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ABSTRACT

Most of the physical systems in nature are highly nonlinear. Such systems are characterized
by time-varying and complex behavior making it challenging to derive accurate models for
understanding their behavior. Further developing a controller for such systems becomes more
complex, rendering a conventional controller inadequate. Soft computing has become a viable
alternative method for system dynamics modeling. Artificial Neural Networks (ANNs), among
other methods, are notable for their exceptional capacity to approximate complex nonlinear
functions and dynamically adjust to the changing behavior of the system. This thesis explores,
the application of ANN-based methodologies for the identification and adaptive control of non-
linear dynamic systems. In this thesis, we have proposed several modifications to the existing
ANN structures to improve the capability of ANN to handle dynamic systems. In particu-
lar, we have modified the structure of Recurrent Neural Networks (RNNs) and trained them
using the back-propagation (BP) algorithm. The proposed design considered in this thesis is
independent of the order of the system. Building on the novel identification structure, this
work extends its application to design an adaptive controller for nonlinear dynamic systems.
The controller is developed to operate online, enabling simultaneous identification and control.
This ability makes the controller design robust enough to adapt in real time and capture the
changing dynamics of the plant effectively. The performance of an ANN is influenced by the
learning algorithm and structure. In this thesis, we have developed a constructive algorithm
with an adaptive learning rate to dynamically optimize the structures of Feed Forward Neural
Network (FFNN) and RNN. This approach enables efficient modeling and learning by facili-
tating dynamic growth of the network architecture. Furthermore, to optimize the parameters
of the ANN and enhance the performance of the BP learning algorithm, we have developed an
adaptive Particle Swarm Optimization (PSO)-based BP algorithm. The parameters of PSO
such as inertia weight (w) and hyperparameters (¢; and ¢y) are also dynamically updated to
improve the optimization capability of PSO. The proposed approaches are tested on various

nonlinear benchmark systems such as liquid-level systems, Mackey glass series prediction prob-
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lems, and various degrees of nonlinear plant equations. The stability and convergence of the
update weight equations are derived in the sense of Lyapunov stability principles. The pro-
posed approaches are evaluated in terms of Mean Square Error (MSE), Mean Absolute Error
(MAE), and Relative Mean Absolute Error (RMSE) against state-of-the-art neural structures
in the literature. The robustness of the proposed approaches is validated by using parameter
variations and disturbance. Detailed simulation analysis has been also carried out in the thesis
to evaluate the performance of the proposed approaches. The results demonstrate the effec-

tiveness of these approaches in accurately learning the dynamics of nonlinear systems.
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Chapter 1

Introduction

Modeling and control of complex nonlinear dynamic processes has been a long-standing prob-
lem for many engineering applications, particularly in automatic control applications. The
dynamic process often exhibits time-varying and complex behavior like chaos, bifurcation, and
limit cycles [1]. Due to their intrinsic complexity, developing model structures for robust control
and dynamic modeling or identification is both hard and challenging [2]. The dynamic models
can be derived using the direct approach, which involves studying the system’s interactions
for a while and applying physical laws but this method suffers from several drawbacks. The
resulting models are often highly complex and require detailed knowledge of the system. Such
models can also be very expensive and time-consuming. They take a lot of simulation time,
making them unsuitable for online applications [3]. Such models can also be incomplete or
inaccurate, deciding which effects to consider and which to neglect. Consequently, the result-
ing models are not the exact representation of the system. In contrast to the direct approach,
the system identification approach is an alternate way of developing dynamic models. This
approach derives models based on the observed input-output experimental data [4]. It uses
expert knowledge about the system to build a dynamic model that is well-suited for online
applications and adaptive control, which are widely used in process control. While system
identification still requires human expertise to satisfactorily construct models, they are much
better than the models derived using a direct approach [5]. The system identification approach
involves the following steps: firstly, the process involves choosing a model suitable for the appli-
cation. Secondly, input signals are designed, the identification is carried out and the resulting
model is validated. These steps allow the development of models that effectively capture non-

linear relationships between inputs and outputs, leading to accurate representations of complex



Chapter 1. Introduction

systems [6]. The development of dynamic models using linear theories has been the primary
focus of most researchers. These have been successfully applied in many engineering applica-
tions and controls [7]. Despite their relative simplicity, the dynamic models created with linear
theories often require some assumptions and approximations to be considered during develop-
ment [8]. Real-life systems mostly show nonlinear dynamic behavior, and linear models often
fail to work efficiently. This is because (i) they assume the system operates within a narrow
range around the equilibrium point, and when a significant disturbance occurs, the model’s
accuracy declines (ii) In addition, the use of linear models necessitates the linearisation of non-
linear relationships by discarding higher-order interactions [9]. As a result, the linear model’s
capacity to accurately represent and regulate the dynamics of nonlinear processes in real-time
is limited. Therefore, this has led to the development of nonlinear system identification meth-
ods [10]. The system identification approaches are often classified based on the amount of prior
information available. White box models require adequate information regarding the system
interactions. Black-box models use no prior knowledge regarding the system and depend only
on the observed input-output data. Grey box models combine partial prior knowledge with
the experimental data [11]. Among these, black-box models are commonly used for nonlinear
system identification due to the challenges associated with obtaining prior knowledge about the
system interactions. Non-linear system identification can be represented using the state-space
approach or the difference equation (input-output representation) [12]. Unlike the state-space
approach, which uses internal state variables for identification, the input-output representation
focuses on the direct relationship between system inputs and outputs over time. For a general

non-linear system, the input-output relationship is given as follows:

yp(k) = flyp(k = 1), yp(k = n), r(k),r(k = 1),..,r(k —m)] (1.1)

In Eq.(1.1), let r(k) denote the external input of the plant and y, (k) denote the present output
of the plant. The present output of the plant depends on both the present as well as past inputs
and past outputs of the plant. Here, n and m are the orders of the plant and to ensure causality
m < n. Black box identification methods like block-structured models, Volterra series, and
Non-linear Auto-Regressive network with Exogenous inputs (NARX) models are useful for
non-linear identification. However, they suffer from some limitations, such as computational
complexity, and sensitivity to noise [13]. ANNSs, fuzzy logic methods, and Genetic Algorithms

(GA) have emerged as useful tools for nonlinear system identification and control.

2



Chapter 1. Introduction

1.1 Artificial neural networks for modeling and control
of nonlinear systems

The data-driven nature of ANNs and their capacity to approximate extremely complex, non-
linear functions have made them important tools. ANNs are ideal for black-box modeling
techniques since they don’t require explicit prior knowledge about the system. They have
been successfully used to solve many engineering and control challenges and are capable of
accurately representing nonlinear mappings [14], [15]. ANNs are non-parametric methods that
infer the characteristics of biological neurons. They consist of interconnected layers of neurons,
including hidden units, with associated weights. They quickly adapt to learn input-output
behavior through training and hence are widely used for nonlinear identification and control
strategies. ANNs possess many characteristics such as fault tolerance, robustness, and learning
adaptivity to uncertainties and noisy data [16]. They also possess more advantages over fuzzy
systems such as their ability to learn large and complex datasets by continuous training, which
makes them efficient in handling complex applications. Fuzzy logic uses rule-based reasoning
to model processes and might miss complex patterns [17]. These characteristics make ANNs
used widely to solve a variety of applications including image recognition, medical diagnosis,
control and identification, forecasting, and speech recognition [18], [16]. Among the various
ANN structures in literature, two major variants of ANN: FFNNs and RNNs are widely used
by researchers. FFNNs are structures that propagate information in a forward direction (input
to output layer). Multi-layer perceptron (MLP) and Radial basis function network (RBFN)
are two major types of FFNN. MLP consists of multiple layers of neurons, including one or
more layers of hidden units between the input and the output layers. The MLPs are generally
trained using a BP algorithm to globally optimize the weights of the networks [19]. Another
alternative to MLP is the RBFN. RBFN is a type of FFNN whose activation function is radial
basis function. The activation function is determined by calculating the Euclidean distance
between the input and neuron centres [20]. In dynamic systems, the current output depends
on the present and past values of input and output. FFNN structures being static connections,
cannot hold the information of past observations within them. The FFNN can be made dy-
namic by supplying temporal dynamics into its structure either by knowing the order of the
system in advance or by using Tapped-Delayed Lines (TDL) [21]. This makes the FENN struc-

ture dynamic to handle nonlinear problems and when the order of the system is known, FFNN
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can use all the past inputs and outputs fed into them using TDL. For example, if the system’s
input order is 'n’; then the inputs of FENN will be z(k — 1), z(k — 2),...,x(k — n). However,
practically the order of the system is not always known. During such scenarios, FFNN employ-
ing TDL structures possess limitations such as increased complexity, difficulty in capturing
long-term dependencies, and inefficiency in handling large sequences of data [22]. This has
led to the development of ANN with memory structures within them. RNNs are alternately
widely used ANN types to model and control nonlinear dynamical systems. The availability
of feed-forward and feedback connections creates a memory in the recurrent neural networks
by nature [23], [24], [25]. The RNN structure gives ANN a dynamic structure by linking the
current output state to a combination of network input and the previous state of the network.
Based on the feedback, the RNN is further classified into two broad categories Locally Con-
nected Recurrent Neural Network (LRNN) and Fully Connected Recurrent Neural Network
(FCRNN). FCRNN structure is one where all the neurons except the input layer are connected
with all others through a trainable weight. Hopfield neural network (HNN) [26] is a form of an
FCRNN where every output is connected to the input. The network is designed symmetric and
has no target to achieve as in supervised training, hence they suffer from memory limitation
and inefficiency in learning new patterns. Elman neural network (ENN) [27] and Jordan neural
network (JNN) [28] form the other types of FCRNN. To store the past outputs of the hidden
or output layer, a context layer is added to their structure. In ENN, the context layer is used
to feed the delayed outputs of the hidden layer as inputs, but in JNN, the context layer is
used to feed the delayed outputs of the output layer as inputs to the hidden layer. Traditional
ENN and JNN suffer limitations, with JNN structures becoming very large and experiencing
slow convergence when more outputs are involved, while ENN networks, though efficient due
to the addition of an extra input layer, are not suitable for online identification [29]. The
LCRNN [30], on the other hand, shares the same fundamental structure as the FFNN model
but also includes self-feedback, which plays an important role in retaining past information.
These structures have dynamic neurons unlike static neurons present in FFNN [31]. To im-
prove RNN models, many novel hybrid and improved variants of these networks continue to
be the point of research, to improve the network performance in dynamic environments [32].
Once trained, the network becomes a mathematical representation of the system, enabling it

to predict the system’s dynamics accurately.
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1.1.1 Adaptive control using ANN

In control applications, ANNs play a crucial role in handling nonlinear dynamics, where tradi-
tional control techniques such as Proportional-Integral-Derivative (PID) controllers, state-space
control, and gain scheduling may fail [33]. These applications require an intelligent control sys-
tem that depends on continuous feedback from the system. Adaptive control is one such control
technique that adjusts to the changing environment in real time [34]. ANNs are very effective
in managing nonlinear dynamics and therefore a perfect fit for adaptive control of nonlinear
systems. In [35], the author gave a foundation for an adaptive method with the development of
a Model Reference Adaptive Control (MRAC) scheme. In this, the controller parameters were
developed based on the reference model. However as the system exhibits complex behavior, the
traditional approaches were not able to model non-linearities, highlighting the need for flexible
techniques. With the development of ANN, it became evident that ANN can handle non-linear
relationships without a need for any explicit models [36]. Further, an indirect adaptive control
methods were developed and it was showed how the controller can be identified and updated
in real-time to adapt to changing environments in [37]. This also enhanced the controller’s
ability to capture dynamics and uncertainties. The adaptive control techniques are combined
with many other optimization techniques such as GA and PSO to improve the convergence
in adaptive control systems [38]. The RNNs were used for adaptive control of nonlinear sys-
tems, where the time-dependent dynamics in a system where temporal depends is critical was
modeled. Deep Neural Networks (DNN) are types of ANN that consist of more than two
hidden layers, allowing to modeling of complex relationships [39]. With further development
of DNN, adaptive control is revolutionized to handle high dimensional complex and nonlinear
systems. This has led to even more robust solutions even in real-time environments, though
challenges remain in computational complexity and the need for large training datasets [40].
These advancements highlight the transformative role of neural networks in adaptive control,
offering enhanced performance, robustness, and flexibility in managing nonlinear and uncertain
systems [41].

Adaptive control generates control inputs by taking the system’s slowly varying dynamics into
account and driving it to follow the desired control law , [42]. As a result, even in the presence
of disturbance, the controller performance is faster and more reliable. Generally, the adaptive

control approaches are of two types: direct and the indirect adaptive control scheme. In the



Chapter 1. Introduction

direct control scheme the parameters of the controller are updated based on the controller error,
whereas in the indirect adaptive scheme, the controller parameters are updated online using the
identification error. The plant is identified parallel to update the controller parameters based
on the changing dynamics of the system. By updating the model continuously, this approach
shows improved stability and reliability in handling time-varying systems even in the presence

of disturbance [43].

1.2 Identification and control scheme using ANN

The effectiveness of indirect adaptive control depends on the accuracy of the system model. Any
inaccuracy in the identification of the model could affect the performance of the controller. The
knowledge about the dynamics of the plant under observation must be known at all times. In
scenarios where the knowledge about the system is limited or unavailable, system identification
becomes essential [44]. The process of identification involves choosing the model structure and
setting up the structure for ANN to approximate the unknown dynamic plant or system. The
nonlinear plant may belong to the Model 1 as given in Eq.(1.1) or can belong to any of three

models as below [45]:

Model 2:
up(k +1) = Saiyp(k )t gl k) (e — 1), ek —m 1)) (1.2)
Model 3: B
0+ 1) = £ (80 = Vs =4 ] 43 brtl = (1.3
Model 4: i

yp(k + 1) = £ [up(k),gp(k = 1), gp(k —n+ D) + glr(k), r(k = 1),...,r(k —m + 1)] (14)

Model 1 described earlier in Eq.(1.1) is the general equation that is commonly used to describe
a dynamical system. Model 1, integrates both past outputs and inputs into a unified model,
providing a comprehensive approach to system identification. In Model 2, the relationship
between past outputs is linear and that of past and present inputs is nonlinear. While, in
Model 3, the relationship between the past outputs is nonlinear and that of present and past
outputs is linear. In Model 4, two separate nonlinear functions for past outputs and present

and past inputs, offer more flexibility in modeling the system dynamics is considered. The



Chapter 1. Introduction

identification scheme for these models can be implemented in two modes: series-parallel and

parallel-parallel mode [46], [47].

1. Series-parallel identification scheme: In this mode, the output of the plant is fed to
the identification model for computing ANN output. Figure 1.1 shows the series-parallel

identification scheme for ANN.

2. Parallel-parallel identification scheme: In this mode, ANN uses its past values of
input to compute the output of ANN. Figure 1.2 shows the series-parallel identification
scheme for ANN.
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The parallel-parallel mode, while useful, does not guarantee stability, as the system stability
depends on the input stability. The series-parallel identification is found to perform with better
convergence and stability as compared to parallel-parallel-based identification [48]. Hence
series-parallel based identification is used for all models mentioned above. In this thesis, Model

1 is used for the identification and control of nonlinear dynamic systems.

1.3 Different learning approaches to optimize parame-

ters of ANN

Optimization algorithms play a major role in improving the performance of ANN for system
identification and control. These algorithms are used to fine-tune the ANN parameters such
as weights, and architecture to achieve better modeling and control of non-linear systems [49].
Gradient descent-based optimization is one of the most widely used optimization techniques
for training ANNs. It works by computing the gradient of the error with respect to the net-
work parameters to minimize the error [50]. In addition to gradient descent-based methods,
evolutionary algorithms, such as GA have also been successfully applied to optimize the ANN
architecture and weights. These population-based methods do not require gradient informa-
tion and can efficiently search large, complex solution spaces. They are particularly useful
when dealing with highly nonlinear and non-differentiable problems [51]. The next class of
optimization techniques that have been widely integrated with ANN are swarm intelligence
algorithms such as PSO. These algorithms are inspired by natural processes, such as the social
behavior of birds to find the optimal solution. They are particularly effective in optimizing
ANN parameters in high-dimensional and dynamic environments, offering advantages in terms
of speed, robustness, and avoiding local minima [52]. The limitations of individual optimization
techniques often motivate the development of hybrid methods, where two or more algorithms
are combined to optimize the parameters of ANN. Such optimization techniques have improved
the efficiency and performance of the training process. For instance, a combination of gradient
descent BP algorithm and GA is a commonly used hybrid approach. By combining the fast
convergence of gradient-based BP methods with the global search capabilities of GA, hybrid
algorithms can efficiently navigate the parameter space of an ANN to find better solutions
that would be difficult for each method to achieve alone [53]. Another popular approach uses
PSO and when combined with BP or GA, PSO can help ANN optimization algorithms more
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effectively explore large and dynamic spaces, leading to faster convergence and better solutions.
PSO is often preferred over GA due to simpler implementation, faster convergence,and faster
exploring of search space, especially on high dimensional space. While GA can struggle with
complex high dimensional space due to tuning of mutation and crossover operations [54]. Thus,
hybrid optimization approaches not only enhance the performance of ANNs in system identifi-
cation and control but also offer greater flexibility and robustness in dealing with complex and

time-varying systems.

