5.n+1

g7 () P51 — f (Xn))
forf(xn) = X§,n+1

Pi(xy, x&,n) = a7

and

1
Pa(xy) = ng(mPg(xn) (18)

In (16), (17), (18), the P matrix must be selected as positive
definite and symmetric. Equation (16) formulates the inverse
optimal control law which also guarantees the minimization
of the cost functional in (7). A detailed proof of the theorem
given above is available in [50], [77], [79], and [84].

By the theorem given above, the inverse optimal control
law for trajectory tracking problem can be calculated with the
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selection of appropriate P and R matrices for discrete-time,
affine-in-input, nonlinear system models.

It must be noted that the derivation of the inverse optimal
control law summarized above is based on the selection of a
positive definite Lyapunov function with a negative definite
derivative. Hence, it is inherently stable as long as P and R
matrices are appropriately selected.

The inverse optimal control technique summarized above
has been applied to affine nonlinear systems in technical
literature, however, we are not aware of any studies about
its implementation for non-affine systems. In this paper,
we propose a novel methodology where a non-affine
nonlinear system is converted to an affine system using
NARMA-L2 modelling technique and consequently inverse
optimal control law can be computed.

B. INVERSE OPTIMAL CONTROL WITH INTEGRATOR
When we implemented the inverse optimal control method-
ology formulated above to the trajectory tracking problem
of nonlinear and non-affine systems, we observed that the
transient response was very good, however, there was a
steady-state error. To minimize the steady state error an
integral control action was added to the inverse optimal
control law. Integral control is part of the well-known
proportional-integral-derivative (PID) control and its main
function is to decrease the observed steady-state error.

PID control is extensively employed in industry as the
predominant control algorithm, and it has widespread adop-
tion for industrial control purposes. PID control has gained
widespread acceptance due to its robust performance in
various operating conditions and its inherent simplicity which
provides easy implementation. The PID algorithm, as its
name implies, comprises three fundamental components:
Proportional, integral, and derivative. So it utilizes the
information on error, rate of change of error and integral of
error in computing the control input. Consequently, there are
three coefficients (or gains) to adjust the relative importance
of these components and they are tuned to achieve an optimal
response.

The proportional component of the PID algorithm is solely
determined by the error between the reference signal and
the measured output of the controlled system. Feeding back
this error information will result in a decrease in the error,
in accordance with the basic principles of feedback control
theory. Typically, increasing the proportional gain results
in a faster response of the control system. Nevertheless,
if the proportional gain is excessively high, it can lead to
oscillations in the process. If we increase the value of the
proportional gain beyond a certain point, it will result in
amplification in oscillations, leading to system instability
where the oscillations may result in an unstable system
beyond control.

The derivative part of the PID algorithm is directly pro-
portional to the rate of change of the observed error between
the reference signal and system output. Measuring the rate of
change of error makes it possible to predict how fast the error
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is changing, hence the computed control signal can take an
action before the error builds up. So, a decrease in the output
is induced when the process variable exhibits a rapid increase.
Raising the derivative gain will increase the responsiveness of
the control system with respect to variations in the error term,
thereby increasing the overall speed of the control system’s
response. The derivative component of the PID algorithm
adds an anticipation property to the control signal.

The integral component of the PID algorithm sums the
error term over time. Unless the error is zero, the integral
response of the PID controller continuously tends to increase
over time. As a result, it reduces or eliminates the steady-
state error. The steady-state error is the difference between the
system output and the reference signal after the effect of the
transients are over. The mathematical justification of this is
that adding integral control is equivalent to increasing system
type by one, which means that the number of open-loop poles
at the origin of the complex plane is increased. It can be
mathematically verified that adding an open-loop pole to the
origin decreases the steady-state error [85], [86].

The PID control law can be formulated in discrete-time as:

T T,
Upid, = Kp(en + E ;en + ?(en - en—l)) (19)

Here e, is trajectory tracking error, 7 is the sampling interval,
T; is integration time, Ty is derivative time, and K, is the
proportional gain.

In this study, to minimize the observed steady-state error
when only the inverse optimal controller is used, an integrator
control action is added to the controller design. The main
advantage of using an integral control term is to decrease the
steady-state error as described in detail above.

Hence, the overall control law implemented in this work is
given by the following equation:

1 _
tty =| = (R + P2(x,)) 'P1 (G, X5.) |

N
+K [ > z,} (20)

i=1

where K; € Z% is optimized by Levenberg-Marquadt
algorithm at every sampling time.

IV. LSSVR BASED NARMA-L2 MODEL OF NONLINEAR
NON-AFFINE SYSTEMS

The main aim of this study is to develop a novel method
to design an inverse optimal controller for non-affine and
nonlinear systems.

In order to achieve this, the NARX model of the system
is acquired initially, and then using this NARX model, the
NARMA — L2 model is attained. Thus at the first step NARX
model of the system is obtained by the available input-output
data easily.

The dynamics of the NARX model should be decomposed
into a NARMA — L2 model in order to apply an inverse
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FIGURE 1. Decomposition of LSSVRy4rx model to LSSVRyarmA—12
model [88]

optimal controller [87], [88], [89], [90]. Therefore, obtaining
the NARMA — L2 model is a critical point.

The online LSSVR method has been used both to obtain
the NARX model and then to convert it to the NARMA — L2
model.

Two separate LSSVRs are designed as presented in
Fig.(1). LSSVRnagx computes the NARX model of the
system from the input-output dataset of the system, then
LSSVRNARMA—L> decomposes this model to a NARMA — L2
model in order to obtain a suitable system model to design
the inverse optimal controller.

The proposed method employs online LSSVR method
and NARMA-L2 modelling technique. Hence, in this section,
some basic background material about these concepts are
provided.

A. NONLINEAR FUNCTION ESTIMATION USING LSSVR
LSSVR is a regression technique which is based on the
traditional SVR approach [91]. The main distinctive feature
of LSSVR is that it utilizes equality constraints and a squared
error term in the formulation of the optimization problem.
Let us assume that a training set is given as:

(y17ﬂ)a"‘,(Yk,ﬁ),XERn»yeRakZ1723"‘,N (21)

where N is the size of training data and superscript n is the
dimension of the input matrix.The optimization objective in
LSSVR has two goals, it seeks to maximize the geometric
margin while simultaneously minimizing the training error.
The optimization problem is defined as:

N

17 1 2

v’%neiw W+§ E e (22)
k=1

subject to equality constraints:

i —wlon) —b—ep=0,k=1,2,---,N  (23)
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The equations (22) and (23) are called as the primal form
of the minimization problem where parameter w is weight
vector, ¢(xx) is nonlinear mapping which transfers the input
dataset to feature space, b is bias, e error of least-squares
data fitting. The fundamental concept behind support vector
machines (SVMs) involves constructing a Lagrange function
by combining the primal objective function with the asso-
ciated constraints, which entails introducing a dual set of
variables. The primal objective function and corresponding
constraints are employed to obtain a dual set of variables and
to construct the Lagrange function of the LSSVRs [92]. Thus,
at first Lagrangian function can be derived by utilization of
primal objective function and the constraints:

