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ABSTRACT

Increased interest in complex interconnected systems like smart-grid, cyber manu-
facturing have attracted researchers to develop optimal adaptive control schemes to elicit a
desired performance when the complex system dynamics are uncertain. In this dissertation,
motivated by the fact that aperiodic event sampling saves network resources while ensuring
system stability, a suite of novel event-sampled distributed near-optimal adaptive control
schemes are introduced for uncertain linear and affine nonlinear interconnected systems in
a forward-in-time and online manner.

First, a novel stochastic hybrid Q-learning scheme is proposed to generate optimal
adaptive control law and to accelerate the learning process in the presence of random
delays and packet losses resulting from the communication network for an uncertain linear
interconnected system. Subsequently, a novel online reinforcement learning (RL) approach
is proposed to solve the Hamilton-Jacobi-Bellman (HJB) equation by using neural networks
(NNs5s) for generating distributed optimal control of nonlinear interconnected systems using
state and output feedback. To relax the state vector measurements, distributed observers
are introduced. Next, using RL, an improved NN learning rule is derived to solve the HIB
equation for uncertain nonlinear interconnected systems with event-triggered feedback.
Distributed NN identifiers are introduced both for approximating the uncertain nonlinear
dynamics and to serve as a model for online exploration.

Next, the control policy and the event-sampling errors are considered as non-
cooperative players and a min-max optimization problem is formulated for linear and affine
nonlinear systems by using zero-sum game approach for simultaneous optimization of both
the control policy and the event based sampling instants. The net result is the development

of optimal adaptive event-triggered control of uncertain dynamic systems.
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SECTION

1. INTRODUCTION

In the past decade, significant advances have occurred in the areas of computing
power, communication and control. These advances are enabling design of critical infras-
tructures related to manufacturing, energy and transportation which are ‘smart’in the sense
that they monitor themselves, communicate and self-govern [3]. Due to the complexity
of tasks performed by such critical systems, an efficient decision making component is
required which can reduce the communication, computational cost and guarantee a certain
degree of performance.

Nature is an ultimate source of motivation for researchers and most efficient solution
for complex problems can be found among several biological systems. Researchers have
been inspired by the biological systems and studied their functioning to improve the effi-
ciency of engineering systems and the way they are controlled. Especially, the science of
decision making in the face of uncertainties is a complex task which is carried out by every
biological species all the time. The use of artificial neural networks (NNs) in computation
and control is one of the many tools that emerged from the bio-inspired research. A com-
putational model of the decision making process which can be observed in the biological

systems is given in Fig. 1.1.

b
. St(Tte, Reward, Action,
SlUmUlUS- Gain, Payoff, Response,
ituation Cost Control

@‘_
(world)

Fig. 1.1. Decision making process [25].




Any biological species interacts with the environment and learns to respond to
a stimulus which results in maximum reward. This computational model is studied by
several researches in the field of reinforcement learning (RL) and control theory [30] to
develop optimal decision making schemes which continuously learn and adapt online. These
learning schemes are popularly known as adaptive dynamics programming [4, 5, 31]. A
basic block diagram of such adaptive control scheme is given in Fig. 1. 2. The control
actions generated by the decision making body/actor are evaluated by a critic based on a
scalar reward and using the information from the critic, the actor learns to generate control

actions which results in maximum reward.

Value Function Update
Ve (o) = [ 7(:c(9), 38, (X)) M+ ¥y ({0 + )
Use RLS Until Convergence

Critic — Evaluates the

/ Current Policy
Ha (X)) =~ % R v/ Reward from
system
/
A 3
ctor: # (x() . .
Control Policy Contror % System/Envir
r EnnIoyement Input —‘Sys!em Output
>

Fig. 1.2. Simplistic block diagram of reinforcement learning.