1.4 Literature Review

Research works on the identification-based control and modeling of nonlinear dynamic systems
are increasingly been carried out in past decades. Neural networks are being increasingly used
in the literature for the identification and control of nonlinear dynamic systems that cannot be
done using the conventional linear structures [55], [56]. The effectiveness of neural networks
for the identification of nonlinear dynamic systems is cited in various related works [57], [58],
[7]. In [31], [30], a Dynamic Recurrent Neural Network (DRNN) structure is proposed. The
structure resembles NARX and MLP with recurrent self-weighted hidden neurons. The results
show that DRNN performs better in terms of robustness and parameter variations due to
memory’s presence. FFNN models like MLP, RBFN, and functional link networks are some
of the universal architectures that are capable of identifying complex nonlinear systems as
suggested in the literature. In [59], another novel form of RNN, context layered local recurrent
neural network is proposed. An extra context layer is included in the existing RNN structure
and is trained with an adaptive learning rate. It has been found to retain past information and
improve the performance of the structure better than other RNN networks in the literature.
This structure is found to have rectified the drawback of FFNN making the network more
dynamic and stable for identifying complex dynamics. In [60], four structures based on adaptive
time-delay neural networks are proposed for the identification of different classes of nonlinear
systems. The proposed structures are found to use fewer adjustable parameters and less prior
information about the system over FFNN models. Four ANN structures namely ENN, modified
ENN, time-delayed ANN, and internal time-delayed RNN are proposed in [61]. All four selected
networks are trained using GA. The results show that the RNN structures such as ENN,
modified ENN, and the internal time-delayed RNN have better identification precision than
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static time-delayed ANN. In [62], the authors have evaluated the superiority of the GA over
the BP algorithm to train the modified ENN and JNN network against the standard ENN
and JNN structure by the addition of self-feedback connections for the context units with
weights fixed between 0 and 1. Though GA does not get trapped in local minima like the
BP algorithm yet updates weights on the entire population of a network. BP generally does
for one layer at a time instant. In [63], a novel RNN structure is proposed and implemented
using a series-parallel identification scheme. It is found to provide good mapping capabilities
for training and robustness for parameter variations of complex non-linear systems. In [64],
an Extended Kalman Filter (EKF) is used to update the weight equations. Though EKF
generates faster convergence than BP, but gets trapped in instability caused by initial conditions
during linearization. In [65], a multivalued connection weight depending on inputs involved
for a better performance of modified recurrent structure over others is proposed. The RNN
structures are widely used for different applications for modeling and identification of non-linear
dynamical systems such as fuel cells, DC motors, chemical processes, tank systems, and fault
detection [66]. In [67], a PID-based controller for automatic load frequency control of the power
system is developed. The combination of PSO and Gravitational Search Algorithm (GSA)
based recurrent HNN is used for the identification of the model and tuning of the parameters
of the controller. The weight update equations are derived and checked for stability using the
Lyapunov-based stability analysis. In [68], the author has proposed a Temporal Convolutional
Network (TCN) for the identification of dynamic systems. TCN is verified against MLP and
Long Short-Term Memory (LSTM). TCN and LSTM were found to give better results for
large data sets and non-white noise. In [69], the authors have proposed a hybrid combination
of JNN-ENN structure for a single input single output system. Online training and control of
the continuously stirred tank reactor plant is carried out and EKF is used as an optimization
algorithm. The performance of the proposed RNN is found to be better than FFNN. In this
paper [70], a modified ENN-JNN structure with GA as an optimization algorithm is used.
Optimization algorithms such as EKF, and GA though perform better than BP, yet suffer
long training times due to their confined search space. With the addition of white noise
into the system, the optimization method fails to predict accurate models. In [71], a Hybrid
ANN based on global clustering and local learning is proposed. The clustering algorithm is
used for updating model weights. Though this structure performs well, a good number of

input densities is required for cluster pairing and faster convergence. In [72], the authors have

10
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proposed two new architectures introducing a hidden layer of morphological neurons instead
of a perceptron layer. Both the proposed architectures are trained using a stochastic gradient
descent algorithm. The result shows that morphological neural network structure requires
fewer learning parameters than perceptron structure. In [73], the authors have proposed a
cascaded FFNN with ENN for disease prediction The results were verified on six different data
sets and hybrid models are found to outperform single models efficiently. In [74], the author
has used FFNN, RBFN, Runge-kutta neural networks, and Adaptive Neuro-Fuzzy Inference
System (ANFIS) models for the identification of nonlinear systems. Runge-Kutta ANN has
shown better performance than feed-forward structures and ANFIS. In this work [75], the
authors have proposed a novel hybrid deep learning model for 1 hour-ahead solar forecasting.
A hybrid RNN model is designed and the proposed method is found to give better forecasting
results compared to standard MLP, and RNN models. The authors in [76], have proposed a
cascaded FFNN with ENN to predict six categories of diseases. The results demonstrate the
higher accuracy of the proposed method over other standard ENN models. In [77], ENN with
NARX is designed for system identification. The results once again show better performance
with hybrid models over single models. The twin-rotor multi-input multi-output system is
identified on modified MLP and ENN structure in [78]. In [79], a time delay recursive neural
network is used to develop an online-based direct adaptive controller. The proposed control
method can be easily generalized to the actual systems, which exhibit hysteresis behavior,
in contrast to those approaches established under the generic Lipschitz condition. A HNN-
based identifier is proposed to identify the system for the controller. It is found that the
suggested controller eliminates the performance effects caused by the direct adaptive controller’s
inaccuracy. In [80], RNN is used as a model to develop a model reference control method
for the rotary inverted pendulum. It incorporates paraconsistent annotated logic with two-
value annotations as an activation function for hidden layer neurons. The rotating inverted
pendulum is a perfect tool for applying and testing the RNN due to its non-linearity, two-
degree-of-freedom motion, and under-actuated system. Three RNN neural models are used to
develop a model reference controller: two of them are used to represent the arm and pendulum
angles, and the third one is used to operate the system while following a reference trajectory.
The proposed controller is compared with classical control methods. The proposed controller
is found to give better trajectory tracking capability and complexities. In [81], the authors

developed a stock price prediction model through the neural network to enhance the stock

11
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price prediction effect based on the enhanced PSO algorithm. To improve the global search
ability of the algorithm in the early stage of evolution and the local search ability in the later
stage of evolution, the adaptive adjustment of inertial weight is proposed, and the algorithm
is improved by combining it with a neural network. This approach is based on the idea of
avoiding particles falling into the same local solution as much as possible and always keeping the
particles with a certain diversity. In [82], the authors created a reduced-order RNN model for
distributed model predictive control of nonlinear processes utilizing feature selection techniques.
A subset of input characteristics that significantly affect the prediction of system output is
initially chosen using a filter, wrapper, and embedded feature selection approach. The creation
of reduced-order RNN models utilizing only the chosen input features after integrating the
feature selection techniques to capture the system dynamics. To stabilize the nonlinear system
at steady-state, the reduced-order RNN models are then included in sequential and iterative
distributed model predictive controls. In [83], a Lyapunov-based economic model predictive
control technique with RNNs is used for managing switched nonlinear systems. The initial RNN
structure is trained offline using operational data from the past and later updated to online
learning to enhance prediction accuracy. The proposed approach is applied to systems with
predetermined switching schedules. The results show its effectiveness in managing complex
dynamics. In [84], an iterative learning model predictive control for complicated nonlinear
systems based on a fuzzy neural network is proposed. A data-driven model is first created using
a dynamic linearization technique that solely uses input and output data. An FFNN is utilized
to analyze the disturbance in the established model since it has an unidentified disturbance term
that could affect the controller performance. The developed controller is found to be capable of
ensuring the stability of the closed-loop system while gradually reducing both modeling errors
and tracking errors over time. Finally, the experimental findings support the superiority and
efficacy of the developed controller. In [85], the data-driven robust optimum control approach
is suggested for the control of nonlinear complex systems. The proposed technique has three
advantages: To capture the relationship between the approximation errors and the control
variables, a data-driven assessment technique is first developed. After that, the nonlinear
system’s control performance indices can be determined inside uncertain disturbances. Second,
a co-evolution technique is used to construct a multi-objective resilient optimization algorithm.
The control performance can then be enhanced by obtaining reliable optimal control laws.

Third, a theoretical discussion of data-driven robust optimum control’s robust boundedness

12
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is presented. Analytical assurance of the control systems’ stability is then possible. Last
but not least, two multiple input multiple output second-order nonlinear systems are used to
demonstrate the efficacy of data-driven robust optimum control. In [86], to prevent accuracy
loss due to premature convergence without adding to the computational load, the authors
carefully examined the evolution of a PSO algorithm and used it to incorporate more dynamic
information into it. This creatively led to the development of a novel position-transitional
PSO algorithm. ANNs are suitable for modeling and control of any nonlinear system as they
can approximate any nonlinear function [87], [88]. Additionally, they have fast processing
capabilities, allowing them for real-time control. A self-recurrent wavelet neural network-based
control is proposed in [89] for the control of nonlinear dynamical systems. The modified
structure is trained using the gradient descent algorithm. Adaptive learning rates are used for
faster convergence. The simulation result shows the effectiveness of the suggested structure.
In [90], an indirect adaptive switch controller that switches online between PID and indirect
adaptive controller is proposed. The adaptation laws are developed using the gradient descent-
based method and the stability is analyzed using the Lyapunov function. The results show
that the proposed controller performs better than an indirect adaptive controller, and adaptive
switch controller. In [91], an adaptive control approach combining both the direct and indirect
adaptive scheme is proposed. The proposed controller convergence is proved by using the
Lyapunov function and the proposed controller is found to improve the tracking accuracy
of the controller. In [92], adaptive neural control is proposed for the control of dynamic
systems. Input-output linearization technique is used to convert the object’s model into a multi-
integrator system and for online training, the state observation technique is used. Further, in
93], a modified adaptive controller is developed. The controller used is the backstepping control
and an adaptive algorithm was developed to find the states and deal with non-symmetrical
input. In [94], online adaptive control is developed with a policy iteration algorithm. The
optimal control laws are developed using the Ricatti equation. In [95], a gated RNN structure
such as a Gated Recurrent Unit (GRU) and LSTM for control of a stable nonlinear system is
proposed. Identification-based control was carried out and the stability was proven by using
incremental input and output state stability. The results show that the proposed controller
has better convergence over other controllers. In [96], the authors have designed a neural
controller with a dynamic surface control scheme to overcome the effect of uncertainties on

the system. A control law is proposed and is approximated using an RBFN. The stability is
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also analyzed using the Lyapunov function. In [97], a recurrent wavelet neural structure is
used to identify and control nonlinear systems. The parameters are updated using the back-
propagation algorithm and adaptive learning rates are designed to ensure fast convergence. In
[30], an LRNN-based adaptive control is proposed for identification-based control of nonlinear
systems, and the Lyapunov function is used for training the algorithm. The results show
better response than FFNNs. In [98], a comparative analysis of various FFNN and RNN-
based controllers for adaptive control of nonlinear dynamic systems is carried out. Dynamic
back propagation is used for updating the weights of the controller and the convergence of the
structure is also analyzed. Simulation results prove that the RBFN-based controller performs
better than NARX and FFNN-based controllers even in the presence of uncertainties. In [99],
the authors have designed an optimal controller using RNN, and learning of the structure is
done using reinforcement training. The controller is designed for both continuous and discrete-
time systems. The performance is analyzed for robustness. Though the results look promising,
the optimal controllers require the entire knowledge of the system to be known to compute
the Jacobian matrix. In [100], an adaptive back-stepping-based controller for a higher-order
nonlinear system is proposed. An RBFN-based time-delayed estimator architecture is designed
and controlled using a back-stepping controller. The controller model is designed off-line and
tested for efficiency by comparing the model with PID based controller and the original back-
stepping controller model-free approach. In [101], the authors have designed an RBFN-based
back-stepping controller for solving the tracking problem for quad-rotor systems. Though
RBFN is a memory-less structure in combination with the fuzzy controller, it is found to
increase the accuracy by taking into account the unmodelled dynamics. The performance is
compared with an MLP-based back-stepping controller. It is found to provide better tracking
performance. In another work [102], the author has analyzed the dynamic behavior of fractional
order chaotic systems with RBFN. The parameters of the system are computed with a Runge-
Kutta solver and designed with RBFN for various initial conditions of the Lorentz system.
Average mutual information techniques are used to evaluate the time delay pattern and the
performance of the proposed RBFN is found to be exceptionally high. In [103], an RBFN model
is developed based on the fuzzy responses and predictions. A squared error-based method is
used to estimate the fuzzy parameters and tuning constants. The performance of the proposed
Fuzzy RBFN is found to be effective in comparison to conventional fuzzy controllers. A fuzzy

RBFN-based SMC is used for control of nonlinear systems of varying degrees in this work [104].
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The proposed method does not require prior information about the system as the controller is
simulated online. The method was found to improve the final threshold stability and yielded
better performance than RBFN-based SMC. Further, the based adaptive controllers have found
numerous applications in real-time. In [105], the characteristics and progress of NN-based
adaptive control are tested on Nuclear power plants. The performance is compared with
ANN-based PID, self-tuning PID, and tested for efficiency with respect to disturbance. A
car driving-based simulator model based on adaptive and robust control with online learning
is designed in [106]. This RBFN structure-based adaptive control does not require system
information. In another work [107], an iterative learning control of a nonlinear system based
on ANN is designed. The controller update rule is updated by iterative training and the
updated rules were incorporated in the next trial process to achieve a zero error at convergence
even in terms of uncertainties. The update rules are further tested in servomechanism and
magnetic levitation applications. In [108], the author has studied the Lyapunov-kravoskii
theorem for global asymptotic and local exponential stability for a nonlinear delay-free system.
Point-wise dissipation rates are used. The proposed theorem is found to replace the use of
the Lipschitz property of the function describing the system, thus maintaining local and global
asymptotic stability. In [109], the author has studied a Lyapunov-kravovskii function for semi-
globally practical fixed-time stable systems. L’Hopital’s rule is used to determine the boundness
of the Lyapunov-kravoskii function and the signals are bounded within the integral function
range. This makes the tracking error converge into a small region around zero. Further, it
is extended to adaptive control of higher-order stochastic time-delay nonlinear systems. The
author in [110], has studied and proposed a kravoskii-based stability theorem for a model-based
reinforcement training framework. The changing dynamics of the system are captured using
feature extraction methods. A prime dual approach based Kravoskii theorem is used to derive
the Lyapunov function. The proposed approach is found to have applications in online control
of safety-critical systems such as robotic manipulators and locomotive tasks. Further in [111],
a novel [, input to state stability for infinite networks is proposed. Feedback for each agent
is established and an ISS-based Lyapunov function is developed for infinite networks. The
authors in [112] have discussed the various techniques that could effectively optimize the gain
in the Lyapunov function. The Hamilton energy as a suitable Lyapunov function is proved
against Lorentz and Chua oscillation in a chaotic state and the paper claims that the control

of energy flow when done completely can control chaos in a nonlinear system and improve
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stability.

1.5 Motivation

Based on the literature survey, many novel architectural modifications in artificial neural net-
works, particularly RNN are developed for specific applications. Despite these developments,
how the temporal nature of RNN influences and modifies the network behavior remains an area
of exploration. This gap in research motivates the need to examine how architectural changes
can improve RNN’s temporal learning capability and performance. For that, we have proposed
new modifications in the RNN structure and tested their efficiency over the state of art net-
works. The controller in many works is developed online without estimating the dynamics of
the plant online. This gap motivates the need to design a controller scheme that simultane-
ously identifies and controls a nonlinear dynamic system. The Generalisation capacity of ANN
depends on the size of training data, epochs, architecture of the network, no of hidden units,
and learning rate. Achieving the balance between the network size and generalization capacity
remains an open area of exploration, as large networks exhibit fault tolerance but may overfit,
while small networks have good generalization capacity but may require a lot of effort due to
their few processing elements. Both small and large networks possess their advantages and
disadvantages. An optimal architecture is large enough to learn the problem but small enough
to generalize well. Approaches such as constructive algorithms, which involve the addition of
hidden neurons or hidden layers to optimize model size still need to be explored. The third
motivation is to design a constructive approach to optimize the network structure. The learn-
ing rate is again another important hyperparameter that determines the performance of ANN.
Too small learning rate leads to slow convergence while too large leads to fluctuation around
the minimum or even diverge resulting in an unstable process. The role and impact of adaptive
learning rate still need exploration. The fourth motivation is to develop an adaptive learning
rate that would help in attaining faster convergence and better accuracy than existing state-of-
the-art methods. The major limitations of gradient descent algorithms and their variations are
slow convergence and getting stuck in local minima. There are many evolutionary optimization
algorithms in the literature for optimizing the parameters of ANN. However, these algorithms
do not ensure stability at all times. They also exhibit more computation time and complexities

in optimizing parameters. This has motivated us to explore and develop a novel hybrid learning
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algorithm that is simple, robust, and ensures the overall stability of the system. Further, in
most of the works in the literature, the robustness analysis for the proposed structure is not
carried out. In our work, we have considered the proposed approaches for robustness analysis
and tested them on various benchmark problems such as various degrees of nonlinear plant

equation, Mackey glass series prediction, liquid level prediction, etc.

1.6 Contributions of the thesis

The main contributions of the thesis are as follows:

o Novel architectural modifications for ANNs, particularly on RNN topologies, have been
developed to improve the network’s ability to capture temporal patterns and complex

dependencies.

o The modified architecture is used to design a simultaneous approach for online system
identification and control, enabling real-time system adjustments and improved system

adaptability.

o Lyapunov’s stability principles are applied to prove the stability of the weight update

equations and ensure network convergence.

« An adaptive learning rate (ALR) is developed to optimize algorithm performance, result-

ing in more efficient training processes.

o The structure optimization of ANN is explored. A constructive algorithm is developed
for dynamically designing a feed-forward and recurrent architecture, aiming to improve

the network’s performance and effectiveness.

o The study also focuses on optimizing the parameters of ANN. An adaptive PSO-BP
hybrid algorithm is developed to optimize the weights in feed-forward networks, aiming

to improve the performance of the network.

o A comprehensive comparative analysis of the proposed models is conducted with other

structures of ANN on various nonlinear problems to evaluate their relative effectiveness

o An elaborate robustness analysis to validate the ability of the proposed methods under

varying conditions is also performed.
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1.7 Organization of the thesis

The thesis is organized into seven parts; a brief description of the chapters is shown below,

o Chapter 2: The introduction was discussed in chapter 1. In this chapter, a novel modi-
fied Hybrid Elman-Jordan Neural Network (HEJNN) structure is proposed for the iden-
tification of unknown dynamics of nonlinear systems. The proposed recurrent structure
consists of internal feedback layers of adjustable weights which impart necessary mem-
ory properties to the structure and improve its ability to handle the dynamical systems.
The BP algorithm is used to derive the weight update equations of the proposed model.
The convergence of the proposed approach is proven in the sense of Lyapunov-stability
analysis. The results obtained from HEJNN are compared with other state-of-the-art
neural network models such as FFNN, ENN, JNN, and LRNN. Robustness analysis is

also performed to validate the efficiency of the proposed structure.

o Chapter 3: In this chapter, a novel hybrid Compound Recurrent Feed-Forward Neu-
ral Network (CFRNN) based on the combination of FFNN and LRNN is proposed for
the identification of nonlinear dynamical systems. BP algorithm is used to derive the
weight update equations and the stability of the proposed structure is also analyzed us-
ing Lyapunov-stability principles. The proposed model performance is evaluated and
compared with state-of-the-art neural models such as ENN, JNN, LRNN, and FFNN.
The results of the simulation demonstrate that, in comparison to other neural models,
the suggested structure has provided greater prediction accuracy, better performance in

the scenario of disturbance signals, and better response in the case of parameter variation.

o Chapter 4: In this chapter, an online simultaneous identification and indirect adaptive
control framework for the nonlinear dynamical systems is developed. Both the identifier
and adaptive controller utilizes the CFRNN structure developed in the previous chapter.
The indirect adaptive control scheme is represented as HFRNN. To derive the weights
update equations, we have applied the BP algorithm, and the stability of the proposed
learning strategy is proven using the Lyapunov stability principles. We also compared
the proposed method’s results with those of the Jordan Network-based Controller (JNC)
and the Local Recurrent Network-based Controller (LRNC) in the simulation examples.

The results demonstrate that our approach performs satisfactorily, even in the presence
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of disturbance signals.

Chapter 5: In this chapter, a novel hybrid constructive algorithm for FFNN and RNN is
developed and applied for identification of non-linear dynamical systems. The construc-
tive algorithm developed for FFNN is denoted as CFFNN and for LRNN as CLRNN. The
algorithm constructs starting from a minimum network with no hidden node and adds
a hidden node when the network fails to converge properly. The hidden nodes depend
on the effect of MSE on the validation dataset. To enhance the learning algorithm’s
performance, a novel Lyapunov’s stability-based ALR is also developed. BP with ALR
is used as the learning algorithm for growing both the networks. The proposed algo-
rithm’s effectiveness is demonstrated using two nonlinear systems examples. The results
of CLRNN and CFFNN with ALR are compared to those of standard fixed FFNN and
LRNN structures with Fixed Learning Rates (FLR), as well as CLRNN and CFFNN
structures with FLR. The experimental results show that the CLRNN and CFFNN with

ALR outperform the other selected neural models.

Chapter 6: In previous chapters, a standard BP algorithm with and without ALR was
used to train ANNs. In this chapter, a novel hybrid APSOBP algorithm for training ANN
is proposed and is applied to FFNN for identification of nonlinear dynamical systems.
The proposed training algorithm begins by using PSO to optimize the network weights
of FFNN. Following this, BP is used to fine-tune the optimized weights, hence improving
the overall solution quality. To avoid early convergence, we dynamically adjust PSO pa-
rameters such as inertia weight (w) and hyperparameters (ci, ¢2) based on a performance
index e; mechanism. The performance index is calculated as the difference between the
fitness value of the global best solution of consecutive iterations. The proposed approach
is evaluated against three benchmark nonlinear problems to ensure its effectiveness. The
experimental results of training FFNN with the APSOBP algorithm are compared to tra-
ditional FFNN-PSO and FFNN-BP The results show APSOBP algorithm outperforms

the selected methods in terms of convergence, accuracy, and robustness.