N
1 1
L(w,b,e,a) = EwTw—l— ECZef
k=1

N
= et +b e~y (24)
k=1
where L represents the Lagrangian, C is the penalty term
and gy are Lagrange multipliers [8], [92], [93]. Since the
Lagrangian exhibits a saddle point concerning both the primal
and dual variables at the solution, the partial derivatives of
L in relation to the primal variables must vanish to achieve
optimality. Utilizing Karush-Kuhn-Tucker conditions for
optimality yields:
N

aL
5= D=0 (25)
k=1
9L N N
S =W D ad(n) =0 w= > akp)  (26)
w k=1 k=1
9L N N
a—zCZek—Zak:Oﬁotk:Cek (27)
€k k=1 k=1
oL -
— =0—=>yc=w () +b+ex (28)
oo
where k = 1,2, --- , N. Thus, the solution is obtained as:
0 1
b 0
I - 2
|:1T o _i| |:aT:| |:yT:| (29)
C
where y = [yi.y2.---ww].a = [a,a---an], 1 =

[1, 1--- 1] , 82 = K(xg,xm), k,m e {1,2,---N}, here K
is kernel function.

The nonlinear autoregressive with exogenous inputs
(NARX) model is given as:

yn=f (un’ s Un—ny> Yn—1, -+» ynfny) (30)

where u, is the control input applied to the plant at time n, y,
is the output of the plant, and n, and n, denote the order of
the NARX Model. This model can be employed to represent
the dynamics of the non-linear system. The state vector of the
system at time index n is represented as follows:

Cn = [tns oos tn—pys Yn—1+ s Ynn, | 31)

VOLUME 11, 2023



M. E. Sanci et al.: Novel Adaptive LSSVR-Based Inverse Optimal Controller With Integrator

IEEE Access

The estimate of the output ¥, can be obtained using
LSSVR. Consequently,using equations (23), (29) and (31),
the non-linear regression or approximation function can be
expressed in terms of support vectors as given in (32):

Sn= D axK(cn x)+b (32)
keSV

For additional information please refer to [8], [92], and [93].

B. SYSTEM IDENTIFICATION USING NARMA-L2 MODEL
The nonlinear autoregressive moving average (NARMA)
model is a discrete-time mathematical representation which
is specifically designed for characterizing the behavior of
a single input single output (SISO) system with nth-order
nonlinear dynamics and a relative degree of d, in the
neighborhood of its equilibrium state [94].

The generic representation of a discrete-time, non-affine
and nonlinear system is given as:

JYn—k+1)  (33)

Here y,, is the system output, u,, denotes the control input and
d represents the relative degree, F, is a nonlinear function of
its arguments. For the system given above, solving system
identification problem is equivalent to finding the correct
input-output mapping with as small error as possible.

In literature, there are two variations of NARMA, known
as NARMA — L1 and NARMA — L2. In both approximations,
the relationship between the input u;, and the output y,
exhibits linearity. Consequently, the control law u, can be
determined by using algebraic linear equations. The key
distinction between these two approximations lies in the
Taylor series expansion which is used. For NARMA — L1,
the Taylor expansion is centered around specific conditions:
s yn—1s - s Yn—kt1,n = 0,1 = 0, -+ L ttyg 1 = 0]
while the Taylor expansion for NARMA — L2 is around the
scalar u;, = 0. In the NARMA — L1 model, the functions f and
£ depend on previous values of the output, y,, and the control
input, u,, with a linear relationship between the current and
past control input values in the equation. However, in the
NARMA — L2 model, the functions f and g involve both
past output, y, and control input, u, with a linear connection
between the next output value, y,+4, and the current control
input, u,. The NARMA — L1 approximation model is given
as:

Yntd = FacualWn, -+, k1, Yn» -+

j’n+d =fb’n, Yn—1,""" }’nkarl]
n—1
+ Zéi[yn,yn—l, e Yk lun—i  (34)

i=1

where

f = Factual[(}’na te

~ 0F actual
8=

7yn—k+1707 Oa Tt 50)]

(35)

al/ln_i O s Yn—k+1:Un=0,+ ,up—1+1=0)

In order to obtain the NARMA — L2 model, the Taylor
series expansion of (33) is written down and the first order
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terms are retained. Hence, the NARMA — L2 model can be
derived as:

Sntrd =FDms Ynets s Ynmkt 1,
Up—1, " > Up—k+1]
+8ns Yn—1s -+ s Yn—kt1s
Un—1, -5 Un—k+1]" Uy (36)
where
f = FactuatlOns -+ Yn—k+1, 0,
Un—1s "+ > Un—k+1)]
G= 81;11;:4111 | (37)
st s Yn—k+15Un=0,un—1, ,Up—f+1)
Sntd = F (¥n) + 8Con)un (38)

where x;, is the input vector, f and g are nonlinear functions
[88]. As can be seen in (38), the functions f and g are the
submodels of the NARMA — L2 model and they must be
estimated. In the NARMA — L2 model, the control input u,, is
separated from the nonlinear dynamics and appears linearly.
This is the main strength of NARMA — L2 model since it
provides practicality in control design. Thus NARMA — L2
modeling has been used in various researches [88], [95],
[96]. Additionally, it provides a good representation for an
affine system model. The work proposed in this paper mainly
concentrates on designing an inverse optimal controller
for non-affine systems. For this purpose, the input-output
data is used to obtain the non-affine NARX model of the
system (LSSVRyaRx ), consequently, this model is utilized to
compute the NARMA — L2 (LSSVRNarMA—L2) submodels.
After identifying the dynamics of the system, the estimated
submodels (f , &) are used to compute the inverse optimal
control law. An illustration of the NARMA —L?2 model is given
in Fig.(2).

After this concise summary of the basic concepts used
in this work given above, in the following section the
main contribution of this paper, namely the adaptive inverse
optimal controller with integrator which has been proposed
for the control of nonlinear and non-affine systems is
presented in detail.

V. ADAPTIVE INVERSE OPTIMAL CONTROLLER WITH
INTEGRATOR

Inverse optimal control has been successfully applied to
various nonlinear systems, however, these systems are mainly
affine systems where control input appears linearly in system
dynamics. The inverse optimal control method has not yet
been used for the control of non-affine systems in the
literature.