Currently, decentralized and distributed control of interconnected systems is finding
itself in wide range of applications like robotic systems, power grids, traffic control systems,
urban drainage system to name a few (Fig. 1.3). For systems which are spatially distributed,
having a centralized decision making body is very costly due to the communication and
computational resources required to ensure that the centralized controller has access to all
the subsystems-to gain the feedback information and send the control commands. More-
over, with such control architecture, adding or removing subsystems is a tedious task and
failure/maintenance of the controller requires shutting down the entire system. With the
advent of networked control system, using decentralized/distributed controllers which com-

municate with each other offers more flexibility and scalability.



Moreover, for the large-scale critical infrastructures comprising of interconnected
systems, the centralized RL computational model in Fig.1.1 and the control scheme in
Fig.1.2 which considers the overall system is not very efficient. Going back to the biological
systems, some of the studies conducted on social creatures like honeybees [6], birds [7], ants
and fish [8] reveal that these groups of organisms, when performing a complex task, work
together to achieve a common goal efficiently by incorporating the principle of ‘division
of labor’. Recognizing these benefits, researchers have developed control and learning
schemes for interconnected large-scale systems composed of individual subsystems. Just
as the biological organisms described above distribute the overall objective among them to
complete their respective tasks more effectively, decentralized and distributed controllers
are designed at each subsystem to achieve a local goal in such a way that the overall objective

of the interconnected system is realized.

Fig. 1.3. Examples of large-scale interconnected systems a) Smart grid; b) Wireless sensor
networks; ¢) traffic network; d) Water distribution network [2].

However, to do this task efficiently without requiring the system dynamics, opti-
mization theory inspired by reinforcement learning is considered. In addition to the use of
optimization, event-driven computation [9], inspired by the biological processes of human
brain, is applied in designing processors to reduce the computations and power usage. For
example, using a bio-inspired design with event driven computing, the power density of

IBM neuromorphic chip is reported to be 1/10000th of the existing microprocessors. More-



over, with the advent of networked control systems (NCS), many interconnected systems
share a communication network to transmit information between nodes. These nodes may
be another subsystem, sensor modules, actuator or a controller. In addition to the benefits
in terms of computations and power usage, event driven computing saves network resources
in NCS. A simplified block diagram for implementing an event triggered control scheme is
given in Fig. 1.4. The states of the plant/system (xj) are continuously monitored by a trigger
mechanism which decides when the controller requires the feedback information to update
the control action (u;). A zero-order-hold (ZOH) is used to hold the last updated state and
control at the controller and actuator, respectively. Considering the benefits of optimizing a
control task combined with reducing the computations and communication cost have stim-
ulated the interests in many researchers and the focus has shifted from controlling a single

system to controlling large-scale interconnected systems with event triggered feedback.

Y. | Trigger

» Z0H P
Mechanism

Plant

h 4

>

Erd
2

Uy Event Sampled
Controller

I0H |e

Fig. 1.4. Basic block diagram for event-triggered controller.

In summary, based on the current demands driven by scarcity of resources, economic
considerations and huge technological advancements in computing power and communica-
tion systems, event-driven control of large-scale interconnected systems is as an active area
of current research. While stabilization is the primary objective, cost-efficient performance
and optimization in the face of uncertain system dynamics is required to fulfill these current
demands. Next, an overview of existing control methodologies addressing the above issues

is presented.



1.1. OVERVIEW OF CURRENT CONTROL METHODOLOGIES

Decentralized control scheme was first introduced by Siljak in 1978 [10]. Since
then, several control schemes for decentralized and distributed control of large-scale inter-
connected systems have been proposed. A detailed survey of decentralized control scheme
is carried out in [11], while a detailed account on distributed controllers is presented in
[12]. Decentralized controllers, which ignore the effects of interconnections, are found
to be inefficient when compared to the controllers that facilitate communication among
subsystems and enable controllers at each subsystem to utilize feedback information from
other subsystems [2, 28]. However, decentralized robust control approach using local state
information has been studied in the literature due to their simplicity and scalability [1]. On
the other hand, distributed controllers require information from neighboring subsystems to
generate a control action. One of the issues encountered in the distributed control scheme
is how often the subsystems should communicate their state and output information among
other subsystems.