Chapter 7: Major conclusions and future directions This chapter presents the
conclusions of the major work carried out in the thesis and suggests some future directions

for the study.
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Chapter 2

Design of a Novel Robust Recurrent
Neural Network for the Identification
of Complex Nonlinear Dynamical

Systems

2.1 Introduction

Dynamic models are ones whose output behavior depends on over time. Identification of dy-
namic models is a fundamental step in designing an effective controller. However, most prac-
tical problems exhibit non-linear characteristics in nature making the selection of a nonlinear
model and computation of parameters difficult especially for tasks where no prior knowledge
about the system under consideration is available. Unlike linear approaches, soft computing
approaches offer a significant advantage in handling nonlinear systems. They can approximate
complex relations without knowing about the system. ANNs, which perform well in a range of
tasks, are commonly employed to approximate complex mapping functions. Because they can
capture temporal dependencies, RNNs are more effective than FFNNs at modeling dynamic
systems. The ENNs and JNNs are two of the most widely utilized RNN types in the field of
system identification and control of nonlinear systems. The ENNs are very efficient in cap-
turing state dependencies with the addition of a recurrent input layer. However, they are not
suitable for online identification as they cannot adapt in real-time [29]. In JNN, the hidden

layer receives the network’s delayed outputs as inputs. The output layer’s size determines the
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size of the context layer. In the presence of many outputs, the JNN grows quite massive and
exhibits sluggish convergence. To address the limitations, many works on combining ENN
and JNN structures are being proposed. These hybrid models utilize the advantages of both
networks to improve performance. This has motivated us to propose a novel modified hybrid
Elman-Jordan neural network in this thesis. The proposed structure is referred to as a Hybrid
Elman-Jordan Neural Network (HEJNN). It introduces an optimized additional layer between
input and output layer. This novel modification not only enhances the network’s adaptability
for identification but also improves the convergence speed. The proposed structure is validated
for its effectiveness by applying various degrees of nonlinear plant equations and disturbance

ability.

2.2 Mathematical structure of HEJNN

The proposed HEJNN structure is an enhancement of the hybrid Elman-Jordan neural network

with few modifications.

1. An additional trainable link has been introduced between the input layer and the output

layer, forming a robust fully recurrent neural structure.

2. The delayed state of the output layer also serves as one of the inputs to the output layer.

This is also made trainable.

The proposed HEJNN is shown in Figure 2.1. The HEJNN is implemented as a series-parallel

identification structure as shown in Figure 2.2. The function of each layer is as below:

1. Input layer: This layer 1 consists of the input signals and it distributes input signals
to the hidden layer neurons. The input vector X (k) = [z1(k), z2(k), ..., x,(k)] consists
of 'n’ number of input signals. In this work, y,(k — 1) and r(k — 1) are used as inputs
for the HEJNN structure. The proposed structure uses a minimum number of inputs to

identify nonlinear dynamic systems.

2. Hidden layer: The input signals are further propagated to the hidden layer. To
calculate its output, each hidden layer neuron multiplies its signals of input vector
X(k), context layer 1 vector P(k) = [p1(k),p2(k),...,pn(k)], and context layer 2 vector
d(k) = [dy(k),day(k), ..., d,(k)] by their respective weights. A tangent hyperbolic nonlin-

ear activation function is used. W, (k) = [wy1(k), wea(k), ..., wen (k)] represents the input
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layer’s weight vector, W, (k) = [wp1(k), wpa(k), . .., wym (k)] represents the weight vector
of the context layer 1, and W,(k) = [we1(k), wea(k), ..., wem(k)] represents the weight

vector of the output layer.

3. Context layer 1: This is the additional input layer between input and the 15 hidden
layer. The size of the context layer 1 is similar to that of the hidden layer. Each neuron
stores the delay states of the corresponding self-connected hidden neurons. The feed-
forward connections are fixed, but the recurrent connections of this layer are trainable.
The feedback connections are multiplied by the context weight vector, W,(k), before
being sent as input to the hidden layer.

4. Output layer: The output of the network is calculated by multiplying its hidden layer
vector S(k) = [s1(k), s2(k), ..., s.(k)], context layer 2 vector d(k), and additional links
signals by their respective weight vector W, (k) = [wa1(k), waz(k), ..., wap(k)]. Wa(k)
represents the recurrent weight vector of the context layer 2. Each neuron of the output
layer is computed as a function of the linear activation function. Purelin is used as a

linear activation function.

5. Context layer 2: This layer has a local feedback. The context layer 2 is the same
size as the output layer. The delayed states of the output are stored in this layer.
The forward connections are fixed, but the recurrent connections are trainable. Before
reaching the hidden and output layers as input, the feedback connections are compounded

by multiplying with context layer 2 weight vector Wy (k).

6. An Additional weighted link: This study introduces an additional trainable layer
between the input and output layers. This new link transforms the structure into a fully
recurrent neural structure. To make the layer trainable, input signals are multiplied with
weight vector W, (k) before reaching the output layer. The additional link layer has "o’

number of inputs to be mapped with the output layer.

The hidden layer output S, (k) is given as follows:
Sn(k) = g1 (ZX(/{; — ) Wai(k) + by (B)Wy(k) + P (k)Wyi(k) + di(k)Wdi(k:)> (2.1)
i=1

where the input bias vector is b, (k), and the weight vectors for the input bias and context layer

1 are W, (k) and W,(k). The tangent hyperbolic activation function is indicated by g;. The
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context layer 1 vector is denoted by P(k), the context layer 2 vector by d(k), and the context
layer 2 weight vector by Wy(k). W(k) is the weight vector of input layer. The following is an

expression for the network’s output at time step k:
yheg <Z S —|— b (k’)Wbo(k) + d@<k})Wdz(k’) —+ Wm<k')X(k — Z)) (22)

Where b, (k) is the output bias vector with the corresponding weight vector denoted as Wy, (k).
g2 denotes the purelin activation function, W, (k) is the weight vector corresponding to the

additional link between input and output, and X (k — i) denotes the input vector.

a,(k)
ay(k) .
Input layer @, (k) ! w, (k)
r(k) rk—=1) w, (k) -
-
:
r(k—m)
| \\‘\\ Yhe (k)
S — = .
. p A
W® k=D il i e
' wa ()

“ | |Hidden layer

d(k)

— e
‘ Context layer 2

» (K) w, (k)

Context layer 1

Figure 2.1: Proposed HEJNN structure

2.3 Problem statement

Let us consider a non-linear plant with desired outputs such as y,(k—1), y,(k—2),...,y,(k—m)
and desired inputs such as r(k),r(k — 1),r(k —2),...,7(k —n). f is the non-linear mapping
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f Weight update equation
derived using BP -
algorithm

Figure 2.2: Series-parallel identification model

function between them. The identification structure of the plant is :

yp(k) = f[yp(k - 1)7 ©y yp(k - n), T(k - 1)7 "7T<k - m)] (23)

Here, f(.) can be a neural network, wavelet, or sigmoid function. In this study, a neural
network is considered for non-linear approximation. n and m are the orders of the plant. Now,
if HEJNN is selected as an identifier, with f being the unknown non-linear and differentiable

function, the identification structure will be:

Ynes (k) = flyp(k = 1), (k)] (2.4)

where, yp;(k) denotes the output of HEJNN. The main objective is to approximate the non-
linear function f ~ f by keeping the error as low as possible and achieving the desired response
using ANNs such as HEJNN. By tuning the parameters of the identification model, the error

is reduced, i.e.:

tim [y (k) — s ()] < e (2.5)

k—o0

where € — 0. To reach the requirement as given in Eq.(2.5), the trainable network weights are

continuously updated using the standard BP algorithm
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2.4 Learning algorithm

To update the tunable parameters of HEJNN, a gradient descent-based BP algorithm is used.
All the network weights W;(k) = [W,(k), Wo(k), W, (k), Wa(k), W, (k)] are updated at every
epoch by applying the chain rule. To attain this, a cost function is defined in the first instance.
MSE is chosen as the cost function in this work. MSE is the average squared difference between

the predicted values and the actual values. It is expressed as:

B(K) = g le(h] (2.6
and
e(k) = 1y (K) — ynes () 2.7

where e(k) denotes the identification error. To update the weights of the output layer, the

gradient of error with respect to output weight is computed using the chain rule:

OE(k)  OE(K) dy,(k) OV (k)

IW,(K) ~ Duplk) " BV(R) < DWW, (h) 29
On simplification,
;mE/(E(k]g) = —e(k) x S(k) (2.9)

where S(k) indicates the output of the induced field and derived using Eq.(2.1). A linear
activation function such as purelin is considered in the output layer. Further, the output

weight W, (k) is updated using the Stochastic Gradient Descent (SGD) formula as below:

W,k +1) = W,(k) — n ;ﬁffg) (2.10)
W,k + 1) = W, (k) + ne(k) S(k) (2.11)

where 7 is the learning rate and its range is considered between 0 to 1. To update the weights
of the input layer, the gradient of the error with respect to the input layer weight is computed

using the chain rule:
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OE(K)  OE(K) Oy(k) 0Z(k) 9S(k)  oV(k)
oW, (k) dy, (k) 9z(k) ~ aS(k) " aV(k) " oW, (k)

(2.12)
where Z(k) and V(k) denote the induced field of the hidden layer and the induced field of the

output layer respectively. On simplification, we get:

DE(k)
oW, (k)

= —e(k)W,(k)(I — S(k)*)X,(k) (2.13)

Further using the SGD rule, the weight is updated as follows:

B OE(k)
Wk +1) = W, (k) s (2.14)
Similarly, the other weights such as W,(k), W,(k), and W, (k) are updated as below:
Wik + 1) = W, (k) + ne(k) (I — S(k)*) W, (k)P (k) (2.15)
Wo(k+ 1) = Wy (k) + ne(k) X (k) (2.16)
Wa(k + 1) = Wa(k) + ne(k)d(k)Wo(k)(I — S(k)?) (2.17)

The various iterative steps followed in the execution of the HEJNN algorithm are as shown
in the flowchart in Figure 2.3. During the training, the network weights are updated every
epoch, and at each epoch, the MSE is calculated. This training continues until the cost
function converges to the minimum value. Once the terminating condition is met, additional

performance indices such as MAE and RMSE are used to calculate the model’s performance.

2.5 Lyapunov stability analysis

Stability is the main characteristic of a system’s behavior. According to the Lyapunov stability
criteria, if there is any energy measure in the system, then the rate of change of error derives
the stability of the system. This study involves declaring the weight update equations of the
structure and checking whether stability is achieved or not. The system is found to have

achieved stability when the Lyapunov-based error function is minimum and positive. The goal
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Figure 2.3: Flowchart indicating HEJNN structure training

is to minimize the Lyapunov function V(W):

J = min(V (W) (2.18)

where W denotes the weights of the network.

VIW)>0 for W >0 VIW)=0 for W =0 AV(k) <0 (2.19)

where V(W) is the Lyapunov function. For the discrete-time, the change in the Lyapunov
function is:

AV(k)=V(k) -V (k-1) (2.20)
To update weights using the SGD formula, it is given as follows:

OE(k)
OW;(k)

Wik +1) = Wi(k) —n (2.21)
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where 7 is the learning rate and F(k) is the error function. Assuming that the Lyapunov

function V' (k) measures the error at each iteration, we can express it as:

V(k) = E(k) (2.22)

The change in the Lyapunov function becomes:

AV (k) = BE(k) — BE(k — 1) (2.23)

Substituting the weight update from Eq.(2.21) :

OB(k — 1)

Ek)=FEk-1)—ne—Fr——= 2.24
(F) = Bk = 1) == (221)

Now, substituting this back into the expression for AV (k):

OE(k—1)
AV(k)=FEk—-1)—n——> — Ek 2.25

OE(k—1)
AV(k) = —nNeer—= 2.26
(8) = =15 = (2.26)

Conditions for stability: For the system to be stable, AV (k) < 0:
OE(k —1)

_ <0 2.27
This condition is met when 7 is positive and small, and gf,i(fkill)) > (. This indicates that the

Lyapunov function decreases as the error E(k) decreases, yet the system stays stable.

2.6 Simulation experiments

A total of three examples of Multi Input Single Output (MISO) nonlinear plant equations
are considered to illustrate the efficiency of the HEJNN identifier. The maximum number of
hidden neurons considered is 5 with a fixed learning rate of 0.001 for HEJNN, ENN, JNN, and
LRNN. FFNN takes 6 hidden neurons with a fixed learning rate of 0.001 to track the desired
model of the plant.
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2.6.1 Example-1

Consider a non-linear dynamic plant with a difference equation as given below [36]:

(k) = 2 Y

L2k - 2) +rk-1) 229

The output of the plant, y,(k), depends on both its output and its prior input. The plant takes

the following identification structure :

Yp(k) = flyp(k — 1),y (k = 2),7(k — 1)] (2.29)

A variable input r(k) is fed to the plant as follows:

sin (gig) : for 0 < k < 250
r(k)=q0.1sin (%) — 0.1cos (35), for 250 < k < 500 (2.30)
—sin (58), for 500 < & < 900

The performance of HEJNN is compared with other network structures such as ENN, JNN,
LRNN, and FFNN in terms of performance criteria such as MSE, MAE, and RMSE.
The HEJNN is supplied with 2 inputs and the identification structure of HEJNN is as follows:

Ynei (k) = flyp(k = 1),7(k = 1)] (2.31)

Similarly, the ENN, JNN, LRNN, and FFNN identifiers are supplied with the following inputs

below:
yenn (k) = flyp(k = 1), y,(k = 2),r(k = 1)] (2.32)
yan (k) = flyp(k = 1), y,(k = 2),r(k = 1)] (2.33)
yrrn (k) = flyp(k = 1), yp(k = 2),7(k = 1)] (2.34)
yrenn (k) = flyp(k = 1), yp(k = 2),7(k), r(k — 1)] (2.35)

The identification process has been carried over 700 time steps. Figure 2.6 shows the compar-

ison of the response of the HEJNN identifier with other selected identifiers. Figure 2.4 shows

29



Chapter 2. Design of a Novel Robust Recurrent Neural Network for the Identification of
Complex Nonlinear Dynamical Systems

the comparison of MSE curves obtained for selected identifiers. Figure 2.5 shows the compar-
ison of MAE curves obtained for selected identifiers. It is observed from these results that
the proposed identifier requires fewer inputs to give a better prediction accuracy over other
selected identifier structures. Table 2.1 shows the comparison of the response of all selected
structures. Hence, the performance comparison can be written as follows: HEJNN > ENN >

JNN > LRNN > FEFNN.

——ENN
JNN
—— LRNN
- = = HEJNN
—— FFNN

0 100 200 300 400 500 600
Time (secs)

Figure 2.4: Comparison of MSE curves obtained for selected identifiers [Example-1]

Table 2.1: Comparison of performance of selected identifiers [Example-1]

S.No | Structure | No of Epochs | No of hidden | No of samples MSE MAE RMSE
neurons in each epoch

1 HEJNN 600 05 500 1.20 x 107° 0.0021 0.0037

2 ENN 600 05 500 0.0336 0.1848 0.1832

3 JNN 600 05 500 0.0043 0.0753 0.0656

4 LRNN 600 05 500 0.0042 0.0759 0.0646

5 FFNN 600 06 500 0.0143 0.1772 0.1195

2.6.2 Disturbance rejection test [Example-1]

To validate the performance of the HEJNN identifier, a sine wave as a disturbance signal, dis(k)
Is

ok
dis(k) = sin <17T5> . for 250 < k < 450 (2.36)

is added in the above interval to the output of the network. Figure 2.7 illustrates the identifier’s

response to the disturbance signal. It can be seen that the identifier’s response first deviated
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Figure 2.5: Comparison of MAE curves obtained for selected identifiers [Example-1]
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Figure 2.6: Comparison of the identifier response at the end of the training [Example-1]
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from the desired response with an increase in the MSE value. However, after training, it is
found that the proposed identifier response once more starts to track the intended performance
and minimizes MSE to a minimum value. The comparison of the disturbance rejection ability
of HEJNN with other selected neural identifiers is also shown in Figure 2.8. HEJNN is found

to show better disturbance rejection ability among others.

2.5 T T T T T T

= = = HEJNN response
Desired response ||

15L11 1 ! -

20 1 h

AW
1
0.5 1
1

I
o v I
! 1

Response
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-1

—1.5’ ll
1 |
2l 1 1 u v

-25 L
250 300 350 400 450 500 550 600
Time (secs)

Figure 2.7: Recovering ability of the HEJNN on disturbance signal [Example-1]

2.6.3 Example-2

A difference equation of non-linear dynamic plant of degree 2 as given in [36] is considered:

yp(k) = 1.8398y,(k — 1) — 0.86070y,(k — 2) + 0.010688r(k — 1) + 0.0101r(k — 2) (2.37)

The identification structure of the plant is:

up(k) = flyp(k = 1), yp(k = 2),7(k — 1), r(k — 2)] (2.38)
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Figure 2.8: Comparison of recovering ability of selected identifier structures [Example-1]

A variable input r(k) is supplied to the plant as below:

sin(7£), for 0 < k < 250
r(k) = 40.1sin 4—75) - 0.1COS(%), for 250 < k& < 500 (2.39)
—sin (%), for 500 < k < 900

when HEJNN is selected as an identifier, the identification structure is as below:

Ynei (k) = Flyp(k = 1), yp(k = 2),7(k = 1)] (2.40)

when ENN, JNN, LRNN, and FFNN are selected as an identifier, they take the following inputs

as below:
yenn (k) = flyp(k = 1), yp(k = 2),7(k = 1), r(k — 2)] (2.41)
yann (k) = flyp(k = 1), yp(k = 2),r(k = 1),7(k — 2)] (2.42)
yLrwn (k) = flyp(k = 1), yp(k = 2),r(k = 1), r(k - 2)] (2.43)
yrenn (k) = flyp(k = 1), yp(k = 2), 7 (k) r(k = 1), r(k = 2)] (2.44)

The identification process has been carried over 700 time steps. Figure 2.9 shows the com-

parison of MSE curves obtained for selected identifiers. The comparison of the MAE curves
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obtained for particular identifiers is shown in Figure 2.10. The comparison of the HEJNN
identifier’s response with that of other chosen identifiers is displayed in Figure 2.11. The per-
formance comparison of all the chosen identifiers is displayed in Table 2.2. The results show
that the proposed identifier has better prediction accuracy over other selected structures with

fewer inputs.

0.45
= ENN
0.4 JNN B
= |_RNN
0.35 = = = FCRNN/]
——— FENN
0.3 i
w 025 |
2
0.2 |
0.15 |
0.1 |
0.05 |
0 ‘ \
0 100 200 300 400 500 600
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Figure 2.9: Comparison of MSE curves obtained for selected identifiers [Example-2]

Table 2.2: Comparison of performance of selected identifiers [Example-2]

S.No | Structure | No of Epochs | No of hidden | No of samples in MSE MAE RMSE
neurons each epoch

1 HEJNN 600 05 500 1.83 x 107° | 0.0024 0.0043

2 ENN 600 05 500 0.0388 0.2266 0.1969

3 JNN 600 05 500 0.0011 0.0429 0.0339

4 LRNN 600 05 500 0.0012 0.0431 0.0340

5 FFNN 600 06 500 0.0105 0.1185 0.1026

2.6.4 Disturbance rejection test [Example-2]

A disturbance signal, dis(k) in the form of a sine wave is added at the output as a range of time

instants between 250 < k < 450 to evaluate the robustness of the proposed HEJNN model.

ok
dis(k) = sin <17T5> . for 250 < k < 450 (2.45)
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Figure 2.10: Comparison of MAE curves obtained for selected identifiers [Example-2]
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Figure 2.11: Comparison of identifier response at the end of the training [Example-2]

Table 2.3: Comparison of Performance of selected identifiers [Example-3]

S.No | Structure No of No of No of Samples MSE MAE RMSE
Epochs Hidden in Each Epoch
Neurons
1 HEJNN 600 05 500 8.69 x 10°¢ 0.0024 0.0029
2 ENN 600 05 500 0.0127 0.1435 0.1128
3 JNN 600 05 500 0.0020 0.0569 0.0442
4 LRNN 600 05 500 0.0019 0.0558 0.0435
5 FFNN 600 06 500 0.0080 0.1112 0.0896
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Figure 2.12: Recovering ability of the HEJNN on disturbance signal [Example-2]

41 ' ' = = = HEJNN resposnhe
Desired response
——— ENN response

3r JNN response
420 440 460 480 500 —— LRNN response
2r ——— FFNN response

Response
—

Il
200 250 300 350 400 450 500
Time (secs)

Figure 2.13: Comparison of recovering ability of selected identifier structures [Example-2]
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Figure 2.14: Comparison of MSE curves obtained for selected identifiers [Example-3]
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Figure 2.15: Comparison of MAE curves obtained for selected identifiers [Example-3]
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Figure 2.16: Comparison of identifier response at the end of the training [Example-3]

2 T T T T T

T
! A P = = = HEJNN response
1511, . A n L I Desired response | |

Response

2
250 300 350 400 450 500 550 600
Time (secs)

Figure 2.17: Recovering ability of the HEJNN on disturbance signal [Example-3]
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The corresponding response is shown in Figure 2.12. The proposed identifier is robust enough
to bring back the increased MSE to zero matching the desired plant response. The comparison
of the disturbance rejection ability of HEJNN with other selected neural identifiers is also

shown in Figure 2.13. The HEJNN shows better disturbance rejection ability among others.