In this paper, the main goal is to explore the applicability
of inverse optimal control methodology for non-affine non-
linear systems. A novel control method is proposed in order
to adopt inverse optimal control technique for the control
of a non-affine systems. In the proposed method, a totally
adaptive control architecture is constructed where system
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identification, optimization and control are executed concur-
rently at every sampling interval. From the input-output data
of the controlled plant, the NARX model of the system is
obtained using online LSSVR method. Consequently, this
NARX model is converted to a NARMA-L2 model and
submodel terms of the dynamics are identified. This step
converts a non-affine system to an affine system model. Also,
the controller parameters are optimized using the Levenberg-
Marquardt algorithm. Finally, the obtained NARMA-L2
model and the optimized controller parameters are utilized
together to compute the inverse optimal control law and this
is applied to the controlled system. In the subsections that
follow, the steps of the control architecture are explained in
detail.

A. IDENTIFICATION OF NARX MODEL USING ONLINE
LSSVR
The online LSSVR method has been used to identify the
NARMA — L2 model of the system to be controlled. For
this purpose, firstly the NARX model is obtained, then the
NARMA — L2 model is attained using this NARX model.
The dynamics of a non-linear system can be represented
by the nonlinear autoregressive with exogenous inputs
(NARX) model,

Yn+1 :f([un» sty Un—nys Yn—1,

Snen]) (39)

where u, is the control input applied to the plant at time #,
Yn+1 18 the output of the plant and n,, n, represent the number
of past control inputs and the number of past plant outputs
included in the model respectively [97]. The state vector of
the system at time index n is represented as follows:

nen)]  (40)

Using LSSVR, an estimate of the output of the model can be
obtained by employing equations (32), (39) and (40):

Xpn = [”n»"' s Un—ny s Yn—15 " -

n—1
INARX, 1 = Z aiK (xn, x;) + by 41)
i=n—L
Utilizing inputs X,, = [x,—1, -, x,—L], corresponding
outputs of the system Y, = [yn,- -, Yu—r+1], the length
of the sliding windows L and langrange multipliers a;, the
training data set (X,, ¥5) can be obtained. If we assume that

U, = [£2, + =], where £2,, is the kernel matrix, C is the

penalty term and use equation (9), Lagrange multipliers a,
and bias b,, are obtained as:

Y, =[U " ay +17b, (42)
lal =0 (43)
Solving the linear system of equations:
UpYy = Up[U 1" el + U, 17, (44)
ay = Up[Yy —17b,] (45)
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FIGURE 2. LSSVRNARMA—LZ model [IO], [88]

Using equation (16),

lay = 1Uu[Y, = 17b,]1 =0 (46)
1U,Y,

= 47
"= Ut 47

Thus at time index » :
Xy = [xp—1,-- , Xn—] (48)
Yn = [ym te vyn—L—H] (49)

Attime indexn + 1 :
Xny1 =, X411 (50
Yn+l = [)’n+11 ety yn—L+2] (51)

At time index n + 1, new data pair of (x;, y,) is added to
the training data and old data pair (x,_r, y,—r+1) is discarded
from the data set [98], [99].

B. LSSVR BASED NARMA-L2 DECOMPOSITION

After obtaining the NARX model of the system, the next step
is to decompose it into NARMA — L2 submodels. Hence
the focus of this step is to obtain the model parameters for
LSSVRNARMA—-L2 from the previously obtained model of the
system:

n—1

YNARX,1 = z a;K (x,, x;) + by, (52)

i=n—L

The NARX model which is not directly usable in inverse
optimal control design should be separated into submodels
F,()and G,(.) as shown in Fig.(2). Submodels can be
presented at prediction phase:

= Fuo1(x) (53)
8, = Gyu_1(xn) (54)

Subscript denotes the time index of the state vector and
superscript indicates if the system model is derived for time
stepnorn — 1. “-” is used to indicate that models computed
in the previous time step n — 1 are evaluated with current state
vector x;, with the purpose of obtaining f,, and g, . In other
words, fn+ and g} represent that model acquired in the current
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step (n) has been utilized with the current state vector x,, as
follows:

Fif = Fux) (55)
85 = Galxy) (56)

To compute inverse optimal control, submodels F,(.)and
Gy(.) have to be obtained. The regression functions for
F,_1(x;,—1) and G,—1(x,—1) are represented as:

N
f,,tl = Fuo1(o-1) = Zaik(xi, Xn—1) + br (57

i=1

N
& Z G =D 0k, )+ b (58)
i=1
The output of LSSVRNarMA—12 model of the system can be
acquired as:

INARMA, = Fu—1(n—1) + Gu—1ttn—1 (59)
N

= Z aik(xi, Xp—1) + by

i=1
N
+ |: Z Oik (xi, Xn—1) + bg:| up—1  (60)
i=1
The models of LSSVRNarMma—1.2 and LSSVRnarx are matched

and the following relation between these two models can be
established:

N
zaiK(xi, Xp—1) + by

=1
N

= Z[ai + Oiun 11K (x;, Xp—1) + by + bgup 1 (61)
i=1

Hence:
a; = o + Oty (62)
b, = bf + bgunfl (63)

In order to proceed, let us assume that there exists the
following relations between submodels:

INARX, = YNARMA, (64)

The following assumption has been suggested to use this
relationship and to estimate the submodels’ parameters using
this approach:

a; = (1(.)0; (65)
by = u2()bg (66)
As a consequence, we obtain:
Fn1(—1) = n1()Gp—1(Xn-1)
+ [u2() — u1()]bg (67)

It is clearly seen from equation (67) that the
LSSVRNARMA—12 model of the system depends only on
Gyn—1(x,—1) for given values of p1(.) and w>(.), nw1(.) and

VOLUME 11, 2023

u2(.) are the regressor parameters of the submodels. Using
equations (65) and (66), the bias and Lagrange parameters of
the LSSVRnARMA—12 submodels F;,_1(x;,—1) and G,—1(x,—1)
are calculated with respect to LSSVRn4agx model:

ai

C () F e
bn

b= ———— b
T O +unal

,a; = pui()o;

i

= (b (68)

When the transformation from the NARX model (52) to
NARMA-L2 (60) is achieved, the biggest advantage obtained
is that the control signal term is successfully extricated
from the nonlinear terms in the NARX model (52) and
transformed into a multiplier term as in NARMA-L2 (60).
Thus, an affine nonlinear equivalent of the NARX model can
be accomplished. As aresult, the control signal term as in (60)
can be expressed in terms of the nonlinear dynamics of the
NARX model, transformed by Taylor series expansion.

As a consequence, system dynamics that are required
for designing an inverse optimal controller can be calculated
using the initially obtained LSSVRnyagrx model and then
converting it to a LSSVRyarMA—12 model.

C. PARAMETER OPTIMIZATION USING
LEVENBERG-MARQUARDT ALGORITHM

The tracking performance of the proposed method depends
on the parameters w1, 12, P, R and Kj.

To efficiently update all of the aforementioned param-
eters, a predictive framework that takes into account the
system’s K -step-ahead future behavior has been deployed.

The objective function E given in equation (69) is
optimized by Levenberg-Marquardt algorithm to tune the
parameters P, R, 11, i and Kj.