Over the years, the controllers for large-scale systems have evolved to stabilize the
subsystems in the presence of uncertain interconnection matrix with limited communica-
tion [1]. Adaptive controllers were proposed to learn the interconnection terms, with which
suitable compensation was provided, but they were limited to handle weak interconnections
[10]. Later, reference models were utilized to provide information about the other sub-
systems [28]. However, it was demonstrated that ignoring the effects of interconnections
and using the information from the reference models can result in unacceptable transient
performance [28].

Further, developing optimal controllers for an interconnected system is a challenging
design problem. One of the methods to design optimal controllers is by model-predictive
control. By utilizing the communication network connecting subsystems, several dis-
tributed control algorithms to solve optimization problem for large-scale system using

model-predictive control (MPC) have been proposed. Although MPC based control al-



gorithms are popular due to their inherent ability to handle input and state constraints
efficiently, distributed MPC algorithms are not as efficient as their centralized counterpart
due to the effect of coupling between the subsystems in large-scale systems. Also, MPC
based algorithms in general requires system model to predict the future output over a limited
time horizon with which a desired cost-function is minimized iteratively.

The other approach to solve the optimal control problem for interconnected system
is by using game-theoretic formulation. Multi-player game formulation is one of the con-
trol design approaches presented in the literature to solve the optimal control problem for
interconnected systems [13]. The subsystems are considered to be cooperative and each
subsystem is controlled to work in tandem to achieve a common goal while minimizing
a cost function of the overall system. However, due to the nature of performance objec-
tive, implementing the control generated using the multiplayer game approach requires a
centralized scheme and scalability of such controllers due to curse-of-dimensionality is an
issue.

On the other hand, the distributed optimal controllers can be designed by breaking
down the objective of the overall system into several components corresponding to each
subsystem and designing controllers to satisfy the component objectives. However, such a
control scheme requires a well-defined method to decompose the performance objective of
the overall system for distributed control generation such that both the local cost function
and the aggregated overall cost function is minimized [13].

Moreover, the control schemes presented in [12] and the references therein, assume
that a dedicated communication network is available to continuously share the feedback
information among the subsystems. This significantly increases the communication cost.
Lately, aperiodic state dependent sampling is studied under various names, such as, multi

rate sampling, Lebesgue sampling [14], and interrupt driven triggering [15]. Recently,



this scheme is studied under a formal name of “event-triggered”’[16] sampling and various
theoretical and experimental results emphasizing its inherent advantages, in computation
and communication saving, are available in the literature [17, 18, 19, 20, 21, 22].

In general, an emulation-based approach is used for the event-triggered system
design where the controller is designed considering the periodic sampling and an event-
trigger condition is developed maintaining the stability intact. As a general rule the system
is assumed to be input to state stable (ISS) with respect to the measurement error, and an
event-trigger condition is designed considering the difference between the current state and
last sampled state as event-trigger error along with a state dependent threshold. Further,
a non-zero positive lower bound on the inter event time is also guaranteed to avoid Zeno
behavior. In addition, the event-triggered control approach is also extended to accommodate
other design considerations, such as, output feedback design, decentralized designs, and
trajectory tracking control [23]. All the above design approaches hold the system state
or output between any two trigger instants for controller implementation and usually a
zero order hold (ZOH) is used for this purpose. Alternatively, a model-based approach
[21, 24] is developed where the system state vector is reconstructed and, subsequently, used
for designing the control input. As the control input is based on the model, no feedback
transmission is required unless there is a significant change in the system performance due
to external disturbance or internal parameter variation. In this scheme, the authors in [24]
presented an input generator as a model to predict the system states which are used to
compute the control. Further, the authors in [21, 22] consider the nominal dynamics of the
system with uncertainty, usually of smaller magnitude and bounded, to form a model. The
asymptotic stability is guaranteed by designing the event-trigger condition. It is observed
that the model based approach reduces the event-trigger instants or transmission more

effectively when compared to the ZOH based approach, but, with a higher computational



load due to induction of the model. Nevertheless, MPC based optimization and model-
based event triggering is an approach that can work well given in tandem an accurate system
model which is not always available.