2.6.5 Example-3

Consider the non-linear plant described by the difference equation as given in [36]:
yp(k) = 0.72y,(k — 1) + 0.025y,(k — 2)r(k — 1) + 0.0017*(k — 2) + 0.2r(k — 3) (2.46)
The identification structure of the plant will be:

yp(k) = flyp(k = 1), 4p(k = 2),7(k = 1),r(k = 2),r(k = 3)] (2.47)

The above equation is supplied a variable input r(k), where

sin( %), for 0 < k < 250
r(k) = 0.1sin(%5) — 0.1cos(3), for 250 < k < 500 (2.48)
—sin(75), for 500 < k < 900

Again, the HEJNN identifier will take the following identification structure as below:

Unei (k) = Flyp(k = 1),7(k = 1)) (2.49)

where r(k — 1) and y,(k — 1) are two inputs used by the proposed identifier. The ENN, JNN,
LRNN, and FFNN take the following identification structure:

yenn (k) = flyp(k = 1), yp(k = 2),7(k = 1),r(k - 2)] (2.50)
yann (k) = flyp(k = 1), yp(k = 2),7(k = 1),7(k - 2)] (2.51)
yrrwn (k) = flyp(k = 1), yp(k = 2),r(k — 1), r(k — 2)] (2.52)
yrenn (k) = flyp(k = 1), yp(k = 2),7(k = 1),7(k = 2),r(k — 3)] (2.53)
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From the results, the proposed HEJNN model shows better performance and the performance
can be given in the following order: HEJNN > ENN > JNN > LRNN > FFNN. Figure 2.14
shows the comparison of MSE curves obtained for selected identifiers for this example. Figure
2.15 shows the comparison of MAE curves obtained for selected identifiers for this example.
Figure 2.16 shows the response obtained for the proposed identifier among others. Table 2.3
gives the comparison of the performance of HEJNN with other selected structures. It can be
seen from the results that the proposed identifier gives a better prediction accuracy as compared

to other considered structures with fewer inputs.

2.6.6 Disturbance rejection test [Example-3|

The HEJNN structure is validated for robustness by introducing a sine wave as a sudden

disturbance, dis(k) to the output of the network as

ork
dis(k) = sin (;) . for 250 < k < 450 (2.54)

The response of HEJNN for the introduced disturbance is as shown in Figure 2.17. The
proposed identifier though initially fluctuates, but is found to respond quickly and bring down
the increased MSE to zero, hence tracking the plant’s desired response. The comparison of
the performance of the disturbance rejection ability of HEJNN with other selected identifiers

is shown in Figure 2.18. HEJNN shows better disturbance rejection ability among others.

2.7 Conclusion

In this work, a novel recurrent neural network, known as the HEJNN model, is proposed
for the identification of complex nonlinear dynamical systems. The weights of the proposed
model are updated using the BP method. The convergence of the learning algorithm is proved
using the Lyapunov-stability analysis. A total of 3 simulation examples are considered in the
experimental study for testing the identification ability of the proposed model. The comparison
is done in terms of MSE, MAE, RMSE, the number of hidden neurons, the number of input
parameters, and the recovering ability of the identifier. From the results and simulation, it can
be seen that the proposed HEJNN performed better than the other selected structures for all

the considered examples. The ability of HEJNN to recover from any external disturbance is
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Figure 2.18: Comparison of recovering ability of selected identifier structures [Example-3]

also found to be faster than ENN, JNN, LRNN, and FFNN structures.
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Chapter 3

A recurrent neural network-based
identification of complex nonlinear
dynamical systems: a novel
structure,stability analysis and a

comparative study

3.1 Introduction

A modified hybrid Elman-Jordan neural network (HEJNN) has been proposed in the previous
chapter for the effective identification of nonlinear dynamical systems. Based on simulations
and findings, the hybrid structure model is found to outperform other traditional neural net-
work topologies in terms of performance and noise recovery. However, in real-time scenarios
when simplicity is necessary, its complexity presents challenges. The HEJNN structure is found
to have a greater number of tunable weights and parameters. The computation time taken by
HEJNN is also large and has more layers before producing the output. To address this issue,
this chapter introduces another novel architecture simpler than HEJNN that retains effective
identification dynamics for nonlinear dynamic systems. We have proposed a hybrid Compound
Recurrent Feed-forward Neural network (CRFNN) structure. The proposed CRFNN structure
is a combination of FFNN and LRNN. FFNN is known to have a simpler architecture with good

static mapping ability and LRNN is known to have good temporal dynamic capturing ability.
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By combining these two structures, the proposed hybrid model combines the advantages of

both FFNN and LRNN. BP algorithm is used to derive the weight update equations and the

Lyapunov-stability principles are applied to test the stability of the proposed framework. The

proposed model is evaluated against the existing neural models, including the ENN and JNN

neural networks. The result shows that the performance of the proposed CRFNN outperforms

other neural structures with lesser inputs and complexity.

3.2 Mathematical structure of Hybrid CRFNN model

Figure 3.1 shows the structure of the proposed CRFNN. The network consists of an input
layer, a hybrid hidden layer that combines both FFNN and LRNN and an output layer. The

functions of the proposed CRFNN structure are as follows:

1.

Input layer: The input layer generates the input signals and sends them to the hidden
layer. In this work, delayed external input r(k — 1) and output of the plant y,(k — 1)
are considered as inputs. The input vector is denoted as X (k) = [r(k — 1), y,(k — 1)].
The input signals are passed to the FFNN structure in the hidden layer through the
feed-forward weight connections W;¢(k) and to the LRNN portion of the hidden layer

through the recurrent weight connections W, (k).

Hidden layer: The output of the hidden layer is computed through two separate paths.
In the FFNN path, the output of the induced field is calculated from the received input
signals from the input layer, and in the LRNN path, the output of the induced field is
calculated from the received input signals from the input layer and the local recurrent
connections from the hidden neurons. Before being transferred to the output layer, the

two outputs are added together and sent through the non-linear activation function.

Output layer: The combined hidden layer output is sent to the output layer and is sent

through a linear activation function.

The induced field of the hidden layer is computed below:

Fy(k) = fl(ilxas Wk + bfz<k>wb<k>) 5.1)

Ri(k) =g < Z X(k — j)Wi (k) + L(k)Wy,. (k) + bfz(k?)Wb(k?)> (3.2)

J=1
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where f; and ¢; indicate the non-linear tangent hyperbolic activation function at the hidden

layer. The output of hybrid CRFNN is given by:
rsol0) = 1 ( 32 FIVog )+ i Wi () + 0o () (5.3
j=1

Where W, ¢(k) and W,, (k) are the output weight vectors of FFNN and RNN respectively. by,
denotes the output bias vector and Wy, (k) is the corresponding weight vector. f is the linear

activation function used in the output layer.

Recurrent NN

Mo J

| OutputLayer

Hiddenlayer

Figure 3.1: Proposed CRFNN structure

3.3 Learning algorithm

A gradient-based backpropagation algorithm is used to train the CRFNN network. Now, the
first step will be to define a cost function. MSE is taken as the cost function. The MSE is
defined as:
1
B(K) = g le(h)] (34)
where, e(k) = yp(k) — Yerfan(k) is identification error. The MSE is computed until the identi-

fication error reaches a minimum value or zero.

44



Chapter 3. A recurrent neural network-based identification of complex nonlinear dynamical
systems: a novel structure,stability analysis and a comparative study

3.3.1 Update weights between output layer and hidden layer

To update the output layer weights, the error is back-propagated from the output layer y., (k)
to the hidden layer of FFNN denoted as Fj(k) and RNN as R;(k). The gradient of error with
respect to the weight of the FFNN w, (k) and that of RNN W,,.(k) are calculated as below:

OE(k)  O0E(k) OYer frn (k)
Oy ()~ Dpergon ) 0oy () (3
OB(K) _ OB(K)  yorpun(h)
OWor(5) ~ Oorgun(F) OWor (k) 36)
On further simplification:
OB(K) _
BT, 06 —e(k) x Fj(k) (3.7)
0E(k)
W (k) —e(k) x R;(k) (3.8)

where F;(k) and R;(k) indicates the induced fields of CRENN.

3.3.2 Update weights between the hidden layer and input layer

To calculate and update weights of the input and hidden layer, the error is back propagated
further from the hidden to the input layer. The change of gradient error with respect to hidden
layer local weights W;,(k), and input layer weights W, (k) are calculated as below:

OE(k)  OFE(k OYersn (k) - OR;(K)

)
W, (8) aymfm<k>x oR,(k) oW, (k) (39)
OEK) _ B0 Ovepunlk) | OF(K) 510
Iy (k) ~ OB OFS(R) OVWy(h) '

Further, the calculated gradients from Eq.(3.7) - Eq.(3.10) are used to update the weights using
the SGD formula. The weights Wi,.(k), Wir(k), Wor(k), W, (k) are updated as follows:

Wi (k) ) = Wi (K)ot~ ) (3.11)
Wi ) new) = Wi old) = nelh) S ) (312)
W (k) (mew) = Wiy (k) (old) — ne () 2EH) (3.13)

Ow, (k)
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OE(k)
Ow, (k)

Wor (k) (new) = Wo,(k)(old) — ne(k) (3.14)

Here 1 denotes the learning rate and the range considered is between 0 to 1.

3.4 Lyapunov stability analysis

This study involves declaring the weight update equations of the proposed structure and check-
ing whether stability is achieved or not. The system is found to have achieved stability when
the Lyapunov-based error function is minimum and positive. The goal is to minimize the
Lyapunov function V(W):

J = min(V(W)) (3.15)

where W denotes the weights of the network.
VIW)>0 for W >0 VIW)=0 for W =0 AV (k) <0 (3.16)

where V(W) is the Lyapunov function. For the discrete-time, the change in the Lyapunov

function is:

AV(k)=V(k)—=V(k—-1) (3.17)
To update weights using the stochastic gradient descent formula:

DE(k)

Wik +1) = Wi(k) — 505

(3.18)

where 7 is the learning rate and FE(k) is the error function. Assuming that the Lyapunov

function V' (k) measures the error at each iteration, we can express it as:

V(k) = E(k) (3.19)

The change in the Lyapunov function becomes:

AV (k) = E(k) — E(k — 1) (3.20)
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Substituting the weight Update :

OE(k —1)

Ek)=FEk—-1) —ner—= 21
(k) = E(k—1) oWk —1) (3.21)

Now, substituting this back into the expression for AV'(k):

OE(k —1)
AV(k)=Ek—-1)—n=—r>—> — E(k 22
V(k) =E(k—-1) oWk —1) (k) (3.22)

OE(k —1)
AV(k) = —nNeFr—= 3.23
(F) "Wk 1) (3.23)

Conditions for stability: For the system to be stable, AV (k) < 0:
OE(k—1)

N .24
oWk —1) " (3:24)

This condition is met when 7 is positive and small, and gvg_((kkill)) > 0. This indicates that the

Lyapunov function decreases as the error E(k) decreases, yet the system stays stable.

3.5 Simulation experiments

In this section, the performance of CRFNN is evaluated. The proposed structure is compared
against neural models such as ENN, JNN, LRNN, and FFNN. Performance indices such as
AMSE, AMAE, and RMSE are selected as evaluation indexes to measure the efficiency of the

proposed structure. A fixed learning rate of 0.0001 is considered for all the simulation examples.

3.5.1 Example-1: A nonlinear plant with degree 3

A real-time nonlinear plant equation as in [36] is considered:

(k) = 2 Y

(e +73(k —2) (3.25)

where y,(k) is the plant equation. The plant’s output depends on both the present and past

input-output values. The plant takes the following identification structure:
yp(k) = flyp(k = 1), yp(k — 2),7(k — 2)] (3.26)
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Here, f is the nonlinear function that maps the inputs and outputs. The proposed structure

is applied with an external input r(k) = sin(%). When CRFNN, FFNN, LRNN, ENN, and

JNN are chosen as identifiers, the identification structure is as below:

Yergrn(k) = filyp(k = 1), r(k — 1)] (3.27)

Yirnn (k) = falyp(k = 1), y,(k = 2),r(k = 1)] (3.28)
Yrrn(k) = folyp(k = 1), y,(k = 2),7(k), r(k = 1)] (3.29)
yenn(k) = filyp(k — 1), y,(k = 2),r(k — 1)] (3-30)
yann (k) = filyp(k = 1), yp(k = 2),7(k = 1)] (3.31)

Where fl, f2, fg, f4, fg, are the nonlinear functions of the respective identifier. When fl, f27 fg, f4, f5 ~
f, the identified model is said to behave like a plant model. About 900 samples are used for
training and 400 samples are used for validation. The training is conducted in offline mode for

about 900 time-epochs.

3.5.2 Parameter variation in testing phase [Example-1]

To validate the proposed structure, a new input r(k) is supplied as given below:

sinmk) for 0 < k <= 250
0.09sin(wk)
45 B

cos(Grk) for 250 < k <= 450
r(k) = ' (3.32)
0.3sz;1é27rk)+

0.1sin(27k)
320 +

Obein(Zrk - for 450 < k <= 900

Figure 3.2 shows the response obtained from all the selected identifier structures. Figure
3.3 shows the MSE curve obtained from all the selected identifier structures. Figure 3.4 shows
the MAE curve obtained from all the selected identifier structures. The proposed CRFNN
identifier is found to perform superior than other selected neural models. The error is also found

to decrease to a very minimum value with very little computational time. The performance
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Figure 3.2: Comparison of identifier response obtained for selected identifiers [Example-1]
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Figure 3.3: Comparison of MSE curves obtained for selected identifiers [Example-1]
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Figure 3.4: Comparison of MAE curves obtained for selected identifiers [Example-1]

of the identifiers is evaluated against major performance parameters such as AMSE, AMAE,
and RMSE. From the simulation results, it can be seen that the proposed CRFNN model is

capable of extracting the dynamics of the system.

3.5.3 Random sine wave noise injection test [Example-1]

Again to validate the efficiency of the proposed identifier, a random sine wave dis(k) = sin(%%)
was added to the network as a disturbance signal between the time interval 250 < k& < 450.
Initially, the network fluctuated during this interval and deviated from the plant response. With
continuous training, the network managed to track back the plant response in a very short time.
The proposed network is found efficient in learning the input-output patterns and predicting
the similar unknown patterns supplied to them. The response of the proposed CRFNN under
the effect of random noise is shown in Figure 3.5. Table 3.1 gives the comparison of proposed
CRFNN with ENN, JNN, FFNN, and LRNN models. From the table, the proposed structure

is found to have better performance indices.

3.5.4 Example-2: A nonlinear plant with order 3

The proposed structure is further tested for identification ability by applying another nonlinear

plant equation of order 3. The plant equation is given below as in [36]:
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Figure 3.5: Effect of random sine noise [Example-1]

yp(k) = 0.72y, (k — 1) + 0.025y, (k — 2)r(k — 1) +0.0017%(k — 2) + 0.2r(k —3)  (3.33)

The proposed structure is applied with an external input r(k) = sin(%). The plant equation
takes the identification structure as below:

Where g is the nonlinear function. When CRFNN, LRNN, FFNN, ENN, and JNN are selected

as identifiers, they take the following identification model as below:

Yefrnn (k) = Gilyp(k — 2),7(K)] (3.35)

Yirnn(K) = Golyp(k = 2),7(k = 1), 7(F)] (3.36)
Yyrn(k) = galyp(k = 2), yp(k = 1), 7(k = 2),r(k = 3)] (3.37)
yenn (k) = galyp(k = 2),7(k = 1),7(k)] (3.38)

ynn (k) = gslyp(k = 2), 7(k = 1), r(k)] (3.39)
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where §1, g2, g3, 1, g5 are the nonlinear functions to be identified. The models are tested by

supplying about 900 samples in batch mode of identification. From the results, it can be seen

that the proposed method shows the best efficiency compared to other selected neural models.

3.5.5 Parameter variation in testing phase [Example-2]

During validation, a new input r(k) is supplied to the network as below:

sinlmk) for 0 < k <= 250
0.09sin(rk)
45
cosBmh) - for 250 < k <= 450
r(k) = (3.40)
0.3sin(27k)
15 +
0.1sin(27k)
320 +
0bsin@rk - for 450 < k <= 900
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Figure 3.6: Comparison of identifier response obtained for selected identifiers [Example-2]

Figure 3.6 shows the response obtained from all the selected neural structures. The error is

found to decrease with time to a very minimum value. Figure 3.7 shows the MSE curve obtained

from selected neural structures. Figure 3.8 shows the MAE curve obtained from selected neural

structures. From above simulation results, it can be concluded that the proposed CRFNN

model identifies better dynamics of the system.
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Figure 3.7: Comparison of MSE curves obtained for selected identifiers [Example-2]
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Figure 3.8: Comparison of MAE curves obtained for selected identifiers [Example-2]
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3.5.6 Random sine wave noise injection test [Example-2]

Again a random sine wave dis(k) = sin(¥%) as disturbance is supplied to the network between
250 < k < 450 time interval. The structure was initially found to fluctuate and deviate from
the plant’s desired trajectory, yet managed to track the desired plant trajectory after more
training. Figure 3.9 shows the effect of random noise on the network. Table 3.2 gives the
comparison of proposed CRFNN with other selected identifiers. The proposed model is found

to give better performance indices over ENN, JNN, LRNN, and FFNN.
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Figure 3.9: Effect of random sine noise [Example-2]

Table 3.1: Performance comparison of CRFNN with other selected identifiers [Example-1]

S.no Parameters CRFNN FFNN | LRNN | ENN JNN
1 No of input parameters 02 04 03 03 03
2 No of hidden neurons 04 06 04 04 04
3 No of tunable weights 10 4 6 7 7

(excluding bias weights)

4 Computation time 30 sec 76 sec 50 sec 32 sec 26 sec
5 AMSE 0.0139 0.0336 0.0366 0.0230 0.0389
6 AMAE 0.0940 0.1994 0.1867 0.1831 0.1641
7 RMSE 0.0107 0.2930 0.1203 0.0915 0.0239

3.5.7 Example-3: Mackey-Glass time series identification

Further, the proposed identifier is tested on the benchmark nonlinear times-series prediction

problem. The well-known Mackey-Glass identification problem differential equation is given
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Table 3.2: Performance comparison of CRENN with other selected identifiers [Example-2]

S.no Parameters CRFNN FFNN | LRNN | ENN JNN
1 No of input parameters 02 04 03 03 03
2 No of hidden neurons 04 06 04 04 04
3 No of tunable weights 10 4 6 7 7
(excluding bias weights)
4 Computation time 41 sec 67 sec 43 sec 46 sec 37 sec
5 AMSE 0.0137 0.0459 0.0324 0.0174 0.0297
6 AMAE 0.1096 0.2045 0.1968 0.1268 0.1727
7 RMSE 0.0446 0.0851 0.1221 0.999 0.1112
below [30]:
dy, (1) a X yp(t —7)
i B> yp(t) + 5 () (3.41)

The series is applied with parameter values such as a = 0.2 and 8 = 0.1. Symbol ¢ denotes the
time-series sequence of the prediction. When 7 >17, the time-series prediction is found to have
a chaotic behavior. Hence the value of the sampling rate is selected as, 7=17. The equivalent

difference equation is given below:

a X yy,(k—1)
1+ y},o(k —7)

yp(k) = —f x ?/p(k) + (3.42)

Out of the 900 samples considered, 500 values were taken for training, and the remaining 400
values were taken for validation. The proposed identifier takes the series-parallel model form
as Yer fnn (k) = [yp(k), yp(k — 17)]. The problem is applied to all the selected neural structures.
Figure 3.10 shows the response obtained from all the selected identifier models. Figure 3.11
shows the MSE curve obtained from all the selected identifier models. Figure 3.12 shows the

MAE curves obtained from all the selected identifier models.