K

1<, 1 )
E(u, PR Kp) = 5 ;em + 5 Mt = P (69)
Here, ¢,4x = rntk — Yn+k> A is the penalty parameter.

Levenberg-Marquardt algorithm is used to adjust the param-
eters as follows:

M lpen M 1o1a

26 2,14 .

Puew | = | Poa | + [JTJ + T}I] -]Te (70)
Ryew Roia

Ko Kl

where (71), as shown at the bottom of the next page.

e = [ent1-,enikvAAuy)T and J is Jacobian
matrix. If the jth support vector and current state are
e = [Up—1,-+ - Un—pys Yn> s yn—ny—i-l]T and Xj =
[xj1, - - vxjnu’xjnﬁnv]T, respectively, K-step ahead future
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behavior of the system can be approximated as: where
Intk = Ja(Cnik) + &n(Crpi )ity (72) min(k, nu)
A = Up — X
Cntk = [un’... S Upy Up—1, " -+ ’ul’l"rk—nu Vl+k Z ( n j,l)
k ny-k ny
~ ~ 2
Yntks = s Ynt1 Yny =+ * s Ynpk—ny (73) + Z (ntminth.n)—i = X.i)
—_— i=min(k,ny)+1
k—l ny +1_k ( ll)
—8(ny, — k) a7
where min(k—1,ny)
A S 2
Fa@uir) = D oK (dyri j) + bf Dy, D Oweki = G,
jesv i=1
+k 2
}’l ,j 2
= Z O‘Jexl’( ) (74) + Z (Unt-min(k—1,n)+1—i = Xj.n,+i)
Jjesv i=min(k—1,ny)+1
nCnij) = D OiK (dnii j) + by —8(ny+1—k) (78)
jesv
&(.) represents unit step function. The system Jacobian J,,
n+k,j p p Y
z Bjexp(— =Ly (75) s given as:
jesv
. . 3y dfn(c ody+k j
The Euclidean distance between the state vector at ;Hk = g;g k) 8n+ J
step(n-+k) and the jth support vector x; is defined as dy, 1 ;. Un ntk.j Un
The choice of kernel parameter o significantly influences 98n(Cntk) Odntij i+ gn(Cnei) (79)
how well the data can be distinguished in the feature space. ddntrj  Oup
With a small o, the kernel matrix emphasizes similarities where
among input data, causing similar points in input space to be
widely dispersed in feature space. Consequently, this leads fu(Cntk) _ _1_ Z a.exp(—_dn+k’j)
to an increase in the number of support vectors needed to Odnyk j 202 je o / 202 7
accurately capture the system’s dynamics. Conversely, for
s . . N agn(cn+k) n+k,]
large o values, dissimilar data in the input space are projected 8d— ) z Ojex ( ), (80)
closely in the feature space. This can cause the kernel’s nthj o jesv
FlOHllFlf:arle to be dlmlms’hed, reS}lltlng in an imprecise Odntkj  0dnikj [ 9An 9DUpy L M Dy, .,
identification of the system’s dynamics. dup  0Apk LOPUpsx  n Yopk  Un
81
dpikj = \/ (Cntk = DT (Cnk — X)) e
Odpik j 1 1 82)
=./D +D =./A 76 = = )
\/ Un+k Yk \/ n+k (76) Fy 2 Anik 2tk j
BfnJrl aj}nJrl afnJrl a5/n+l dentl a_)A/nJrl dentl a;’rH»l dentl 3§'n+1
nt1 01 Wpg1 Op2  np1 0P 3Puy1 IR 3Yup OK;
dentk OVntk O€ntk 0n+k Oentk OVnt+k O€ntk OVn+k Oentk OVn+k
ik OU1 OVuyk 02 Yy OP n+x_ OR ik 0Ky
VA Auy, VA Au, IV Auy, I Auy, INNAuy,
w1 ©2 P R K
D+t Quy  Vn+1 Juy  OPnt1 duy  OIn+1 duy Vsl Jun
dup, O] du, ouy  du, P du, OR du, 0Ky
T | Ok By O3wik duy Dk duy OFwik duy uik duy
duy, dul du, Oy  Ouy 381’ oup aBR oup g[(l
U U, U, U U,
—VAB XS N NG N
_ nt1
dup
— : Quy - Buy  duy iy ty |
- _ pik I:aptl B oP OR K]] - JmJC (71)
duy

VA
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0Antk  0Anti

= =1, (83)
9Dy, 9Dy,
in(k,n,)
aDy " min
— = 2(u, — xi, 1), 84
o ; (= 5, ) (84)
min(k—1,ny) ~
oDy, ., n OVntk—i
— = 2(Vnrk—i = Xj,n,+i)
aun ; n+k—i Jony i aun
Sk — i) (85)

The Jacobian matrix J, is obtained using the substitutions
A and D given in equations (76)-(78) and LSSVRNARMA—L2
model of the system as shown in equations (79)-(85).
Tracking performance of the system achieved using the
proposed method depends on parameters (1, 2, P, R. Due
to the observed steady-state error we also added an integrator
to the controller design. Since adaptive parameters are not at
their optimal values in the transient state of the closed-loop
system, a correction term denoted as Su, has been added to
tolerate the error in the resulting control signal. Using Taylor
series expansion given in [100], [101], the correction term can
be derived as follows via J,,,.

Sup = —[I0 3] e (86)

The objective function given in equation (69) is optimized
by the Levenberg-Marquardt algorithm to tune the param-
eters. The adjustable controller parameters have also been
adapted using the Levenberg-Marquardt algorithm.

D. PROPOSED CONTROL PROCEDURE
A step-by-step outline of the proposed control method
is provided below. A flow chart of the pseudo-code that
summarizes the algorithm is given in Fig.(3). Additionally,
the control architecture of the overall system is illustrated in
Fig.(4).
Initialize controller and model

parameters.

-Controller parameters: 1}, P, R, K;

-LSSVRNsrx model parameters:

B =bg=0,C=1000,¢ = 1073,

o=1

Train LSSVRnagx model using

(ufn—l’ yn) data pair

-Set index to n

-Constitute x,—1 = [Up—2, *** , Un—n,Yn—1

) Yn—ny]

-Predict y,, via LSSVRyagx model

-Calculate ey, = yn-Jn

If | ep, | > ¢

Train system model where e,, =

Yn—Yn else continue with the system

model and controller parameters

obtained at the previous step

Convert LSSVRnarx model to
LSSVRNARMA—L> model
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-Compute parameters of F,_1(a, by)
and G,,—1(0, bg) by using LSSVRnarx
parameters (8,bg) as shown in (68)
-Constitute x, = [Up—1, =+, Un—ny,yp, - R

-Computef,~ and g, by F,_1(.) and

Gn-1()
Calculate the control input pro-

duced by Inverse Optimal Con-

troller with integrator (u;,).