Looking at the optimal control aspect of the event-based control, a few results are
available [18, 19, 20]. The problem is formulated as an optimal stopping problem and an
analytical solution is provided. Further, in [19], the authors characterized the certainty
equivalence controller to be optimal in a linear quadratic Gaussian (LQG) frame work
and derived a separation principle to design the control and optimal event-trigger instants
separately.

Despite these results from the literature on event-triggered control, these schemes
consider either the complete knowledge of the system dynamics or system with a smaller
uncertainty with known nominal dynamics. Moreover, the optimal solution of the event-
based control requires the system dynamics to be solved in backward in time manner,
requiring accurate knowledge of system dynamics to pre-calculate the sequence of control
actions. Thus, a forward in time and online solution to the optimal control problem in an
event-triggered context is required. To accommodate the uncertain dynamics and generate
optimal control policy with event based feedback, a control scheme using NNs is proposed
in [22]. The event driven function approximation property of the NN is studied. A strong
relationship between the frequency of events and approximation accuracy, convergence of
the learning algorithm is observed. Therefore, the time-driven ADP scheme is which gen-
erates online approximate optimal control takes longer time to converge. Despite several
efforts in developing a forward in time solution to optimal control problems using reinforce-
ment learning [25, 26], all the learning schemes use fixed iterative learning steps, rendering
them inefficient for event triggered implementation. For example, policy iteration requires
iterative updates until convergence of the Bellman error during both - the policy evaluation

and policy improvement steps; value iteration requires iterative updates until convergence



of the Bellman error for the policy evaluation step and a single iteration in the policy im-
provement step; the time-driven learning algorithms requires single step policy evaluation
and improvement.

Motivated by the above facts, in this dissertation, a suite of novel event-triggered
adaptive optimal control designs for linear and nonlinear interconnected system are pre-
sented. Adaptive and neural network based learning methods are used to learn the unknown
parameters/dynamics and a forward in time solution is presented. In addition, Lyapunov
stability analysis is carried out to guarantee the stability of the closed-loop event triggered
system. First, the design of both control policy and the event-triggering mechanism is
formulated as a two-player zero-sum game. Here, a novel cost function is introduced as
a function of state vector, control policy and the measurement/event-triggering error. The
control policy and the measurement error due to event-triggered feedback will be considered
as two non-cooperative players. The saddle point solution to this min-max problem results
in the minimization of the control policy while maximizing the measurement error.

The resulting measurement error from this min max optimization problem is utilized
as the dynamic threshold in an event-trigger condition to determine the sampling instants.
Since the control policy explicitly accounts for the worst-case event-triggering error, the
stability and the performance of the system is preserved. Moreover, since the inter-event
time is directly proportional to the event-triggering error and utilizing the maximum event
trigger error as a dynamic threshold results in optimizing the inter-event time. This net result
is an optimal event-triggered controller which explicitly takes into account both generation
of event-triggered sampling instants and control policy. In addition, Lyapunov stability
analysis is carried out to guarantee the stability of the closed-loop event triggered system.

Next, the organization of the thesis is presented.
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1.2. ORGANIZATION

In this dissertation, the control of large-scale interconnected systems is undertaken
while incorporating learning and adaptation with limited feedback information. This dis-
sertation is presented in five papers and their relation to one another is illustrated in Fig.
1.5. The underlying common theme of each paper is the control of interconnected system
with event triggered execution of control tasks incorporating optimization and learning

component.