3.5.8 Random sine wave noise injection test [Example-3]

The problem was also introduced to a sudden disturbance of sine wave, dis(k) = sin(32)
between the time interval 250 < k < 450 to test its recovering ability. Figure 3.13 shows
the effect of random noise on the network. The network is found to work superior and more
efficiently compared to other selected neural structures. The same can be concluded from the
results of Table 3.3. The overall performance parameters are also achieved minimum for the

proposed CRFNN structure.
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Figure 3.10: Comparison of identifier response at the end of training [Example-3]
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Figure 3.11: Comparison of MSE curves obtained for selected identifiers [Example-3]

Table 3.3: Performance comparison of CRFNN with other selected identifiers [Example-3]

S.no Parameters CRFNN FFNN | LRNN | ENN JNN
1 No of input parameters 02 04 03 03 03
2 No of hidden neurons 04 06 04 04 04
3 No of tunable weights 10 4 6 7 7

(excluding bias weights)

4 Computation time 47 sec 67 sec 43 sec 49 sec 41 sec
5 AMSE 0.0065 0.0324 0.0281 0.0072 0.0156
6 AMAE 0.0755 0.0852 0.1271 0.0852 0.1271
7 RMSE 0.0525 0.1778 0.1821 0.0653 0.0396
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3.6 Conclusion

In this paper, CRFFNN is proposed for the identification of complex nonlinear dynamical
systems. The proposed structure is the hybridization of the LRNN and a single-layer FFNN
model that are combined to develop the proposed model. With the help of three benchmark
non-linear problems, the structure’s performance is evaluated and compared with other well-
known neural models. The AMSE and AMAE values obtained are far less than other selected
neural structures considered in this work. The structure also required only a lesser number
of inputs and tunable parameters as compared to other structures. This is also an indication
that the proposed structure is independent of the order of the plant. From the results of a
random noise injection test, it is evident that the proposed structure can recover quickly and
adjust itself to the changing dynamics of the system. These characteristics make the structure
an efficient one for nonlinear identification. The structure can also be expanded to develop an
adaptive control of nonlinear dynamic systems. Furthermore, it is found that the structure is

resistant to perturbations and parameter modifications.
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Chapter 4

Simultaneous adaptive control and
modeling based on hybrid compound
recurrent feed-forward neural network:

Simulation and stability analysis

4.1 Introduction

In the previous chapter, we explored the efficiency of the proposed CRFNN for the identification
of nonlinear dynamic systems. Through the simulation study, we found that CRFNN captures
the temporal dynamics of a nonlinear system with exceptional accuracy. They are found
to have numerous advantages, including a simpler structure, an excellent adaptive ability to
handle input noise, and independence of the system’s order. The present work focuses on the
development of simultaneous intelligent control and modeling strategies utilizing the CRFNN
architecture. Nonlinear control theory has gained popularity in recent times for designing
nonlinear control systems. While linear control theory approaches, such as PID controllers,
state space control approaches, have been used to identify and handle non-linear dynamic
systems since the late 1930s, they have many limitations [113], [114]. This resulted in the
development of nonlinear control theory methods including sliding mode control (SMC) [115],
robust control [116], adaptive control [117], and fuzzy-based control [118]. Adaptive controllers,
among these, have received a lot of interest from researchers. Unlike other control approaches,

adaptive control generates control inputs by taking the system’s slowly varying dynamics into
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account and driving it to follow the desired control law [41], [42]. As a result, even in the
presence of disturbance, the controller performance is faster and better. Among the types of
adaptive controller, indirect adaptive control scheme is widely used due to their adaptability
to their changing environment. For designing an effective controller using the indirect adaptive
control scheme, the knowledge regarding the plant must be known. When the knowledge
regarding the plant is unknown, identification is required. This has motivated us to develop an
effective control scheme for identification-based adaptive control of nonlinear dynamic systems.
Both the identifier and controller use the hybrid CRFNN model. The hybrid neuro architecture
takes advantage of both the feed-forward and recurrent structure (fast processing capacity and
the presence of memory neurons). The structure is trained online, therefore the structure does
not require prior information about the plant. The gradient-descent-based BP is applied to
dual up the weight equations and the convergence is proved using the Lyapunov-based stability
principles. The efficiency of the based controller is tested on two benchmark plant equations

of varying degrees and is also analyzed for their disturbance ability over selected neural-based

controllers such as LRNC and JNC.

4.2 HFRNN based indirect adaptive control scheme for
nonlinear dynamical systems

Figure 4.1 shows the block diagram of the proposed indirect adaptive control scheme. The pro-
posed controller scheme consists of two major blocks: HFRNN-based identifier and HFRNN-
based controller. The controller scheme is trained online in real time by simultaneously iden-
tifying the plant model through an identifier. The HFRNN-based identifier is used to identify
the unknown plant and the HFRNN-based controller to produce the control input u.(k). Both
the parameters are trained using the backpropagation algorithm. The HFRNN-based controller
takes the external input r(k), previous control input u.(k—1), and output of the plant y,(k—1)
as inputs. The weights of the controller are updated by detecting the error between the plant
and the reference model and are updated continuously until the control error is minimized.
The plant remains generally unknown, hence the information about the plant is crucial for
properly tuning the controller. The HFRNN-based identifier will estimate the plant sensitiv-
ity for the controller. The HFRNN-based identifier takes the present control input u.(k) and

previous plant output y,(k — 1) as inputs. The identifier is trained using the error generated

60



Chapter 4. Simultaneous adaptive control and modeling based on hybrid compound
recurrent feed-forward neural network: Simulation and stability analysis

BP BASED
ALGORITHM | e (k)
dyp(k)

due (k)
- HFRNN BASED Yani (k)
= ) IDENTIFIER J
£
] ¥
l : %

\ ]
)

\ ]
HFRNN BASED NONLINEAR >

CONTROLLER DYNAMICAL PLANT
ug (k) Yp (k)
BP BASED

ALGORITHM

e (k)

\
Ym (k)
REFERENCE MODEL
7

Figure 4.1: Block diagram of the proposed HFRNN scheme
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between the output of the plant and the neural identifier and is updated continuously until the
identification error is minimized. The training continues until the control error is minimized

and the plant tracks the reference model.

4.3 Problem statement
Let’s consider a plant y,(k) represented by the following difference equation as follows:
Yp(k+ 1) = flyp(k), yp(k — 1), .., yp(k — n), uc(k), uc(k — 1), .., uc(k — m)] (4.1)

where y,(k + 1) denotes the one-step ahead output of plant model, n refers to the order of
the plant and m refers to the order of the controller input u.(k), f refers to the unknown
differentiable nonlinear function. Let’s consider a reference model with the following difference

equation :

ym(k + 1) = g[ym(k)vym(k - 1)7 "7ym(k - TL),T(]{?),T(]{J - 1)7 ) T(k - m)] (4'2)
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Where y,,(k + 1) refers to the one-step ahead output of the reference model, n denotes the
order of the reference model and m denotes the order of external input r(k), g denotes the
unknown nonlinear function that is assumed differentiable. The main objective of our work is
as follows: 1. To identify the unknown plant model by minimizing the error between the plant
and the identified neural model. This is done by updating the identifier weight equations based

on the error between the plant and the identified neural model such that
kh_}m lYp(k +1) — ynni(k + 1) <€ (4.3)

where ¢ — 0. 2. To make the plant follow the reference model by determining the control input
uc(k). This is achieved by continuously training the ANN-based controller update equations

to generate a control input u.(k) such that
klgn [Ym(k+1) —yp(k+1)| <€ (4.4)
where € — 0. The error between the plant and the reference model updates the controller

equations.

4.4 Lyapunov stability analysis

The convergence of the proposed structure is studied using the Lyapunov notion of stability.
According to the Lyapunov stability criteria, if there is any energy measure in the system, then
the rate of change of error derives the stability of the system. This study involves declaring
the weight update equations of the structure and checking whether stability is achieved or
not. The system is found to have achieved stability when the Lyapunov-based error function

is minimum and positive. The goal is to minimize the Lyapunov function V (WV):
J =min(V(W)) (4.5)

V(IW)>0 for W>0 V(W)=0 for W=0 AV(k) <0 (4.6)
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where V(W) is the Lyapunov function and W denotes the weight of the network. For the

discrete-time, the change in the Lyapunov function is:
AV(k)=V(k)—-V(k—-1) (4.7)

To update weights using the stochastic gradient descent formula:

OB (k)
~ oW, (k)

Wi(k + 1) = Wi(k) (4.8)

where 7 is the learning rate and F(k) is the error function. Assuming that the Lyapunov

function V' (k) measures the error at each iteration, we can express it as:

V(k) = E(k) (4.9)

The change in the Lyapunov function becomes:

AV(k)=E(k)— E(k—-1) (4.10)
Substituting the weight update :
OE(k—1)
= 1) e 4.11

Now, substituting this back into the expression for AV (k):

AV(k) = B(k—1) nm _ E(k) (4.12)
AV (k) = —n% (4.13)

Conditions for stability: For the system to be stable, AV (k) < 0:

OE(k —1)
— —~ 7 <0 4.14
Tow,(k — 1) (4.14)
This condition is met when 7 is positive and small, and aavg-((kk_—ll)) > 0. This indicates that the

Lyapunov function decreases as the error E(k) decreases, yet the system stays stable.

63



Chapter 4. Simultaneous adaptive control and modeling based on hybrid compound
recurrent feed-forward neural network: Simulation and stability analysis

4.5 Learning algorithm

The gradient descent-based BP algorithm is used for updating the controller and identifier
weights. The main objective is to minimize the control error E.(k). It is the instantaneous

error calculated between the reference model output and the plant output. E.(k) is given by:
Ec(k) = Slec(k))? (4.15)

where, e.(k) = ym (k) —y,(k). Here, y,,,(k) and y,(k) denote the reference model output and the
plant output respectively. To update the controller weights in the output layer, the gradient
chain rule is applied by calculating the change of gradient of E.(k) with respect to recurrent

output weight W,,..(k) as below:

OE.(k)  OE.(k) (k)  Oug(k)

= 4.1
Wore(k) ~ Dgp(R)  Duelk)  OWorel R) (4.16)
On simplification:
OE.(k)
= — . 4.1
i = e X By(k) < (b (4.17
Further to update the weight, the SGD formula is applied as:
Wore(k 4+ 1) = Woo(k) + —M (4.18)
orc - orc /]7 aWOTC(k) .

Similarly to update the controller’s output weight Wy s.(k), the gradient change of E.(k) with

respect to Wos.(k) is calculated as follows:

OE.(k)  OE.(k) _ Oy,(k) " Ou.(k)

= X 4.19
MWore(k)  Oyp(k)  Ouc(k)  OWope(k) (4.19)
where g];:((]]:)) = —e(k), gﬁgg = Fj(k) and 83;: Cf(ck()k) = J(k), so above equation can be written as
follows:
OE.(k)
——— = —e(k) X F;(k k 4.2
awofc(k) 6( )X ]( )X ‘]( ) ( 0)
Again, the weight update equation of Wy (k) is given by :
OE.(k)
Wore(k +1) = Wore(k - 4.21
gl 1) = W)+ - ) (121)
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Similarly, the hidden layer local weights of the controller W (k) is updated as follows:

OE(K) _ OBK)  Oy(k)  Oye(k)  Ouclk)

OWne(k) — Oyp(k) = Oyre(k) = Ouc(k) = OWpe() (4.22)
On simplification:
;M%c(f]i) = —e(k) x (I - R?(k)) X Wore(k) x T'(k) (4.23)

where T'(k) denotes the delayed states of the self-recurrent hidden nodes in the LRNN network.
Every calculation of the controller requires knowledge of the changing dynamics of the plant,
and J(k) computes the sensitivity of the controller. If the plant is completely unknown, it be-
comes very necessary to design an online identifier in parallel to the controller to automatically
adapt to the changing dynamics. The proposed structure is trained online, hence requiring
the weights and errors of the identifier to be updated simultaneously with the controller pa-
rameters. E;(k) is the instantaneous error calculated between the plant, y,(k) and the neural

identifier, yp,;(k). The instantaneous error is calculated by:
Ei(k) = Slei(k))? (4.24)

where, e;(k) = y,(k) — Ynni(k). As the structure is trained online, the output of the controller

uc(k) becomes one of the inputs of the identifier. This results in calculation of gz’;% This

indicates the Jacobian matrix, J(k). This computation updates the FFNN identifier weights
Wite(k) with respect to E.(k). For this, the gradient of E,(k) is calculated with respect to

Wise(k)
! OE.(k) _ OE(k)  Oyy(k)  Oyselk)  Oue(k)

Wige(k) — Byp(k) ~ Byse(k) ~ Ouc(k) = OWise(k) (4.25)
On substituting the values:
m = —e(k) X wope(k) x (I = Fj(k)) x X (k) (4.26)

Further, the weights w;s.(k) are updated using the weight update rule applied as below:

wigell+ 1) = wyro(k) + n( - m> (4.27)
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Here, 1 denotes the static learning rate and is taken between 0 and 1. As the training progresses,

the neural network starts following the plant model i.e 832:6(;)“) ~ gz”; EZ; Once this is achieved,

the identified model can accurately represent the changing dynamics of the plant. With the
unknown plant identified, the HFRNN-based controller starts to learn the dynamics and hence

the plant model starts to follow the reference model i.e. gzz%g ~ %Z’:((:)). Figure 4.2 illustrates

the various iterative steps followed in training the controller scheme.

g

}

Initialize input and output
weights and learning rate
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weight update equations
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-,
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minimum ~
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Figure 4.2: Steps followed in training HFRNN-based controller structure

4.6 Simulation examples

To evaluate the efficiency of the proposed HFRNN-based controller, the controller is compared
with two other neural-based controllers such as the Jordan-based neural network controller
(JNC), and the local recurrent-based neural network controller (LRNC) on two different non-
linear plant equations of varying degrees. All the controllers are designed with a single hidden
layer with 20 neurons and a static learning rate of 0.001. The initial weights and biases are

taken randomly in the interval (0,1). The controller is trained online for about 15000 seconds.
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4.6.1 Example 1: A nonlinear dynamic plant equation

In this example, a plant with the following difference equation is considered as in [45].

5yp(k)yp<k —1)

yp(k +1) = (T +yp(k)? +yp(k — 1)2 + yp(k — 2)?)

+ uc(k) +0.8uc.(k — 1) +v(k)  (4.28)

The nonlinear plant takes the identification structure as below:

yp(k + 1) = f[yp(k)7 yp(k - 1)7yp(k - 2)7 uc(k)a uc(k - 1)] (429)

Consider a reference model with the following difference equation:
Ym(k+ 1) = 0.72y,, (k) + 0.64y,,(k — 1) — 0.5y, (k — 2) 4+ r(k) (4.30)

where f is the nonlinear function, r(k) denotes the external reference input, u.(k) is the
control input generated by the controller and v(k) denotes the disturbance signal. The system
is applied with an external reference input r(k) = sm(%) The disturbance applied to the
system initially is v(k) = 0. The main objective is to obtain the control input u.(k) and make
the plant follow the reference model. The inputs of the controller are [y,(k), y,(k — 1), y,(k —
2),r(k),u.(k—1),u.(k—2)] and that of identifier are [u.(k), y,(k —1),y,(k)]. Figure 4.3 shows
the open-loop response of the plant. It can be seen that, without controller action, the plant
does not track the reference model. Figure 4.4 and Figure 4.5 show the response of the plant
during the initial and final stages of training. It is observed initially, that the plant does not
follow the reference model. But, as training progresses, the plant starts to follow the reference
model and after 15000 epochs, the error minimizes and converges to a minimum value. The
instantaneous MSE obtained is also shown in Figure 4.6. It is evident from Figure 4.6 and
Table 4.1 that the proposed controller gives good control performance even with a minimum
number of parameters. On the other hand, both JNC and LRNC take time to converge to a

minimum MSE.

Table 4.1: Comparison of controller parameters [Example-1]

S.No Structure Instantaneous Simulation
MSE time (secs)
1 HFRNN based controller 0.0010 1.39
JNC 0.0244 1.66
3 LRNC 0.0095 2.35
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Figure 4.5: Response of controllers during the final phase of training [Example-1]
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Figure 4.6: Comparison of Instantaneous MSE curves [Example-1]
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4.6.2 Disturbance testing

To validate the recovering ability of the proposed controller, a sudden disturbance signal
dis(k) = sin(%%) is introduced between the time interval 9000 < k& < 11000. A static learning
rate of 0.001 is considered, and the effect of external noise on the HFRNN-based controller,
JNC, and LRNC was analyzed. Initially, the system deviated from the reference model due
to the disturbance signal. But with training, the control parameters were adjusted to the
changing environment and the system recovered. However, it took a little longer time. The
instantaneous MSE during the disturbance signal of an HFRNN-based controller is found to
be very small as compared to JNC and LRNC. The MSE obtained for the based controller was

around 0.0653. Refer to Figure 4.7 for the comparison of the effect of disturbance signal over

HFRNN-based controller, JNC, and LRNC.
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JNC
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Figure 4.7: Comparison of the effect of external noise on controllers [Example-1]

4.6.3 Recovering ability of the HFRNN based controller

The recovering ability of the proposed controller was also tested by changing the reference

input. For this, a new reference input (k) was considered as below between the interval

5000 < £ < 15000:
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Figure 4.8: Recovering ability of HFRNN based controller to change in reference input
[Example-1]

Sin(22”5k), for 0 < k < 5000

r(k) = (4.31)

sin(Z4) + sin (%), for 5000 < k < 15000

When the reference input was changed after 5000 training epochs, the network was able to
capture and adapt to the new reference input. The controller was found to show good recovering

ability. Figure 4.8 shows the recovering ability of the based controller to the new reference input.

Table 4.2: Comparison of performance of controller parameters [Example-2]

S.No Structure Instantaneous | Simulation
MSE time (secs)
1 HFRNN based 3.160 x 1074 1.52
controller
2 JNC 0.0012 1.43
3 LRNC 0.0111 2.43

Testing of models with Square wave as a reference signal

The controller was further supplied with a square waveform as a reference signal to test the
recovery ability. The network was found to capture and adapt to a new reference input. For
this, the new reference input r(k) = square(5F) was considered. The controller showed good
adaptability, with the plant slowly following the desired model. During the end of the training,
the plant response resembled the desired model. The instantaneous MSE of the proposed
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Figure 4.9: Response of controllers with a square waveform as a reference signal [Example-1]
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Figure 4.10: Response of controllers for different initial conditions [Example-1]
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Figure 4.11: Instantaneous MSE of controllers for different initial conditions [Example-1]
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Figure 4.12: Plant’s response without controller action [Example-2]
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Figure 4.13: Response obtained from the plant during the initial training phase [Example-2]
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Figure 4.14: Response of controllers during the final phase of training [Example-2]
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Figure 4.15: Comparison of Instantaneous MSE curves [Example-2]
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Figure 4.16: Comparison of the effect of external noise on controllers [Example-2]
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Figure 4.17: Recovering ability of HFRNN based controller [Example-2]

HFRNN controller is found to be 4.7 x 107 and that of JNC and LRNC are found to be
4.88 x 107® and 6.17 x 1077 respectively. Figure 4.9 shows the responses of the controller

during the final stages of training with a square waveform as a reference signal.

Testing of models with different initial conditions

Additionally, the controller was also tested by assigning a different initial condition of interval
(-1,1) for weights and biases. Initially, the plant failed to track the reference model, but with
training and updates to network weights through the BP algorithm, the controller started to
learn the dynamics of the plant. Towards the end of training, it is found to resemble the
desired response of the plant. Figure 4.10 shows the response of the controller during the
final stages of training. The instantaneous MSE is also shown in Figure 4.11. The proposed
HFRNN controller is seen to provide better MSE compared to other selected JNC and LRNC

controllers.