-Calculate the control signal (u,)

using the predictions of submodels

and control law in (20)

Apply control signal u, to the
system to compute y,4; -Training

data pair of LSSVRnarx model
(4, yn+1) for next step is obtained.

Calculate the Jacobian
-Apply u, K-times to LSSVRyarx
model in order to constitute Jaco-
bian matrix in (71)
Learning Step for Controller
-Update Controller parameters (u;, P, R,Kj)
using (70)

Incrementn =n+1

VI. SIMULATION RESULTS

The proposed control methodology has been assessed with
simulations performed on two different nonlinear benchmark
problems. The control system performance has been evalu-
ated for the nominal case and for the cases with measurement
noise, input disturbance and parametric uncertainty.

Assuming that the system dynamics are unknown,
we initially used online LSSVRyarx to detect the unknown
dynamics using input-output data pairs.

Then by the proposed method, LSSVRyaryA—12 model is
obtained as given in equations (61-68, 70).

For both benchmark problems, we used staircase type of
reference signals for the systems to track. The reason that we
chose such reference signals is that they are rather difficult
to follow and also transient responses and steady-state errors
can be clearly observed. In order to make the simulations
as realistic as possible, we followed a hypothetical approach
where we assumed that we do not have any prior information
about the dynamics of the system to be controlled, however,
the real system model is given by the mathematical equations
of the benchmark systems. In other words, we assume
that we can use the computations of the mathematical
dynamical equations of the benchmark systems as if they are
measurements obtained from the physical plants. At every
iteration the system output is computed using the system
dynamics given with equation (89) for benchmark system I
and equation (90) for benchmark system II. The input and
output values are used to construct the input feature vector
to LSSVRnagx which computes the NARX model of the
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( starT )
y

Initialize controller
and
model parameters

!

Obtain LSSVR-NARX
model

;

Decompose
LSSVR-NARX
Model
to
LSSVRNARMA-L2
Model

:

Calculate inverse
optimal control law

!

Update controller
and
model parameters
by
Levenberg-Marquardt
algorithm

'

Apply inverse
optimal control
law

:

Obtain training data
pair of LSSVR-NARX |=d
Model for nextstep

FIGURE 3. Flow Chart of the Proposed Method.

system. Then the NARX model is converted to submodels f
and g by LSSVRnNarmA—L2. The parameters P, R, 1, up and
Kj are optimized using Levenberg-Marquardt algorithm with
equation (70). The computed submodels and the optimized
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parameters are utilized to calculate the inverse optimal
control law which was given by equation (20). Consequently,
the control law is applied to the actual system, a new system
output value is computed for the applied control input. With
the new control input and system output the next iteration
of the simulation starts to recompute the NARX model,
convert it to submodules, optimize controller parameters and
calculate the inverse optimal control law. Obviously, at every
iteration system identification and control are carried out
together and in an adaptive manner.

In order to verify the effectiveness of the proposed control
method, the simulations are repeated for two different
benchmark systems which are nonlinear and non-affine.
Also, to assess the robustness of the method simulations
are repeated for the cases where measurement noise, input
disturbance or parametric uncertainty are added to the system.
The simulation scenario summarized above is applied to
observe how the proposed method deals with these cases and
whether it achieves robustness. Hence, for both benchmark
systems I and II, simulations have been performed for the
following cases:

1) The nominal case.

2) Measurement noise is added to the system.

3) Input disturbance is added to the system.

4) Parametric uncertainty is added to the system.

The input feature vectors of LSSVRyagx and
LSSVRnARMA—L2 models are chosen as M, = [u,—1,---,
Un—ny> Yn» -Yn—ny+ 117 where n,, = 3 and ny = 3 represent the
number of past inputs and outputs. Since the inverse optimal
controller parameters are optimized based on a predictive
objective function in equation (69), the grid search algorithm
is used for obtaining the optimal estimation horizon (K) and
penalty term (). The application of this algorithm yielded the
optimum K and A values for system 1 and system2as K = 1,
A = 0.1000 and K = 5, A = 0.2000, respectively. The 3-D
error surfaces obtained as a result of the grid search algorithm
are illustrated in Fig.(5) and Fig.(6) for system 1 and system 2,
respectively.

The derivation of the inverse optimal controller involves
the utilization of a positive symmetric Lyapunov function.
Consequently, the control law is formulated so that the
negative definiteness of the derivative of the Lyapunov
function is assured. Hence, it is guaranteed that the inverse
optimal controller is inherently stable as long as P and R
matrices are appropriately selected. In simulation results,
we also verified the stability of each case by plotting the
Lyapunov function and its derivative.

A. BENCHMARK SYSTEM I
1) NOMINAL CASE
Firstly, the performance of the proposed method has been

tested on the following non-affine nonlinear system described
by:

2(up + x2,,)

—— 87
(1 + (up1 +x3) (87)

Xy = 0.1X1n +
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FIGURE 5. 3-D Error surface for Benchmark System I via Grid Search.

Q2+ uy)
(I +x{ +x3)
Y+l = X1, (89)

x3,,, = 0.1xa, + y (88)

n+1

where initial parameters are assigned as P(0) = 0.000120,
R(0) = 0.40, K;(0) = 0.01.
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Fig.(7) and Fig.(8) illustrate the tracking performance results
for the nominal case. In Fig.(7) the states, control input law
and the control signal correction term are depicted. In Fig.(8),
P, O and K parameters and w1 and p are illustrated. Fig.(9)
depicts the trajectory tracking error, the Lyapunov function
and its derivative. From the figures, it can be observed that
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FIGURE 7. Tracking performance (a), Inverse optimal control signal (b),
and control signal correction term (c) for Benchmark System I (nominal
case).

the trajectory error has a very small magnitude. The output
converges to the reference signal fast and tracks it with
minimum steady-state error. The parameters tune themselves
adaptively to provide successful tracking. Also it can be
concluded that the Lyapunov function is always positive and
the derivative of the Lyapunov function is always negative,
proving the stability of the proposed controller for benchmark
system I for the nominal case.

137562

0.46 -

0.45 -

AN XXX
AN
o R W=

0.44 1

ol

0.42 -

0.41 -

0.4 r
0.39 -

0.38

2) MEASUREMENT NOISE CASE
To evaluate the trajectory tracking performance of the
proposed control scheme under measurement noise, 30 dB
measurement noise is added to the output of the benchmark
system I. The system output, calculated control input and
control signal correction term can be observed in Fig.(10).
Fig(11) depictures the parameters of the inverse optimal con-
troller with integrator and LSSVRNsrMa—12 decomposition
parameters. It can be clearly seen that the proposed controller
can successfully deal with the measurement noise and the
parameters adapt themselves to perform successful control.
Fig.(12) depicts the trajectory tracking error, the Lya-
punov function and its derivative. It is observed that
the proposed controller guarantees stability for benchmark
system I under measurement noise. The figures clearly show
that despite the presence of measurement noise, output
trajectory successfully follows the reference signal and there
is nearly no steady-state error. Naturally, because of the
measurement noise added to the system oscillations are
observed, but these are small magnitude oscillations and the
proposed control method can successfully deal with them.