/I’upcr I: N. Vignesh and S. Jagannathan: '[)islrihulcd\
adaptive optimal regulation of uncertain large-scale
interconnected  systems using hybrid  Q-learning
approach’, IET Control Theory & App. 2016, 10, (12), p.
1448-1457.

o J
Linear System - - -
Paper IV: N. Vignesh and S. Jagannathan: ‘Adaptive

Optimal Event-triggered Control of Linear Dynamic

Systems’, Submitted to Automatica.

/Papcr II: N. Vignesh and S. Jagannathan: 'Evcnl-\
triggered distributed approximate optimal state and
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Fig. 1.5. Outline of the dissertation.

The first paper deals with large-scale interconnected linear systems with uncertain
dynamics. A control scheme is proposed for distributed implementation of centralized
adaptive optimal control when the subsystems share their state information through a lossy
communication network. The random delays and packet drop-outs are modelled and the sys-
tem dynamics are re-formulated and stochastic model free hybrid Q-learning algorithm for
facilitating convergence of the learning algorithm with event sampled feedback is presented.
In the second paper, the hybrid learning algorithm is extended for nonlinear interconnected

systems. State and output feedback based approximate optimal controllers are proposed
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which reduce the number of times the control task is executed while guaranteeing desired
levels of performance. Instead of learning the centralized optimal value functions, dis-
tributed value functions are approximated using NNs and the Hamiltonian-Jacobi-Bellman
(HJB) equation in an online, forward-in-time manner.

Due to the reduction in the feedback instants, the traditional time-driven learning
schemes suffered from an increased time for convergence and the hybrid learning schemes
improved the learning process by decoupling the dependence of convergence time, approx-
imation accuracy with number of event triggering instants. To match the time taken by the
learning algorithm with continuous feedback for convergence and to potentially improve the
optimality of the control actions, in the third paper, reinforcement learning theory is studied
and a novel learning scheme using generalized policy iteration is proposed and an online
exploration strategy using identifiers is presented. On the other hand, in the fourth paper,
a robust adaptive optimal learning control scheme is proposed to generate decentralized
control actions at each subsystem. In contrast to the papers 1-3, the decentralized scheme
is advantageous as the design of Lyapunov function for each subsystem is easier than to de-
termine a Lyapunov function for the large-scale system. Further, existence of convex value
function for a large-scale system is not always guaranteed [2]; even if there exists a convex
value function for the overall system, due to curse of dimensionality, adding a subsystem to
the interconnected system exponentially increases the complexity of the solution for the op-
timal control problem which renders the learning problem intractable. However, designing
decentralized controllers without imposing any restrictions on the interconnection strengths
is a challenge and small-gain theorem for large scale interconnected system is employed to
provide robustness against the interconnections and quantify the performance bounds that
can be achieved with the proposed control policy. Finally, online implementation of integral

reinforcement learning in the event triggered feedback framework is proposed.
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In the first three papers, the event-triggered sampling instants are designed using
the Lyapunov function which explicitly accounts for the system stability but provides no
information or control over the system performance when the control policy is not updated
between the event based sampling instants. Therefore, in the fourth and the fifth papers,
adaptive near-optimal control schemes are proposed to simultaneously optimize the control
actions and ensure satisfactory system performance even when the control actions are not
frequently updated. Here, the control policy and the event-triggering errors are modelled
as non-cooperative players and a novel cost function is proposed as a function of states,
control policy and the event-triggering error. A zero-sum game based approach is followed
to develop a saddle point solution to the min-max optimization problem wherein the control
policy is applied to the system and the maximizing error obtained as the solution to the
optimization problem is utilized as a dynamic threshold for the event-triggering error to
determine the sampling instants. In contrast to the Papers I-11I, the zero-sum game based
control schemes proposed in the Paper IV, V are advantageous as the trade-off between the
frequency of feedback and the system performance is optimized. While Paper IV focuses on
linear systems, Paper 5 presents a simultaneous optimization approach for nonlinear system,
wherein the event generating mechanism and the controllers are designed to balance the
system performance and frequency of events. In the Paper IV, a model-free approach using
hybrid Q-learning scheme is presented and the design approach is extended for distributed
control of interconnected linear systems. In Paper V, an approximation based hybrid
learning scheme is proposed to learn the NN weights which approximates the solution to
the Hamilton-Jacobi-Isaacs equation. A decentralized event-triggering solution is presented
for distributed control of nonlinear interconnected system. In all the Paper, comprehensive
simulation studies and Lyapunov based stability analysis is carried out and the results are

presented.
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1.3. CONTRIBUTIONS