4.6.4 Example 2: A non-linear dynamic plant

To test the efficiency of the proposed controller, another BIBO plant in [45] is considered:

yp(k)

kD) = G - 19 T w k)

+ o(k) (4.32)
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The nonlinear plant takes the identification structure as below: y,(k + 1) = fly,(k), y,(k —

1), u.(k)] The reference model is given by the following difference equation:

Ym(k £ 1) = 0.72ym (k) + 0.64ym (k — 1) — 0.5y, (k — 2) + r(k) (4.33)

where f is the nonlinear function, (k) denotes the external reference input, u.(k) is the control
input generated by the controller and v(k) denotes the disturbance signal. The reference signal
applied to the system is, r(k) = sin(%%). The inputs of the controller are [y,(k),y,(k —
1), yp(k —2),7(k), uc(k — 1), u.(k — 2)] and that of identifier are [u.(k),y,(k — 1), y,(k)]. The
response of the plant without controller action is shown in Figure 4.12. The plant does not track
the desired model response without controller action. With the application of the controller,
the plant slowly starts to follow the desired model and after 15000 epochs the plant resembles
the desired model response. Figure 4.13 shows the responses of the controller during the initial
training phase and Figure 4.14 shows the responses of the controller during the final stages of
training. The plant is trained online and the instantaneous MSE is also shown in Figure 4.15.
The MSE is found to increase to the maximum during the initial stages of training and has
reached a minimum value after 15000 epochs. The Figures 4.13 and 4.14 and the Table 4.2
show that the HFRNN-based controller performs better than the Jordan and the LRNN-based

controller scheme.

4.6.5 Disturbance testing

To examine the recovering ability of the proposed controller, a sudden disturbance signal,
dis(k) = sin(%%F) was added between the time interval 9000 < k& < 11000. A static learning
rate of 0.001 was considered and the effect of external noise on HRC, JNC, and LRNC was
observed. The MSE of all controllers is found to increase with the addition of external noise.
This is due to the model deviating from the reference model. After a few epochs of training,
the system is seen to adapt to its new changes with MSE decreasing. The instantaneous MSE

of the proposed controller is found to be very small around 0.0080 as compared to JNC and
LRNC. Figure 4.16 shows the effect of disturbance on the proposed controller, JNC and LRNC.
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4.6.6 Recovering ability of the HFRNN based controller

The recovering ability of the proposed controller was also tested by changing the reference
input. When the reference input was changed from the previous one to the new one, the
network was able to capture and adapt to the new reference input. For this, the new reference

input 7(k) is considered as below between the interval 5000 < £ < 15000:

N
e

r(k)= ° (4.34)

sin( %) + sin (%), for 5000 < k < 15000

sm(L), for 0 < k < 5000

Figure 4.17 shows the online adaptability of the controller.

Testing of models with Square wave as a reference signal

The controller was also supplied with a square waveform as a reference signal to test the recovery
ability. The network was found to capture and adapt to a new reference input. For this, the
new reference input r(k) = square(ZE) was considered. The controller was found to show good
adaptability. The plant slowly starts to follow the desired model and after 13000 epochs the
plant resembles the desired model response. The instantaneous MSE of the proposed HFRNN
controller is found to be 1.660 x 10~ and that of JNC and LRNC is found to be 9.880 x 10~7
and 6.000 x 1077 respectively. Figure 4.18 shows the responses of the controller during the final

stages of training with a square waveform as a reference signal.

Testing of models with different initial conditions

The controller was also tested by assigning a different initial condition of interval (-1,1) for
weights and biases. Initially, the plant does not track the reference model, but with training
and an update of network weights through the BP algorithm, the controller starts to learn the
dynamics of the plant, and slowly towards the end of training it is found to resemble the desired
response of the plant. Figure 4.19 shows the response of the controller during the initial and
final stages of training. The instantaneous MSE is also shown in Figure 4.20. The proposed
HFRNN controller is seen to provide a better MSE as compared to other selected JNC and
LRNC controllers. From the results, it is very evident that the structure could capture the
changing dynamics of the plant very efficiently. The proposed approach is order-independent

and the structure is also simple as compared to other recurrent structures in the literature. All
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Figure 4.18: Response of controllers with a square waveform as a reference signal[Example-2]
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Figure 4.19: Response of controllers for different initial conditions [Example-2]
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Figure 4.20: Instantaneous MSE of controllers for different initial conditions [Example-2]

the selected controller structures were provided with the same inputs and hidden neurons. The
proposed HFRNN though initially took time to adapt to changes, but with iterative learning,
it was able to track the reference model. The model is more efficient than JNC and LRNC, as
shown by the lower MSE for HFRNN.

4.7 Conclusion

In this paper, an HFRNN-based indirect adaptive control scheme for the identification-based
control of nonlinear dynamic systems. The controller scheme has both identifier and controller
blocks. The controller’s performance is compared with Jordan neural controller (JNC) and
Local recurrent neural Controller (LRNC) models. The proposed model gives better MSE
than JNC and LRNC for any degree of BIBO system. The proposed model can be used to
control the unknown plant applications as the sensitivity of the plant is identified online through
the HFRNN-based identifier block. The stability and convergence of the updated equations
are guaranteed by Lyapunov stability principles. The proposed model is also tested for its
recovering ability and its ability to recover from disturbance. The results suggest that the

proposed model can be used for real-time nonlinear applications in the future.

80



Chapter 5

A hybrid constructive training of
FFNN and RNN using adaptive
learning rate for nonlinear system

identification

5.1 Introduction

The identification and control of nonlinear dynamic systems were explored in the previous chap-
ter using the RNN structures with a fixed structure and fixed learning rate. These approaches
provided a reliable framework for modeling and real-time control of complex dynamical systems
but they are limited by the static nature of the network and the learning rate, which may not
fully utilize the system’s ability to expand as the problem becomes more complicated. The
performance of any type of ANN depends on the architecture, size of the network, number
of hidden neurons, number of hidden layers, and training parameters [119]. The architecture
of ANN (FFNN, RNN, and so on) is mostly selected through trial and error based on the
user experience. These fixed networks are trained using either standard gradient descent-based
algorithms such as BP or evolutionary algorithms. The resulting networks are either large or
small. Bigger complex networks tend to overfit the data and result in poor generalization.
Smaller networks lead to poor convergence and irregular pattern learning [120]. Likewise, the
value of the learning rate also influences the speed and convergence of the algorithm. A smaller

learning rate leads to slow convergence and a higher learning rate leads to faster convergence
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and instability. To address these limitations, this chapter introduces a novel methodology that
employs a growing neural network with ALR. A novel hybrid constructive algorithm for FENN
and LRNN for identifying non-linear dynamical systems is proposed. The constructive algo-
rithm for FFNN is denoted as CFFNN and the constructive algorithm for LRNN is denoted
as CLRNN. This approach allows the network to dynamically grow its structure, optimizing
complexity and improving generalization. The integration of ALR into a novel constructive
algorithm enhances the training process by adjusting the learning rate leading to faster conver-
gence and stability of the network. The learning rate conditions are derived to generate system
stability using the Lyapunov stability theory. The performance of the proposed CFFNN and
CLRNN with ALR is evaluated under various conditions, demonstrating their advantages over

fixed-neural structures.

5.2 Mathematical structure of FFNN and LRNN

5.2.1 Feed forward neural network

In this section, the structure of FFNN is discussed as shown in Figure 5.1.

Wi(k)

) W(k)

Yﬁ‘nn (k)

Xu(k)

Input layer Hidden layer Output Layer

Figure 5.1: FFNN structure

1. Input layer : The input layer has input neurons and the input vector is denoted as
X (k) = [Xi(k), Xo(k), ..., X,,(k)]. The input weight vector is given as W;(k). In our
problem, three inputs y(k),y(k — 1), (k) are considered for constructing the FFNN net-

work.
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2. Hidden layer: In this layer, each neuron processes the information from the input layer
to the output layer. It is acted upon by either a linear or non-linear activation function.

The output of the k" hidden layer is

ha(k) = f1 (ilxuc — ) Wik) + bi(k;)Wbi(k)> (5.1)

Here, b;(k) denotes the input bias vector, Wj;(k) denotes the input bias weight vector

and f; denotes the non-linear activation function of the hidden layer.

3. Output layer: The output layer computes the final output values as

Ui pon(F) = fz(ihm)wo(m ; bo<k>wbo<k>) (5.2

Here, Y nn (k) is one step ahead predicted output of the network, b,(k) denotes the output
bias vector, W, (k) denotes the output bias weight and f, denotes the linear activation

function of the output layer.

5.2.2 Local recurrent neural network

In this section, the structure of LRNN is discussed as shown in Figure 5.2.

Input layer Hidden layer Output layer

Figure 5.2: LRNN structure
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1. Input layer : The input layer has 'm’ input neurons and the input vector is denoted
as X = [Xi(k), Xa(k),..., X;n(k)]. The input weight vector is given as W;,.(k). In our
problem, two inputs y(k — 1),7(k) are considered for constructing the LRNN network.
The RNN takes fewer inputs as compared to FFNN due to the presence of memory

connections in their architecture.

2. Hidden layer: Each neuron in this layer processes the information received from the
input layer and its self-recurrent layer to the output layer. It is acted upon by either a

linear or non-linear activation function. The output of the k** hidden layer is
hen(k) = 1 (ZX(k — )W (k) + b, (k) Wy, (k) + P(k)wrr(k)> (5.3)
i=1

Here, b,(k) denotes the input bias vector, W;,.(k) denotes the input bias weight, W, (k)
denotes the bias weight, P(k) denotes the self-recurrent hidden neurons and g; denotes

the non-linear activation function of the hidden layer.

3. Output layer: The output layer computes the final output values as

Yo (k) = g5 ( i Ho ()W () + b0<k>wbo<k>) (5.4

Here, yy,nn (k) is one step ahead predicted output of the network, b,(k) denotes the output
bias vector, W, (k) denotes the output bias weight, and go denotes the linear activation

function of the output layer.

5.3 Learning algorithm

To update the training parameters of CLRNN and CFFNN, a gradient descent-based BP
algorithm with ALR is used. The weights to be updated for the proposed algorithm include
(Wi(k), Wo(k), Wi (k), Wy (k), Wo,(E)]. The computation of gradient is performed layer by layer
in both the cases of FFNN and LRNN. We have considered one output for this problem. yy ¢y,
denotes output of FFNN and y;,,, denotes the output of LRNN. As with another gradient-
based algorithm, the gradient is obtained with respect to the learning error. The weights are

trained every epoch to reduce the cost function. MSE is considered as the cost function in this

84



Chapter 5. A hybrid constructive training of FFNN and RNN using adaptive learning rate
for nonlinear system identification

work and is calculated as :

B(k) = ;e(kz)Q (5.5)

The errors are backpropagated from the output through the hidden layer to update the output
layer weights of both FFNN and LRNN. Now, to update the input layer weights of both
structures, the errors are back-propagated from the output layer through the hidden layer to
the input layer. For FFNN, the input weights W;(k) and output weights W, (k) are updated

by calculating the change of gradient of the error with respect to weights as:

OE(k) Oy gnn (k)
o,y ~ kX <3>fVIJ;})<k) >0
DE(k) Oysun(k)  Ohn(k) (5.7)

oWy~ X on ) < awik)
Where e(k) = yp(k) — Ysnn(k) is the learning error of the feed-forward network.
Similarly, for LRNN the input weights W;,.(k), self-recurrent hidden weights W,..(k), and output

weights W,,.(k) are updated by calculating the change of gradient of the error with respect to

weights as:
8E(k:) . 8yl,«nn<k})
W (k) e(k) x an(k) (5.8)
OE(k) OYprnn (k) Ohpn(K)
o)~ k) () (5:9)
OE(k) OYrrnn(k)  Ohpn(k)
G~ BB Bun (k) (5.10)
The new weights are calculated as per the stochastic gradient weight update rule as
B OE(k)
W(k+1)=W(k) ne(k)aw(k) (5.11)

Where W (k) is the weight matrix given as W = [W;(k), Wi,.(k), W,.(k), Wo,.(k), W,(k)]. n is
the adaptive learning rate. For the initial iteration, n is chosen as 0.001. Further, the learning
rate is adjusted based on the fractional error ef(k), given by

_ mse(k) —mse(k — 1)
er(k) = mse(k)

(5.12)

where mse(k) is the cost function. The learning rate is increased or decreased based on the

value of validation MSE.
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5.4 Lyapunov stability analysis for adaptive learning rate

The learning rate is derived using the Lyapunov stability principles. The stability and conver-
gence of the proposed algorithm are also studied using Lyapunov stability principles. According
to Lyapunov stability, the system achieves stability when the Lyapunov-based function is min-
imum and positive. To derive the conditions, firstly a Lyapunov-based function V' (k) is chosen
such as :

V(k) = ;BQ(k:) (5.13)

V(k) >0 fore(k)#0 and V(k)=0 fore(k)=0.

The time derivative of the Lyapunov function is

V(k)=V(k+1)=V(k) (5.14)
(or)
V{E) = 32k + 1) — 5 (R) (5.15)

Further expressing e(k + 1) in terms of e(k) as

e(k+1) =e(k) + Ae(k) (5.16)

where Ae(k) is the change in error defined as g;((lz)) Aw(k). During learning rate adjustment,

the change of error Ae(k) becomes
Ae(k) = —a x ng x e(k) (5.17)
Substituting Eq.(5.17) into Eq.(5.16),

e(k+1)=ce(k) — axn xe(k) (5.18)

e(k+1) = e(k)[1 — a x 1] (5.19)
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Substituting Eq.(5.19) into Eq.(5.14),

ViK) = 2P W - an? — () (5.20)

(or)
Vik) = 2R —amf? ~ 1) (5.21)

(or)
V(k) = ;e%)(u — 2amy, + o?n? — 1) (5.22)

(or)
Vik) = 2 R)([~20m + %) (5.23)

The condition for stability is V (k) < 0. Therefore, from Eq.(5.23),

—2amy, + a’ng <0 (5.24)

(or)
(=20 4 ®ny) <0 (5.25)

(or)
nea(—2 + a’n) <0 (5.26)

where learning rate is 7, and « is the constant. From above Eq.(5.26), the value of learning
rateis 0 < n < % The system remains bounded and does not diverge, as long as the learning

rate is within this range and V (k) remains negative and converges to 0 as limy_,, V(k) =0

5.5 A constructive approach for growing feed-forward
and recurrent networks

Figure 5.3 shows the main blocks of the constructive algorithm. The initial network is empty,
with only connections between the input and output layers. The algorithm enters the construc-
tive loop when the validation error is found more than the threshold efficiency. The hidden
layer forms the 1*¢ connection with the input and output layer. This also results in the addition

of one new hidden neuron. The network’s performance is checked after every epoch until the
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stopping criteria are reached. The detailed steps followed in each block are discussed below:

Begin from an empty Add neuron
network

Calculate the 1%
connection

Terminating criteria |
Stop |

Max count

of neuron

=31 Calculate MSE of the
epoch

l

Update weights and
learning rate

reached?

Validation

error >
threshold?

Figure 5.3: A constructive algorithm procedure for feed-forward and recurrent networks

5.5.1 Building from an empty network

The network’s starting point consists of only the input and output layers and associated neu-
rons. The number of inputs in the prediction problem X, equals the number of observations
O and the number of outputs in the prediction problem Y, equals the number of predictions
P (ie) X, = 0,Y, = P. In our analysis, two inputs and one output are considered for LRNN,
and three inputs and one output are considered for FENN structure. After the execution of

the first step, the LRNN and FFNN network structure is as in Figure 5.4 respectively.

5w o X1 (k)

)y -
Yirnn (k) Xz (k) Yion (k)
X2 (k) ° X3 (k)
Input layer Output layer Input layer Output layer
(a) Initial CLRNN network (b) Initial CFFNN network

Figure 5.4: Initial network
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5.5.2 Adding Connections

This is the first step of building the constructive algorithm. The network is calculated for
the validation MSE. The validation MSE (MSE,,) calculates the average of the squared
difference between the predicted and the actual values from the unseen validation data set. If
the MSE,, (k) is found promising below the threshold efficiency (¢), then no new connections

are added as the network is found performing satisfactorily :

MSE,q(k) < €nreshola, N0 new neurons are added (5.27)

However, if there is no improvement in performance, then 1* hidden connection is added
successfully:

MSE,q(k) > €nreshold, one new neurons is added (5.28)

The newly established neuron obtains each of the possible connections from input, output, and
self-recurrent neurons (in the case of LRNN). Figure 5.5 shows the addition of new connections

of CLRNN and CFFNN.

Input layer Hidden layer Output layer Input layer Hidden layer Output layer

(a) Adding connection in CLRNN (b) Adding connection in CFFNN

Figure 5.5: Adding new connections

5.5.3 Adding neurons

The addition of neurons to the hidden layer of the network is done as follows:

1. If no hidden neurons are present, then the newly added neuron h;(k) becomes the first
hidden neuron in the network, forming the first hidden layer (shown with black lines

under the hidden layer in Figure 5.6).
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2. If hidden neurons (hy(k), ha(k), ..., hi(k)) are already present, then the newly added neu-

ron h(k + 1) will become part of the existing hidden layer (shown with red dotted lines
under hidden layer in Figure 5.6).

After the addition of each neuron, the network enters the constructive loop and performs the

following steps:

1. Forward pass: The forward pass is executed, processes the input data, and calculates

the output by using Eq.(5.1)-Eq.(5.4).

2. Calculation of Error and new learning rate: The error of the network is further
calculated and at the end of each epoch, the MSE,q (k) is found and compared with a
desired threshold. If found higher, the adaptive learning rate is updated based on the

fractional error of the network.

3. Back propagation of error: The error is back propagated to update the weights for
the current epoch using Eq.(5.6)-Eq.(5.11).

4. Addition of new neurons: The performance of the network is checked for successful
decrement or increment of a validation error. The new neurons are added when the the
validation MSE is found to decrease at every epoch thus improving the performance. The
algorithm quits the constructive loop and enters the stopping criteria block. The perfor-

mance criteria such as RMSE and AMSE are also calculated to evaluate the performance

of the network.

hy (k)

A &
. % ’
Y
L ’

X2 (k) T

Input layer Hidden layer Output layer

Input layer Hidden layer Output layer

(a) case 1: First neuron (b) case 2: subsequent neurons

Figure 5.6: Adding new neurons
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5.5.4 Terminating criterion

The terminating criterion of the algorithm is executed when the constructive loop faces failure
in more than 3 subsequent MSE epochs. The algorithm monitors the validation error at the
end of all epochs before the addition of a new novel neuron and it executes stopping criteria

in either of two cases:

1. Validation MSE is increasing for 3 cycles: The algorithm waits for three consecutive

cycles for the MSE,, to decrease. If the condition is not met, no further neurons are

added:

If MSEya1(k) > MSEqa(k — 1) > MSE.(k — 2), no new neurons are added.

2. Validation MSE is decreased or remains the same for 3 cycles: If the validation
MSE has either remained the same or decreased constant for 3 consecutive training
cycles, then no new neurons are added further. In such case, the network is performing

satisfactorily and the addition of new neurons will lead to increased complexity (i.e)

If MSEqa1(k) < MSEqa(k — 1) < MSEq.(k — 2), no new neurons are added.

3. Maximum neurons reached: The algorithm also exits the constructive loop, if the

maximum neurons are reached

The final network through a constructive approach is obtained when no further neurons are

added to the hidden layer.