3) INPUT DISTURBANCE CASE

Simulations are repeated for the case where an input
disturbance of uy, = 0.01 sin(%n) is added. The tracking
performance is given in Fig.(13). The evolution of the
inverse optimal controller and decomposition parameters
are depictured in Fig.(14). The figures clearly show that
the proposed control method can successfully provide good
control and also can effectively deal with input disturbance.
Although there are small magnitude oscillations in the
response, the output signal successfully follows the reference
signal and the observed steady-state error is very small. It can
be clearly seen how the computed control input signal varies
in an oscillatory manner to deal with the disturbance added
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u, values (e) for Benchmark System I (nominal case).

to the system. The adaptive and model-based nature of the
proposed control method makes it possible to easily vary
the control input signal to minimize the error. Additionally,
Fig.(15) visualizes the simulation results for the trajectory
tracking error and stability acquired by the proposed method
for the benchmark system I under input disturbance.

4) PARAMETRIC UNCERTAINTY CASE

The coefficient of the term “0.1x,” in (87) is considered as
an uncertain parameter given as p,xj, where p, = 0.1(1 +
0.1sin(2m %n)). The tracking control performance and the
change of the uncertain parameter are depictured in Fig.(16).
Inverse optimal controller with integrator parameters and
LSSVRNARMA—12 decomposition parameters are illustrated
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FIGURE 10. Tracking performance (a), Inverse optimal control signal (b),
and control signal correction term (c) for Benchmark System |
(measurement noise case).

in Fig(17). The figures display very good tracking results
with very small steady-state error. Parametric uncertainty
is introduced to the system, however with the proposed
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FIGURE 11. Adaptive P (a), R (b), and K; (c) parameters, x; values (d),
o values (e) for Benchmark System I (measurement noise case).

control method the output of the benchmark system I
can successfully follow the reference signal with slight
oscillations. The steady-state error in the output is very small.
As can be clearly seen from these figures, the controller
can provide successful control despite parametric uncertainty.
The controller parameters optimize themselves to achieve
effective control.

Fig.(18) demonstrates the trajectory tracking error and
stability of benchmark system I when parametric uncertainty
is added to the system.

B. BENCHMARK SYSTEM 11

1) NOMINAL CASE

The performance of the proposed method has also been tested
on a third-order continuously stirred tank reactor (CSTR)
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FIGURE 12. Trajectory Tracking Error (a), Lyapunov Function (b), and its
derivative (c) for Benchmark System | (measurement noise case).

system. Continuously stirred tank reactors (CSTRs) are
frequently utilized in continuous hydrogen production [102].
While chemicals flow into the reactor to undergo a reaction,
there is also an exit stream to extract chemicals from the
reactor to keep the volume constant. So, the main advantage
of CSTRs is that they provide continuous production
without filling and emptying the reactor repeatedly [103].
The dynamical equations of the CSTR system are highly
nonlinear and non-affine. Since the control of the CSTR
system is a difficult task, it has frequently been employed
as a benchmark problem to examine the performances of
proposed control methods [101], [104]. The differential
equations describing the system are given as [101], [103],
[104]:

%1(t) = 1 — x1(t) — Dayx1(r) + Dayx3(r)
(1) = —x2(t) 4+ Dayx1(t) — Dayx3(t)
— Dazdy(1)x3(1) + u(t)
$3(1) = —x3(t) + Dazda(1)x3 (1) (90)

where Da; = 3, Da, = 0.5, Daz = 1, dp, ..t = 1.
The controlled input of the system is u(#) and x3(¢) is the
output of the process. This model of the CSTR system is
a nonlinear affine system, in order to test the superiority
of our proposed method for nonlinear non-affine systems,
the system input signal term (u(¢)) in equation (90) has
been modified as sin(zT”uz(t)). Thus, a non-affine system has
been obtained to examine the performance of the introduced
control architecture. We have used 4th order Runge-Kutta
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FIGURE 13. Tracking performance(a), Inverse optimal control signal (b),
and control signal correction term (c), input disturbance (d) for
Benchmark System I (input disturbance case).

method with sampling time Ty = 0.05 sec. to discretize the
system model [100]. It must be noted that continuous systems
can be discretized in accordance with the Nyquist sampling
theorem and consequently discrete-time controllers can be
utilized.

Initial parameters for the controller are set as P(0) = 0.58,
R(0) = 0.04, K7(0) = 0.01. In the simulation results given
below, the results for the nominal case, and for the cases
where measurement noise, input disturbance and parametric
uncertainty added to the system are depicted. For each case,
the tracking results for the output, the computed control
input, control signal correction term, the inverse controller
and integrator parameters, LSSVRNsrmA—12> decomposition
parameters and trajectory tracking error are illustrated.

Additionally, the Lyapunov function and its derivative are
also provided to prove the stability of the proposed method.

In Fig.(19) and Fig(20) the trajectory tracking results for
the nominal case with no noise, disturbance or parametric
uncertainty are given. As can be observed from the figures,
the proposed method provides good tracking performance
with fast response and very small steady-state error. The
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FIGURE 14. Adaptive P (a), R (b), and K; (c) parameters, ., values (d),
i, values (e) for Benchmark System I (input disturbance case).

output of the system displays very short transients and
quickly converges to the reference signal. It follows the
reference signal with a negligible amount of steady-state
error after converging. The figures also show how the
controller parameters adjust themselves adaptively to achieve
good tracking performance with minimum error. Fig.(21)
illustrates that trajectory tracking error is minimized, also
the Lyapunov function is always positive and its derivative
is always negative, which justifies that the proposed method
guarantees the stability of the CSTR system.

2) MEASUREMENT NOISE CASE
The performance of the proposed method has been tested
when 30 dB measurement noise is added to the output
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FIGURE 15. Trajectory Tracking Error (a), Lyapunov Function (b), and its
derivative (c) for Benchmark System I (input disturbance case).

of the benchmark system II (CSTR). Fig.(22) represents
the tracking performance of the proposed method, Fig.(23)
shows the parameters of inverse optimal controller with
integrator and parameters obtained for the LSSVRnArMA—L2
system identification for the case with measurement noise.
The measurement noise added to the system naturally
results in oscillations in the system output. However, despite
oscillations, it can be observed that the output of the system
successfully follows the reference signal. The proposed
adaptive control method results in a similar oscillatory control
input. To suppress noise, the control input signal adapts
itself continuously yielding a good tracking performance
with small transient effects, fast convergence and very small
steady-state error. The simulation results justify that the
proposed method yields satisfactory results when there is
measurement noise in the system.