5.5.5 Adaptive learning rate

To improve the speed and performance of the network, a novel ALR is proposed with this
algorithm. When the learning rate remains fixed, the network fails to converge quickly and
gets stuck in local minima. Hence, it is required to adjust the step sizes based on the gradients.
When the gradients are large and the error remains small, a high learning rate is required and
at times when the gradients are small with large error, smaller learning rates are required.
Hence, ALR based on fractional error ef(k) is proposed in this work. For this, a fractional
error ef(k) is defined by calculating the relative change in MSE between consecutive iterations

| _ mse(k) —mse(k — 1)
er(k) = mse(k)

(5.29)
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where mse(k) is the cost function at iteration k. The ALR condition adapts as below: Based

on the fractional error ef(k), the learning rate is made adaptive as follows:

1. If the present value of MSE is less than the previous MSE, then the learning rate is

increased 1i.e.

if e <e(k—1) then
n(k +1) = n(k)(1 + aes(k))
end if

2. If the present value of MSE is greater than the previous MSE, then the learning rate is

decreased i.e.
if e > e(k — 1) then

n(k +1) =n(k)(1 — aes(k))
end if

Where the learning rate n(k) ranges from (O <n< 52) and « is the fixed scaling constant to
control the sensitivity of the change in error and to maintain stability throughout the procedure.

The value of « is taken as 0.001 for all examples.

5.6 Simulation experiments

In this section, the performance of CFFNN and CLRNN is tested over one example of nonlinear
plant equations of varying degrees and one nonlinear benchmark problem for simplicity. The
Mackey glass series is considered as the nonlinear benchmark problem. The initial parameters
are considered the same for both FFNN and LRNN structures as n = 0.001,« = 0.01. r(k)
denotes the external input of the plant, y,(k) denotes the output of the plant. The performance
of CLRNN and CFFNN is measured using RMSE and AMSE. The RMSE and AMSE are

defined as follows

N e — 6:)2
RMSE(k) = \/ e (5.30)
SN Hyi—90)?
AMSE(k) = ——— (5.31)

where y; is the actual value, g; is the predicted value, N indicates the number of samples and

k is the number of iterations
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5.6.1 Example-1: A nonlinear plant equation

In this example, the performance of the algorithm is tested on the following II-order nonlinear

difference equation [36)]

Yp(k — 1) 3
k)= ————"— k—1 5.32
The above equation depends on both past input and output values of the plant. The identifi-

cation structure of the plant can be written as

Yp(k) = flyp(k = 1), yp(k = 2),7(k — 1)] (5.33)

The following external input (k) is supplied to the plant :

r(k) = sm<m> (5.34)

The entire dataset is divided into training and validation values. A total of 1000 data samples
is considered with 500 values for training (t=1 to 500) and 500 values for validation (t=501
to 1000). The example is tested on both CFFNN and CLRNN algorithms. The maximum

number of neurons for all three structures is kept at 15.

Performance of CLRNN on example-1

The initial structure of the network is selected as 2-0-1 i.e. 2 input neurons as r(k) and y(k—1),
no hidden layer, and 1 output layer with 1 output neuron. The network takes the following

identification structure:

Yirnn (k) = flyp(k — 1), 7(K)] (5.35)

The proposed CLRNN is compared with CLRNN with a fixed learning rate and fixed LRNN
structures. The initial MSE of CLRNN at the start of the training was found to be 0.016.
Figure 5.7 shows the predicted response of the CLRNN over selected LRNN structures. Figure
5.8 shows the effect of MSE on CLRNN over the increase of hidden neurons. From the results,
it is evident that the proposed algorithm is found to adjust and adapt the learning rate with the
training progress. The performance is found to be effective over time series prediction problems
even with fewer inputs and hidden neurons. At the final stages of training, RMSE is found to

be 0.2223 and AMSE is found to be 0.005. Table 5.1 shows the comparison of performance

93



Chapter 5. A hybrid constructive training of FFNN and RNN using adaptive learning rate
for nonlinear system identification

obtained for CLRNN over other selected structures. The number of neurons utilized by fixed
LRNN is 15 and that utilized by CLRNN is 10. After the final stages of training, CLRNN with
ALR results in 2-10-1 architecture with a fixed LRNN resulting in 2-15-1.

Performance of CFFNN on example-1

Generally, FFNN networks do not have memory neurons in their structure and so they require
more inputs as compared to RNN for effective prediction [121]. For training the FFNN network,
we have kept the initial structure of the network as 3-0-1 i.e. 3 input neurons as r(k), r(k — 1),
and y(k — 1), no hidden layer, and 1 output layer with 1 output neuron. The network takes

the following identification structure:

Yrn(k) = flyp(k = 1),r(k), r(k — 1)] (5.36)

The initial MSE at the start of the training was found to be 0.0089. The performance of CFFNN
is compared with CFFNN with a fixed learning rate and fixed FFNN structures. Figure 5.9
shows the predicted response of CFFNN over selected FFNN structures. Figure 5.10 shows the
effect of MSE over the increase of hidden neurons on CFFNN with ALR. From the results, it
is evident that the proposed algorithm is found to adjust and adapt the learning rate with the
training progress. The performance is found to be effective over time series prediction problems.
RMSE and AMSE of CFFNN are found to be 0.0167 and 0.0003 respectively at the final stages
of training. The number of neurons utilized by fixed FFNN is 15 and that utilized by CFFNN
is 12. After the final stages of training, CFFNN with ALR results in 3-12-1 architecture with
a fixed FFNN resulting in 3-15-1. Table 5.2 shows the comparison of performance obtained for
CFFNN over other selected structures.

5.6.2 Example-2: Mackey-Glass Time series problem

Further, the performance of the algorithm is tested on the following Mackey-glass series pre-

diction problem given by [122]

(1 —a)y,(k) +bxy,(k—7)
L+ylok—7)

yp(k +1) = (5.37)
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Figure 5.7: Response of CLRNN over selected LRNN structures [Example-1]
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Figure 5.8: MSE curve over the addition of hidden neurons on CLRNN [Example-1]
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Table 5.1: Tabulation of performance of CLRNN over selected structures [Example-1]

S.No | Algorithm| Network No of MSE AMSE RMSE
type samples in
each epoch
1 Traditional LRNN 1000 0.0086 0.1173 0.0929
Fixed
Learning
rate
2 Hybrid CLRNN 1000 0.0002 0.0005 0.0223
growing
algorithm
with ALR
3 Hybrid CLRNN 1000 0.1274 0.0162 0.1272
growing
algorithm
with FLR
3 18 ‘ ‘
16 Desired plant model
25 1.4 = = = CFFNN with ALR B
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Figure 5.9: Response of CFFNN over selected FFNN structures [Example-1]
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Figure 5.10: MSE curve over the addition of hidden neurons on CFFNN [Example-1]

The above problem takes the identification structure as below:

yp(k +1) = g[yp(k), yp(k —17)] (5.38)

The time-series problem is applied with values of « = 0.2, 7 = 17 and g = 0.1. When 7 >17,
the problem is said to exhibit chaotic behavior. Thus 7 =17 is considered in this example.
Out of 1000 data samples, 500 samples are taken for training, and the rest 500 samples are

considered for validation. The maximum number of neurons for all three structures is kept at
20.
Performance of CLRNN on example-2

The initial structure of the network is selected as 2-0-1 i.e. 2 input neurons as y,(k) and
Yp(k — 7), no hidden layer, and 1 output layer with 1 output neuron. The network takes the

following identification structure:

Yirnn (k) = Flyp(k), yp(k — 7)] (5.39)

The proposed CLRNN is compared with CLRNN with a fixed learning rate and fixed LRNN
structures. Figure 5.11 shows the predicted response of the CLRNN over selected LRNN
structures. Figure 5.12 shows the effect of MSE on CLRNN over the increase of hidden neurons.
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From the results, it can be seen that the performance of CLRNN is found to be effective over
time series prediction problems even with fewer inputs and hidden neurons. At the final stages
of training, RMSE is found to be 0.0027 and AMSE is found to be 0.0046. Table 5.3 shows the
comparison of performance obtained for CLRNN over other selected structures. The number of
neurons utilized by fixed FFNN is 15 and that utilized by CLRNN is 10. After the final stages
of training, CLRNN with ALR results in 2-10-1 architecture with a fixed LRNN resulting in
2-15-1.

Performance of CFFNN on example-2

For training the CFFNN network, we have kept the initial structure of the network as 2-0-1 i.e.
2 input neurons as y,(k),y,(k — 17), no hidden layer, and 1 output layer with 1 output neuron.

The network takes the following identification structure:

Yrsan(k) = flyp(k), yp(k — 17)] (5.40)

The initial MSE at the start of the training was found to be 0.8381. The performance of CFFNN
is compared with CFFNN with a fixed learning rate and fixed FFNN structures. Figure 5.13
shows the predicted response of CFFNN over selected FFNN structures. Figure 5.14 shows
the effect of MSE over the increase of hidden neurons on CFFNN with ALR. The proposed
algorithm is seen to adjust and adapt the learning rate with the training progress. From the
results, it is evident that the proposed algorithm is found to adjust and adapt the learning rate
with the training progress. The performance is found to be effective over time series prediction
problems. RMSE and AMSE of CFFNN are found to be 0.0218 and 0.0005 respectively at the
final stages of training. The number of neurons utilized by both fixed FFNN and CFFNN is
15. Table 5.4 shows the comparison of performance obtained for CLRNN over other selected
structures. After the final stages of training, CFFNN with ALR and fixed FFNN results in
2-15-1 architecture.

5.7 Conclusion

The study represents a hybrid constructive algorithm for FFNN and LRNN known as CFFNN
and CLRNN; for identifying a nonlinear dynamic system. The main contribution of the work

is as follows: (i) Hidden neurons are added to the network based on their validation MSE
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Table 5.2: Tabulation of performance of CFFNN over selected structures [Example-1]

S.No | Algorithm| Network No of MSE AMSE RMSE
type samples in
each epoch
1 Traditional FFNN 1000 0.0319 0.2184 0.1786
Fixed
Learning
rate
2 Hybrid CFFNN 1000 0.0001 0.0003 0.0167
growing
algorithm
with ALR
3 Hybrid CFFNN 1000 0.0013 0.0005 0.0020
growing
algorithm
with FLR
1.8
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Figure 5.11: Response of CLRNN over selected LRNN structures [Example-2]
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Figure 5.12: MSE curve over the addition of hidden neurons on CLRNN [Example-2]

Table 5.3: Tabulation of performance of CLRNN over selected structures [Example-2]

S.No | Algorithm| Network No of MSE AMSE RMSE
type samples in
each epoch
1 Traditional LRNN 1000 0.0087 0.2184 0.1786
Fixed
Learning
rate
2 Hybrid CLRNN 1000 0.0001 0.0774 0.060
growing
algorithm
with ALR
3 Hybrid CLRNN 1000 0.0874 0.0624 0.0039
growing
algorithm
with FLR
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Figure 5.13: Response of CFFNN over selected FENN structures [Example-2]
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Table 5.4: Tabulation of performance of CEFNN over selected structures [Example-2]

S.No | Algorithm| Network No of sam- | MSE AMSE RMSE
type ples in each
epoch
1 Traditional | FFNN 1000 0.0012 0.0400 0.0346
Fixed
Learning
rate
2 Hybrid CFFNN 1000 0.001 0.0046 0.0027
growing
algorithm
with ALR
3 Hybrid CFFNN 1000 0.0810 0.0066 0.0046
growing
algorithm
with FLR

(ii) A novel adaptive learning rate based on fractional error is proposed. (iii) The weights are
updated at every epoch, resulting in faster convergence. The resulting network is small enough,
minimizing the computational complexity. The stability and convergence are also studied
theoretically. Tables and simulation results show that CLRNN and CFFNN outperform fixed
neural structures. Low RMSE and AMSE results indicate that the proposed algorithm may

produce the best architecture for nonlinear system identification.
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Chapter 6

Feedback-based optimization of
FFNNs for modeling complex dynamic
systems with APSOBP algorithm

6.1 Introduction

ANN has a wide range of applications in time series prediction, classification, regression prob-
lems, and so on [18], [123], [124]. Training of ANN for identification and control requires
robust and efficient optimization methods. ANN structures are mostly trained using BP [125],
and PSO [126]. BP is the simplest gradient-descent-based algorithm that updates weights in
a neural network using the gradient of error. BP algorithms are simple, having fewer tun-
able parameters and a fast convergence. However, they have a few disadvantages, including
being trapped in local optima for highly nonlinear non-differentiable problems. PSO is an
optimization algorithm that replicates the behavior of a flock of birds or a school of fish to
solve optimization problems. PSO algorithm is found to have many advantages over BP and
evolutionary algorithms. PSO updates only two components of the particle (personal best and
global best). In comparison to BP, PSO is more robust to noisy data and avoids local minima
as it can handle multi-objective optimization effectively. Despite all these, traditional PSO
algorithms may experience premature convergence, parameter sensitivity, and reduced explo-
ration if the parameters are not properly set [127]. This has led to the development of many
variations of the PSO algorithm in literature, all to improve the convergence and performance

of the algorithm. Combining PSO with BP combines the strengths of both algorithms such
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as the global and local search capabilities of PSO and BP while avoiding local minima. This
hybrid technique is further improved by the adaptive PSO-BP algorithm, which dynamically
modifies the PSO parameters and learning rate throughout the training phase. The adaptive
PSO-BP algorithm further enhances this hybrid approach by dynamically adjusting the PSO
parameters and learning rate during the training process. These adaptive mechanisms allow the
algorithm to respond to varying problem complexities, ensuring faster convergence, improved
stability, and better generalization performance. This chapter evaluates the adaptive PSO-BP
methodology on diverse nonlinear dynamic system identification tasks, providing a comprehen-
sive comparison with standard BP and static PSO-BP approaches. The results demonstrate
the advantages of the adaptive PSO-BP algorithm in terms of convergence speed, accuracy, and

robustness, establishing it as a powerful tool for training ANNs in complex, nonlinear domains.

6.2 Mathematical structure of FFNN

Wi (k) \ Wh (k)

r (k)

z-1

ye ()

Input Layer Hidden Layer Qutput Layer

Figure 6.1: Feed Forward Neural Structure

This section describes the structure of FFNN and its learning using the BP algorithm.
The structure of FFNN is as shown in Figure 6.1. FFNN is a forward propagating structure
with information flowing in a single direction. In this work, three inputs are considered:
Yn(k—1),2(k), x(k—1). Let the input vector U(k) = [y,(k—1),z(k),z(k—1)]. The input signals
are multiplied with the input weight vector W;(k) = [wq(k), wia(k), ..., w(k)] before being
sent to the hidden layer. The hidden layer receives these weighted input signals and is acted

by a sigmoidal activation function. Let H,(k) denote the hidden layer vector with H,(k) =
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(1 (k) hn2(K), ..., hinp(k)] and hidden layer weight vector Wi, (k) = [wh1(k), wha(k), ..., why(K)].

Further, the computed information is carried towards the output layer. A linear activation
function is acted upon on the output layer. Let ysy,,(k) denote the output of the network at
k'™ instant. The output of the FENN at k' instant is:

Upn(k) = fl(liﬂmwhz(k) s bhl<k>wom<k>) (6.1)

where by, (k) represents the bias vector applied at the output and W, (k) denotes the cor-
responding output bias weight vector. f; indicates the linear activation function. W (k)
represents the corresponding hidden weight vector. The output of the induced field at k"

instant is:

Ho (k) = g1 ( > Uk~ ) Wil + bm<k>wm<k>) (62)

where by, (k) denotes input bias vector and W, (k) represents the corresponding input bias

weight vector. g; denotes the sigmoidal activation function.

6.3 Training using BP algorithm

The training of FFNN is usually carried out using the BP algorithm. BP is a popular gradient-
based algorithm. This method updates the neural network’s weights using error gradients. The
first step of training using the BP algorithm is to define a cost function. We have considered
MSE as the objective function which is defined as the sum of squares of difference between
actual and predicted output of the plant under observation. The objective function at k'*

instant is given as:

Bi(K) = 5lyn(k) = yyan () (63

The modeling error is calculated at the output layer, and the gradients of weights from the
output layer to the hidden layer are computed and propagated back till the input layer is

reached.
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6.3.1 Update equations for hidden layer weights

To update the hidden layer weight, calculate the change in gradient of error E;(k) with respect
to hidden layer weight W (k). It is calculated at k' instant as:

OE;(k) _ OLi(k)  Oysmn(k)

DWa(k) ~ Dy (k) OW () (6:4)
o OE(k)
i = e x (b (6.5)

6.3.2 Update equations for input layer weights

To update the input layer weight, calculate the change in gradient of error E;(k) with respect
to input layer weight W;(k) at as:

OEi(k) _ OEi(k)  Oypmn(k) OHn(k)

OW,K) ~ Dygun() < OH,(K) < OW,(R) 00
o OF;(k
aW/fz((k)) = —e(k) x Wi(k) x (1 — H2)(k) x U(k) (6.7)
To find new weights, the SGD approach is applied and is calculated as follows:
W (k) (new) = Wi(old) — ne(k) gﬁﬁ) (6.8)
Wilk)(new) = Wiold) — ne(k) i) (6.9

owi(k)
The learning rate is denoted by 7, with a range of 0 to 1. In this work, a fixed learning rate is

used to train the FENN-APSOBP model.

6.4 Overview of PSO algorithm

PSP is a bio-inspired approach that is inspired by the behavior of a flock of birds or a school
of fish as they search for food in groups. They are found to exchange their hunting experience
and help other members of the group to find the best hunt. The algorithm works by randomly

selecting a group of birds in search space. Every bird is referred to as a particle’. A population
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or swarm can contain up to i’ particles. Each particle in the swarm searches the N-dimensional
space for the optimal solution. With every iteration, the particles adjust their velocity and
position. In this way, the entire swarm is guided toward the location of the desired optimum
solution in the search space. Consider a swarm of ’i’ particles which has a current position
p; and current velocity v;. They fly in N-dimensional search space until they find the global
optimum solution. They adjust their velocity based on their best position is known as personal
best (ppest) as well as the best solution of the entire swarm known as global best (gpes;). This
updates their position and moves them forward in N-dimensional space. The velocity and

position update equation of classical PSO is:

vi(k + 1) = vi(k) + c1r1(k) (Prest (k) — pi(k)) + cara(k)(goest (k) — pi(k)) (6.10)

The position is updated using the new calculated velocity in Eq.(6.10) as :

pilk +1) =pi(k) + vi(k+ 1) (6.11)

Here ¢, and ¢y are the cognitive and social components respectively, and r; and ro are random
numbers in the interval (0,1). When the problems are highly nonlinear, the classical PSO
converges too early giving sub-optimal solutions. This has led to modification in the classical
PSO algorithm. Shi and Eberhart introduced the APSO algorithm [128]. The Eq.(6.10) and
Eq.(6.11) were modified with the addition of inertia weight to improve the convergence and
performance of the optimization problems. The velocity and position equations of APSO are

as below :

vi(k + 1) = w;(k) + c171(k) (Peest (k) — pi(k)) + cara(k)(ghest (k) — pi(k)) (6.12)

where w = Wyqe — k| #2es#min | denotes the inertia weight. As per the APSO algorithm,
w should begin with a large value at the initial stage and should be reduced gradually as the

training progresses to attain a good convergence.
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6.5 Problem statement

Let the input vector X (k) = [z(k), z(k—1), ....., x(k—0b)] and output vector Y (k) = [y, (k), yn(k—

1),....,yn(k — a)] of a nonlinear plant. The differential equation of the plant at k' instant is :
yn(k) = h[X(k),Y (k), k] (6.14)

Where h is the nonlinear mapping function relating input to output. The current output
yn(k) relies on both the current and previous values of the plant as well as external input.
a, b denotes the number of past outputs and the number of past input values of the plant
respectively. This work aims to identify the nonlinear function that satisfies h ~ h. This
ensures that the identified model appropriately represents the plant. When the identifier is
taken as FFNN, the structure is given by:

Ypun(k) = RIX (K), Y (k)] (6.15)

A hybrid adaptive PSO-BP algorithm is used for training FFNN using MSE as the evaluation

function. The evaluation function at k™ instant is given as:

MSE() = 3 lum(k) — yun (1) (6.16)

Here, ¥, (k) —Yfnn (k) is the modelling error. The fitness function is evaluated for every particle.
PSO aims to minimize the fitness value by adjusting the weights. BP further fine-tunes the
search process. The training continues until the identification error decreases to a minimum

value or zero.

lim [y, (k) = ysan(k)| < € (6.17)

k—oo

where ¢ — 0.
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Figure 6.2: Steps to train FFNN network using hybrid adaptive PSO-BP algorithm

6.6 Optimising FFNN using proposed adaptive PSO-BP
(APSOBP) algorithm

This section discusses how to train FFNN using the proposed APSOBP algorithm. The pro-
posed algorithm combines the advantages of both PSO (global search) and BP (local search). In
this paper, we present a novel inertia weight approach that decreases dynamically throughout
the optimization process. Inertia weight is crucial for improving the performance and conver-
gence of PSO The performance status of every particle is a key to adjusting inertia weight and
hyperparameters of PSO. If a particle’s best position is near its prior position, it is getting close
to the global optimum. In this case, an increase in inertia weight is required to keep the particle
near the global optimum. Alternatively, if the particle’s best position is significantly different
from its prior best position, it is moving away from the global optimum. This necessitates a
decrease in inertia weight to encourage more exploration of new paths rather than staying with
a less effective solution. Based on this concept, we developed a method for calculating inertia
weight using feedback from the global best position of the swarm. A performance index e; is

calculated by finding the difference between global best positions over consecutive iterations.
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The e; is calculated as

ez<k) = (gbest(k) - gbest(k - 1)) (618)

The performance-index e; is used to derive inertia weight as follows:

k) = . TN

(6.19)

Here, gpes: denotes the global best position at iteration k, and w,,;, denotes the minimum
inertia weight. Further, the hyperparameters are made dynamic to adapt to changes in the
optimization landscape of the problem. ¢; and ¢y are dynamically adjusted based on the error

metric e; in comparison to a fixed threshold. The adaptive method is as follows:

cp1=cC +a«a
if e; < threshold
Co =Co +
2o (6.20)
Cih =C —«
if e; > threshold

Cy = C —

Where « is a constant that determines the rate of adjustment. The value of « is kept constant
at 0.1. By dynamically adjusting the inertia weight and hyperparameters based on particle
performance, the APSOBP algorithm effectively balances exploration and exploitation, leading
to improved convergence and performance in training the FFNN. The flowchart of FFNN
training using APSOBP is shown in Figure 6.2. The detailed steps are described below:

1. The algorithm starts with the initializing of FFNN architecture. For simplicity, the 3-10-1

FFNN structure is considered in this work.