Fig.(24) depicts the signs of the Lyapunov function and
its derivative assuring stability and justifies the minimization
of the trajectory tracking error for the CSTR system under
measurement noise.

3) INPUT DISTURBANCE CASE

In order to evaluate the performance of the proposed method
under input disturbance for the CSTR system, an input dis-
turbance of d(t) = 0.01 sin(%t) is implemented. Fig.(25)
clearly shows the success of the tracking performance for the
proposed method under disturbance. The system output suc-
cessfully tracks the reference signal with short transients and
nearly no steady-state error. The sinusoidal input disturbance
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FIGURE 16. Tracking performance(a), Inverse optimal control signal(b),
control signal correction term (c), and uncertain system parameter (d) for
Benchmark System | (parametric uncertainty case).

applied to the system inevitably causes oscillations with small
magnitudes. However, the adaptive nature of the proposed
control method can effectively deal with the disturbance
as observed with the oscillatory and changing behavior
of the control input signal which is computed. Fig.(26)
illustrates the adaptation of inverse optimal controller with
integrator and LSSVRnarya—12 system model decomposition
parameters. The stability and the tracking error results are
given in Fig.(27) for the case when input disturbance is added
to the CSTR system.

4) PARAMETRIC UNCERTAINTY CASE

The performance of the proposed control algorithm has also
been assessed under the presence of parametric uncertainty in
the system. For this purpose, it has been assumed that there
is a sinusoidal uncertainty in parameter d»(¢) which varies
as dr(t) = (1 4+ 0.1sin0.0871¢). The results obtained for
the CSTR system verify that the proposed method is very
successful at suppressing parametric uncertainties. Tracking
performance is illustrated in Fig.(28). The adaptation of the
parameters of the inverse optimal controller with integrator
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and y, (e) parameters for Benchmark System I (parametric uncertainty
case).

and LSSVRynsrma—L2 system identification parameters can
be observed at Fig.(29). The figures display that the system
output converges to the reference signal fast and tracks it
very successfully. The transient effects vanish quickly and
the steady-state error is very small. The adaptation of the
controller parameters and the control input signal yields good
control performance despite parametric uncertainty in the
system. Fig.(30) provides the trajectory tracking error. It also
depicts the Lyapunov function and its derivative to prove the
stability of the proposed control approach for the case when
parametric uncertainty is introduced to the CSTR system.
The simulation results justify that the proposed control
method is successful in providing good trajectory control
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with fast vanishing and small magnitude transient effects
and small steady-state errors. The robustness of the method
is also verified since the method assures good performance
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values (e) for Benchmark System Il (CSTR) (nominal case).

when measurement noise, input disturbance or parametric
uncertainty are imposed on the system. The main reason
for the good performance attained by the proposed control
method is that it is a model-based and totally adaptive
approach. At each sampling time, the dynamics of the system
to be controlled are identified. The controller parameters are
optimized using the Levenberg-Marquardt algorithm. The
information of the obtained system model and the optimized
controller parameters are utilized in computing the inverse
optimal control law. Identification and control are carried out
concurrently at each time sample. Hence, the control law
can instantly take an action for any change in the reference
trajectory, system dynamics and for the noise, disturbance or
uncertainty effect that are observed. Consequently, the effects
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of these factors on the control performance are diminished
before they build up. Therefore, we can conclude that the
adaptive nature and the optimization property of the proposed
control method assure good control performance.
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VIil. COMPARISON OF THE PROPOSED CONTROL
APPROACH WITH PID CONTROLLER

We have compared the performance of the adaptive LSSVR
based inverse optimal controller with integrator for nonlinear
non-affine systems proposed in this paper with a conventional
PID controller. As in the previous section staircase type
of reference input signal has been used to observe the
transient effects and steady-state error clearly. A detailed
comparison has been carried out for both of the benchmark
systems and robustness analysis has also been performed.
For a meaningful comparison, the integral gain that has
been computed by the proposed method has been utilized.
The proportional and derivative gains of the PID controller
have been determined in accordance with the Zieglers-
Nichols method, utilizing the value of the integral gain [105].
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FIGURE 24. Trajectory Tracking Error (a), Lyapunov Function (b), and its
derivative (c) for Benchmark System Il (CSTR) (measurement noise case).

We have carried out a detailed comparison for both of the
benchmark systems, for the nominal case and for the cases
when measurement noise, input disturbance and parametric
uncertainty are added to the systems.

ISE = / e2(tdt 91)

To verify the effectiveness of the proposed approach with
respect to PID, the ISE index is computed for each simulated
case and for both benchmark problems, all of the results are
tabulated.

A. BENCHMARK SYSTEM |

For the benchmark system I given by (89), performance
results are tabulated in Table 1. In the table, the ISE
performance index is given for all the simulated cases, namely
for the nominal case and for the cases with measurement
noise, input disturbance and parametric uncertainty. It can
be observed from the table that the proposed control method
yields better tracking performance than PID controller for
all the cases. The gain parameters of the PID controller for
all the cases are chosen as K, = 0.01, K; = 0.0095,
K; = 0.026. The integral gain is set as the same value
that was utilized in the integral part of the proposed control
method. The proportional and derivative gains are determined
in accordance with the integral gain using Ziegler-Nichols
table [105]. It is clearly seen that results obtained by the
proposed method are far better in cases with noise, input
disturbance and parametric uncertainty.
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TABLE 1. Comparison of proposed control method and PID controller with respect to ISE performance index(System in (82)).

Controller Type \ Cases  Nominal = Measurement Noise  Disturbance  Uncertainty
Inverse 0.0489 0.0476 0.0729 0.0494
PID 0.1194 0.2652 0.9898 0.9183
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FIGURE 25. Tracking performance (a), Inverse optimal control signal (b), (e)
and control signal correction term (c), input disturbance (d) for %105 #
Benchmark System Il (CSTR) (input disturbance case). 15F )
2
10F
1) NOMINAL CASE
The trajectory tracking result obtained by the PID controller 57
for benchmark system I is given In Fig(31) for the nominal
case. The tracking performance can be seen in Fig. 31(a) and 00' 50 100 150
Time[sec]

the control signal generated by the PID controller is depicted
in Fig 31(b).

2) MEASUREMENT NOISE CASE

Fig. 32(a) illustrates the trajectory tracking performance
obtained by the PID controller for the case when measure-
ment noise is applied. Fig. 32(b) shows the control input
signal computed by the PID controller. When we compare
Fig.(32) with Fig. (10) it is clearly seen that the performance
of the proposed method is better in dealing with measurement
noise and the PID control signal fails to overcome the effects
of the added noise.
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FIGURE 26. Adaptive P (a), R (b), and K, (c) parameters, . values (d),
1o values (e) for Benchmark System 11 (CSTR) (input disturbance case).