2. The next step is to set the PSO parameters such as swarm size, inertia coefficient w,

hyperparameters c;, and ¢y, velocity, and position.

3. The algorithm enters the PSO loop (shown inside the green dotted box in Figure 6.2).
After every iteration, the fitness value of every particle f(p;) is calculated. MSE is
considered as the fitness function. The particle moves forward in the search space in
search of the optimum solution and updates its personal best pyess and position ppes, if
the current fitness value f(p;) is less than the particle’s fitness value f(ppest). Further,

the global best gyes and its position gpesi (k) of the swarm is updated if the current fitness
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10.

value f(p;) is less than the swarm’s f(gpest(k)).

The inertia weights, cognitive component ¢, and social component ¢y are dynamically
changed using the inertia weight method in Eq.(6.18) and Eq.(6.19). Furthermore, the
hyperparameters ¢; and c; are dynamically modified based on Eq.(6.20).

The velocity and position get updated using the new inertia weight and hyperparameters.

The process of PSO continues until the termination criteria are met. The stopping criteria

for PSO is considered as the reach of maximum iterations in our work.

Further the optimized weights from PSO training are sent to the BP algorithm for further
local tuning of the search space. Many times BP faces the problem of producing sub-
optimal solutions for highly non-convex nonlinear problems. One of the reasons is due
to improper initialization of the weights at the start of BP. This problem is solved in
this work, as PSO provides a good set of initial weights, and BP has a better chance to

converge to a high global solution.

Further BP, fine-tunes the search locally around the global optimum. The algorithm now

enters the BP loop (shown inside the black dotted box in Figure 6.2).

The network searches locally using the BP algorithm. A constant learning rate [ is
considered. The value of g is taken as 0.001. The identification error is calculated at
every epoch and the weights and biases are updated at every epoch until the termination

condition is met.

Finally, the network is validated and the performance of FFNN-APSOBP is evaluated in
terms of AMSE and RMSE. The BP algorithm is usually stopped with the termination
criteria. In this work, the reach of maximum iterations is considered as a stopping

criterion.

The use of Eq.(6.18), Eq.(6.19), and Eq.(6.20) is intended to provide better optimum solutions

than classical PSO and BP algorithms.

6.7 Simulation examples

To illustrate the efficiency of the FFNN-APSOBP approach, three examples of nonlinear bench-

mark problems are used. The obtained results are compared to the traditional FFNN-BP and
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FFNN-PSO structures.

6.7.1 Selection of parameter

To study the effectiveness of the proposed approach, 10 neurons in the hidden layer are consid-
ered for FENN-APSOBP, FFNN-PSO, and FFNN-BP structures. A constant learning rate of
0.001 is considered to simulate the FFNN-BP and FFNN-ABPPSO structure. For the FFNN-
PSO and FFNN-APSOBP structures, the particle size is set to 30 and is randomly created.
The maximum number of iterations to train PSO-BP is 700 for all three structures. The inertia

weight, ¢; and ¢y are made dynamic using Eq.(6.19) and Eq.(6.20).

6.7.2 Case-1: Modelling of nonlinear plant equation with degree 3

Consider a non-linear plant described by the differential equation as given in [36]:

yn(k) = yn(k — 1>

T lryi-2) =(k=2) (620

The dynamic behavior of the plant relies on both current and previous inputs and outputs.

The identification model of the plant in Eq.(6.21) is:

yn(k) = alyn(k = 1), yn(k = 2), 2(k — 2)] (6.22)

The plant is supplied with the following input signal as z(k) = sin(%). Now, with FFNN as

the identifier, the structure becomes :

Ygnn(k) = alyn(k — 1), u(k), u(k —1)] (6.23)

A total of 700 samples are taken for training and another 700 samples are considered for
validation. Figure 6.5 shows the variation of inertia weights over several epochs. From Figure
6.5, it can be seen that w varies from 0.7 to 0.4. The system assures stability if the value of w
does not exceed 1. The comparison of the response of the plant using FFNN-APSOBP, FFNN-
PSO, and FFNN-BP approach is shown in Figure 6.3. Figure 6.4 compares the MSE curves
obtained using the FFNN-APSOBP, FFNN-PSO, and FFNN-BP approaches across epochs.
The efficiency of the FFNN-APSOBP approach is evaluated using performance indexes such
as AMSE, and RMSE. From the results of Figure 6.3, 6.4 and Table 6.1, it is observed that
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the performance of the training is as follows: FFNN-APSOBP > FFNN-PSO > FFNN-BP.
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Figure 6.3: Comparison of the response of training FFNN with different algorithms [Case-1]

Table 6.1: Comparison of performance of training FFNN with different algorithms [Case-1]

S.No | Algorithm| Network Samples MSE AMSE RMSE
type per epoch

1 BP FFNN 700 0.0619 0.3052 0.2487

APSOBP FFNN 700 0.0004 0.0082 0.0213

3 PSO FFNN 700 0.0258 0.0268 0.1463

6.7.3 Noise tolerance test [Case-1]

To investigate the effectiveness and adaptability of the novel FFNN-APSOBP approach, a
sudden disturbance dis(k) is added to the plant in the period 250 < k < 450. A disturbance
in the form of a sine wave dis(k) = sin(¥%) is added in the interval 250 < k < 450. Figure 6.6
shows the response of the FFNN-APSOBP approach over the disturbance. It can be seen from
the figure that FEFNN-APSOBP initially diverted from the desired response, thus increasing
MSE values. With training the MSE has become zero thus tracking the desired performance.

Analysis: Apart from the above observations, Figure 6.5 illustrates that the algorithm starts
with encouraging exploration and once the promising areas are explored, w reduces to a lower
value (0.7 to 0.4), allowing the particles to use the best-known solutions. Additionally, a

slight increase in inertia coefficients after a few iterations signifies the algorithm’s ability to

escape early convergence, allowing for further exploration in search space. The maintenance
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Figure 6.6: Effect of disturbance on FFNN-APSOBP structure [Case-1]

of this lower inertia weight after a few iterations indicates the algorithm’s convergence for this

problem.

6.7.4 Case-2 : Identification of liquid level system

A model of the liquid level system is considered for identification as given in [129]. The system
comprises a DC water pump. The pump feeds a conical flask which then feeds a square tank,
resulting in second-order dynamics. The input voltage of the motor is the controlled variable
and the level of the water in the conical flask is taken as the output variable. The differential

equation of the liquid level system to be identified is given by:

yn(k + 1) = 0.9722y, (k) + 0.3578z(k) — 0.12952(k — 1) — 0.3103y, (k)2 (k) — 0.04228y>(k — 1

+0.1663y, (k — 1)a(k — 1) — 0.03259y2 (k)y, (k — 1) — 0.3513y2 (k)z(k — 1

where e(k) is the white noise in the range [-0.025,0.025] and z(k) denotes the input applied to

the plant and is taken as x(k) = 0.4sin(%) + 0.6003(%).
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The plant takes the following identification structure:

Utk + 1) = Bl (k). yalk — 1), 2(k), ok — 1) (6.25)
When FFNN is considered an identifying model, then it takes the following structure:
Ypun(k + 1) = hlya(k), (), 2 (k — 1)] (6.26)

A total of 700 samples are taken for training and another 700 samples are considered for
validation. Figure 6.9 shows the variation of inertia weights over several epochs. From the
result, it can be seen that w varies from 0.9 to 0.4. The system assures stability if the value
of w does not exceed 1. The comparison of the response of the plant using FFNN-APSOBP,
FFNN-PSO, and FFNN-BP approach is shown in Figure 6.7. Figure 6.8 shows the comparison
of the MSE curve of the plant using FFNN-APSOBP, FFNN-PSO, and FFNN-BP approach.
The efficiency of the FEFNN-APSOBP approach is evaluated using indexes such as AMSE, and
RMSE. From the simulation results of Figure 6.7, 6.8 and Table 6.2, it is observed that the
performance of the training is as follows: FFNN-APSOBP > FFNN-PSO > FFNN-BP.

Table 6.2: Comparison of performance of training FFNN with different algorithms [Case-2]

S.No | Algorithm| Network Samples MSE AMSE RMSE
type per epoch

1 BP FEFNN 700 0.2793 0.1794 0.4124

2 APSOBP FFNN 700 0.0014 0.0032 0.0039

3 PSO FFNN 700 0.0481 0.0481 0.1612

6.7.5 Noise tolerance test [Case-2]

To investigate the effectiveness and adaptability of the novel FFNN-APSOBP model, a sudden
disturbance dis(k) is added to the plant in the period 250 < k < 450. A disturbance in the
form of a sine wave dis(k) = sin(%%) is added in the interval 250 < k < 450. Figure 6.10
shows the response of FFNN-APSOBP over the disturbance. It can be seen from the figure
that FENN-APSOBP initially diverted from the desired response, thus increasing MSE values.
With training the MSE has become zero thus tracking the desired performance.

Analysis: Apart from the above observations, Figure 6.9 illustrates that the algorithm starts

with encouraging exploration in systems with many local minima (increasing w from 0.7 to 0.9).

Once the promising areas are explored, w reduces to a lower value (0.7 to 0.4), allowing the
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particles to use the best-known solutions. Additionally, a slight increase in inertia coefficients
after a few iterations signifies the algorithm’s ability to escape early convergence, allowing for
further exploration in search space. The maintenance of this lower inertia weight after a few

iterations indicates the algorithm’s convergence for this problem.

6.7.6 Case-3 : Modelling of Mackey glass series

The suggested approach was tested on a nonlinear Mackey glass time series prediction problem

as described in [130]. The prediction of the Mackey glass series is given by:

dy,(t)
dt

B X yn(t —7)
1+ ylo(t — 1)

= —7v7 X yn(t) + (627)

The problem is solved using the parameter values = 0.2 and v = 0.1. The problem exhibits
chaotic behavior when 7 > 17. Hence the time delay is chosen as 7 = 17. The corresponding

differential equation of Eq.(6.27) is as follows:

B X yn(k — 1)
(k) = — n(k 2
Yn(k) ny()+1+y%0(k_7) (6.28)
The structure of identification for the plant is:
Yn(k) = hlyn(k), yn(k —7))] (6.29)
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Figure 6.10: Effect of disturbance on FENN-APSOBP structure [Case-2]

When FFNN becomes the identifier, the identification structure is:

Ypn(k + 1) = hlya(k), ya(k —7)] (6.30)

A total of 700 samples are taken for training and another 700 samples are considered for
validation. Figure 6.13 shows the variation of inertia weights over several epochs. From the
figure, it can be seen that w varies from 0.7 to 0.4. The system assures stability if the value
of w does not exceed 1. Figure 6.11 compares the plant’s response using the FFNN-APSOBP,
FFNN-PSO, and FFNN-BP approaches. Figure 6.12 compares the MSE curve obtained for
the plant using FFNN-APSOBP, FFNN-PSO, and FFNN-BP approach. The efficiency of the
FFNN-APSOBP is evaluated using evaluation indexes such as AMSE, and RMSE. From the
results of Figure 6.11, 6.12 and Table 6.3, it is observed that the performance of the training
is as follows: FFNN-APSOBP > FFNN-PSO > FFNN-BP.

Table 6.3: Comparison of training of performance of FFNN with different algorithms [Case-3]

S.No]| Algorithm| Network Samples MSE AMSE RMSE
type per epoch
1 BP FFNN 700 0.0087 0.1146 0.0930
2 APSOBP FFNN 700 0.0017 0.0018 0.033
3 PSO FFNN 700 0.0230 0.0231 0.0677
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6.7.7 Noise tolerance test [Case-3]

To investigate the effectiveness and adaptability of the novel FENN-APSOBP model, a sudden
disturbance dis(k) is added to the plant in the period 250 < k& < 450. A sine wave as
disturbance dis(k) = sin(¥%) is added in the interval 250 < k < 450. Figure 6.14 shows the
response of FFNN-APSOBP over the disturbance. It can be seen from the figure that FFNN-
APSOBP initially diverted from the desired response, thus increasing MSE values. With
training the MSE has become zero thus tracking the desired performance.

Analysis: Apart from the above observations, Figure 6.13 illustrates that the algorithm starts
with encouraging exploration and once the promising areas are explored, w reduces to a lower
value (0.7 to 0.4), allowing the particles to use the best-known solutions. Additionally, a
slight increase in inertia coefficients after a few iterations signifies the algorithm’s ability to
escape early convergence, allowing for further exploration in search space. The maintenance
of this lower inertia weight after a few iterations indicates the algorithm’s convergence for this

problem.

6.8 Conclusion

In this work, a novel APSOBP algorithm for training FFNN to identify complex nonlinear sys-

tems is proposed. The algorithm incorporates the abilities of both particle swarm optimization
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Figure 6.14: Effect of disturbance on FFNN-APSOBP structure [Case-3]

and backpropagation algorithm. The weights of the FFNN are trained using the APSOBP
algorithm. PSO optimizes the weights at the initial stage, which are further fine-tuned by BP
around the optimum solution. Furthermore, to avoid the PSO algorithm’s early convergence,
we made the inertia coefficient and hyperparameters dynamic using the feedback mechanism
that computes the difference between the fitness value of global best in consecutive iterations.
The proposed inertia weight is observed to decrease nonlinearly with epochs ensuring adequate
exploration and exploitation of the PSO. The proposed method also ensures network stability
as the w ranges between 0 to 1 for all the selected examples. The structure’s performance is
evaluated using three examples of complex nonlinear problems and a sudden disturbance. The
results show that training FFNN using the APSOBP algorithm outperforms FFNN-BP and
FFNN-PSO approaches in terms of efficiency and robustness.
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Conclusion and Future Scope

7.1 Conclusion

The main aim of this thesis is to develop novel approaches for the identification and adaptive
control of nonlinear dynamic systems, with a focus on effectively capturing their temporal
dynamics. To achieve this, we have proposed two novel modifications to the existing RNN
structures. Both the proposed RNN structures are applied to identify the nonlinear system.
They are independent of the plant order and involve memory neurons to handle the complexity
of the nonlinear dynamics. The developed architecture is further utilized to design adaptive
controllers for nonlinear systems. The BP algorithm, being the simplest learning algorithm
for ANN, is used to derive weight update equations. While ANN demonstrates robust perfor-
mance, their effectiveness depends on factors such as the network architecture and the learning
algorithm. To optimize the structure of ANNs, we have developed a constructive algorithm
for FENN and RNN; allowing them to dynamically grow based on their performance on the
validation data. Despite their simplicity, the BP algorithm faces limitations such as getting
trapped in local minima for highly complex spaces. To address this, we proposed an adaptive
learning rate method to accelerate BP and developed a novel adaptive PSO-BP algorithm to
enhance ANN performance. These methods are validated for handling system uncertainties,
including parameter variations and disturbance signals and are validated against state-of-the-
art neural network structures to demonstrate their effectiveness.

In Chapter 2, a novel HEJNN structure is developed and applied for the identification of non-
linear dynamic systems. BP algorithm is used to derive the weight update equations of the

proposed model. The stability of the proposed approach is proven in the sense of Lyapunov-
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stability analysis. The performance of HEJNN structure is evaluated by comparing it with the
results obtained from other ANNs such as ENN, JNN, FFNN and LRNN. Experimental results
show that the HEJNN model outperforms the other neural models in terms of identification
accuracy and robustness.

In chapter 3, an another novel modification of RNN referred as CRFNN is proposed. This
architecture combines the strengths of FFNN and LRNN. The BP algorithm is used to de-
rive the weight update equations and the Lyapunov-stability principles are applied to test the
stability of the proposed framework. MISO systems (various degrees of plant equation) and
Mackey glass series benchmark problem are considered and the performance of the proposed
structure is evaluated by comparing it with the results obtained from other popular neural net-
work models such as FENN, ENN, JNN, and LRNN. The results of the simulation demonstrate
that CRFNN shows greater prediction accuracy, and better performance even in the scenario
of disturbance signals and parameter variation.

In Chapter 4, a simultaneous online identification and adaptive control framework for simul-
taneous identification and adaptive control of nonlinear dynamical systems is proposed. The
scheme is referred as HFRNN and a gradient-descent-based BP algorithm is used to derive
weight update equation. The stability of the proposed learning strategy is proven using the
Lyapunov stability principles. The results of HFRNN are compared with the JNC and LRNC.
The results demonstrate that HFRNN performs satisfactorily, even in the presence of distur-
bance signals.

In Chapter 5, we have developed a novel hybrid constructive algorithm to dynamically grow
FFNN and RNN structures. The proposed algorithm is applied to identify non-linear dynam-
ical systems. The constructive algorithm for FFNN is denoted as CFFNN and for RNN is
CLRNN. The hidden nodes are grown depending on the effect of mean square error (MSE) on
the validation dataset. To enhance the learning algorithm’s performance, a novel Lyapunov’s
stability-based ALR is also developed. The experimental results show that the CLRNN and
CFFNN with ALR outperform the other selected neural models.

In chapter 6, a novel APSOBP for training ANN is developed and is applied to FFNN to
identify nonlinear dynamical systems. This method integrates the strengths of PSO mainly
its good global search ability with the high convergence speed of BP. To avoid early conver-
gence, the PSO parameters such as inertia weight (w) and hyperparameters (¢, ¢y) are also

dynamically adapted. The proposed algorithm is evaluated against three benchmark nonlinear
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problems to ensure its effectiveness. The results show APSOBP algorithm outperforms the

selected methods in terms of convergence, accuracy, and robustness.

7.2 Future scope

Future studies will explore the integration of reinforcement learning to enhance control strate-
gies and learning of ANN. The other studies would include exploring techniques to improve the
computational efficiency of adaptive control algorithms, enabling faster processing in real-time
applications. Adaptive learning rate and PSO-BP algorithms developed in this thesis can also
be further enhanced by incorporating unsupervised learning approaches or another advanced

evolutionary algorithm to develop more versatile learning approaches.
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