3) INPUT DISTURBANCE CASE

In Fig.(33), the system output is given together with the
control signal for the u,, = 0.01 sin(%n) input disturbance
case when the PID controller is applied. When Fig.(33) and
Fig. (13) are compared, it is clearly seen that the proposed
method yields a far better performance than that obtained by
the PID controller.
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FIGURE 27. Trajectory Tracking error (a), Lyapunov Function (b), and its

derivative (c), for Benchmark System Il (CSTR) (input disturbance case).
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FIGURE 28. Tracking performance(a), Inverse optimal control signal (b),
control signal correction term (c), and Uncertain system parameter (d) for
Benchmark System Il (CSTR) (parametric uncertainty case).

4) PARAMETRIC UNCERTAINTY CASE
Fig 34(a) depicts the trajectory tracking performance and
Fig 34(b) graphs the control input signal computed by the
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FIGURE 29. Adaptive P (a), R (b), and K; (c) parameters, i, values (d), 1,
values (e) for Benchmark System 1l (CSTR) (parametric uncertainty case).

PID controller when a parametric uncertainty of p, =
0.1(1+0.1sin(2w 21—5n)) is applied. When figures (16) and (34)
are compared, it is clearly seen that the proposed control
method can successfully provide good tracking performance
compared to PID controller and effectively deals with
parametric uncertainty while PID totally fails.

B. BENCHMARK SYSTEM II

The ISE performance index values computed for the system
given by (90) for all simulated cases are listed in Table 2. The
table demonstrates the superiority of the proposed control
method in comparison to the conventional PID controller for
the nominal case and for the cases when measurement noise,
input disturbance and parametric uncertainty are added to
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FIGURE 32. Tracking performance (a), PID control signal (b) for
Benchmark System I (measurement noise case).
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FIGURE 30. Trajectory Tracking Error (a), Lyapunov Function (b), and its 0 . . . . .

derivative (c) for Benchmark System Il (CSTR) (parametric uncertainty 0 500 1000 1500 2000 2500 3000
case). (b)
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0 ‘ ‘ ‘ FIGURE 33. Tracking performance (a), PID control signal (b) for
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(b) Benchmark System I (input disturbance case).
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FIGURE 31. Tracking performance (a), PID control signal (b) for
Benchmark System I (nominal case). (b) o1 ‘ ‘ ‘ ‘ ‘
the system. The gain parameters of PID for all the cases
are K, = 0.004, K; = 0.041, K; = 0.060. As for the 0.05 - .
benchmark system I, the integral gain is selected the same as
the value used for the proposed controller, the proportional
and derivative gains are determined in accordance with the % 00 1000 1500 2000 2500 2000
iteration[n]

integral gain using Ziegler-Nichols design criteria.
FIGURE 34. Tracking performance (a), PID control signal (b)) for
Benchmark System I (parametric uncertainty case).

1) NOMINAL CASE

Fig.(35) illustrates the trajectory tracking performance and
the control input signal obtained by the PID controller
for benchmark system II. When figures (19) and (35) are

compared, it is easily seen that the proposed control method-
ology can provide successful tracking and the transient effects
are eliminated compared to PID control.
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TABLE 2. Comparison of proposed control method and PID controller with respect to ISE performance index(CSTR System in (83)).

Controller Type \ Cases ~ Nominal Measurement Noise ~ Disturbance  Uncertainty
Inverse 0.0367 0.0603 0.0505 0.0490
PID 0.1353 0.2969 0.1506 0.1512
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L

051

Time[sec]

FIGURE 35. Tracking performance (a), PID control signal (b), and control
signal correction term (c) for Benchmark System Il (CSTR) (nominal case).

(@)

0 50 100 150

— U,

05

Time[sec]

FIGURE 36. Tracking performance(a), PID control signal (b) for
Benchmark System Il (CSTR) (measurement noise case).

2) MEASUREMENT NOISE CASE

Fig.(36) shows the trajectory tracking results obtained by
the PID controller when a 30 dB measurement noise is
applied to benchmark system II. When figures (22) and (36)
are compared, it can be observed that the proposed control
method is more successful compared to PID control. The
control input computed by the PID controller fails to surpass
measurement noise and transient effects.

3) INPUT DISTURBANCE CASE
In Fig.(37), tracking output and control signal obtained for
the case when input disturbance of d(t) = 0.01 sin(%t) is

VOLUME 11, 2023
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FIGURE 37. Tracking performance (a), PID control signal (b) for
inputBenchmark System 11 (CSTR) (disturbance case).
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FIGURE 38. Tracking performance (a), PID control signal (b) for
Benchmark System Il (CSTR) (parametric uncertainty case).

applied to the benchmark system II is given for PID control.
The results illustrated in figures (25) and (37) justify that in
comparison to the PID control, the proposed control method
can successfully provide good trajectory control and also it
overcomes the effects of the disturbance.

4) PARAMETRIC UNCERTAINTY CASE

Fig.(38) illustrates the output trajectory and the control input
attained by PID control when parametric uncertainty is added
to the system. The comparison of figures (28) and (38)
verifies that the obtained results by the proposed method are
superior to those obtained by the PID controller.
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VIil. CONCLUSION

In technical literature, the work on inverse optimal control
mainly concentrates on application of the method on affine
systems, however, the inverse optimal control method has
not been implemented on non-affine systems yet. In this
paper, a novel inverse optimal control approach is proposed
for nonlinear and non-affine systems based on NARMA-L2
modelling and online LSSVR. First, the NARX model is
obtained for non-affine systems using online LSSVR, then
this model is decomposed into NARMA-L2 submodels.
This procedure provides a conversion from non-affine to
affine system model. Next, the computed NARMA-L2
submodels are used in the computation of the inverse optimal
control law. Another contribution of the proposed method
is that the parameters of the inverse optimal controller with
integrator are all computed in an online manner using the
Levenberg-Marquardt algorithm. Overall, the main novelties
and contributions of this proposed work can be listed
as, the application of inverse optimal control method to
nonlinear non-affine systems by conversion from non-affine
to affine system model using NARMA-L2 modeling method,
utilization of online LSSVR in inverse optimal controller
design and adaptive optimization of controller parameters
of the inverse optimal controller in an online manner using
Levenberg-Marquardt algorithm.

The resulting control architecture is an adaptive control
system where the system model is estimated and all
parameters are optimized online at every sampling time. The
extensive simulations performed on benchmark problems to
verify the success of the proposed control methodology.

For future studies, we firstly aim to extend the application
of the inverse optimal control method to nonlinear non-affine
systems by using different machine-learning based methods.
Reinforcement based learning methods are good candidates
for this goal. Also, it is within our plans to design novel
adaptive inverse optimal controller architectures that do not
require transformation parameters that enable the transition
from NARX model to NARMA-L2 model. Furthermore,
model predictive control concepts can be integrated with
inverse optimal control methodology using machine-learning
based methods. Another possible research direction is the
implementation of inverse optimal control method for multi-
input multi-output (MIMO) nonlinear non-affine systems.
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