This dissertation provides contributions to the field of control of interconnected
systems. The control laws developed in this dissertation in the context of event-triggered
feedback use adaptive optimal control and reinforcement learning theory. The major con-
tributions of Papers 1-3 include: (a) development of a novel hybrid Q-learning scheme
using event-sampled states, input vector and their history; (b) the derivation of a time-
driven and hybrid Q-learning scheme for an uncertain large-scale interconnected system
enclosed by a communication network without any assumptions on coupling terms; (c)
a decentralized event-sampling condition based on Lyapunov function without needing a
mirror estimator at the sensor; d) development of an approximately optimal controller for
nonlinear interconnected system using state and output feedback with event-triggered ADP
approach in the presence of communication; e) design of a novel hybrid learning scheme,
with full state measurements and for the case when only the outputs are available, to reduce
the convergence time of the learning scheme ; f) design of an adaptive event-triggering
mechanism using locally available information; g) design of extended nonlinear observers
that utilizes the event-triggered output vector at each subsystem to relax the need for the
entire state-vector to be measured and broadcasted; h) development of a RL based novel
learning control scheme suitable for event-triggered control implementation; i) a suite of
NN identifier designs to reconstruct unknown nonlinear functions in the system dynamics;
j) a novel NN weight adaptation rule to reconstruct and learn the approximated optimal
value function; k) an online exploration strategy using identifiers and e) stability analysis
using Lyapunov theory.

Further, the contributions of the Papers IV and V include: a) a novel optimal event-
triggering and controller co-design using zero-sum game formulation for linear and a class
of nonlinear systems; b) development of an optimal adaptive online Q-learning scheme
for generating the optimal control policy while maximizing the event-triggering intervals

in a forward-in-time manner when the system dynamics are uncertain; c) development of
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an online NN learning scheme for generating optimal control and event-triggering policies
when the system dynamics are uncertain; d) extension of the approximate optimal event-
triggered design to the distributed control of interconnected systems; e) derivation of
inter-event time or event triggered sampling instants for the cases of known and uncertain
system dynamics; f) Lyapunov stability analysis and verification of the proposed design

using numerical examples via simulation.
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PAPER

I. DISTRIBUTED ADAPTIVE OPTIMAL REGULATION OF UNCERTAIN
LARGE-SCALE INTERCONNECTED SYSTEMS USING HYBRID Q-LEARNING
APPROACH

ABSTRACT

In this paper, a novel hybrid Q-learning algorithm is introduced for the design of a lin-
ear adaptive optimal regulator for a large-scale interconnected system with event-sampled
inputs and state vector. Here, the time-driven Q-learning along with proposed iterative
parameter learning updates are utilized within the event-sampled instants to both improve
efficiency of the optimal regulator and obtain a more generalized online Q-learning frame-
work. The network-induced losses due to the presence of a communication network among
the subsystems are considered along with the uncertain system dynamics. Stochastic model-
free Q-learning and dynamic programming are utilized in the hybrid learning mode for the
optimal regulator design. The asymptotic convergence of the system state vector and bound-
edness of the parameter vector is demonstrated using Lyapunov analysis. Further, when
the regression vector of the Q-function estimator satisfies the persistency of excitation (PE)
condition, the Q-function parameters converge to the expected target values. The analytical
design is evaluated using numerical examples via simulation. The net result is the de-
sign of a data-driven event-sampled adaptive optimal regulator for an uncertain large-scale

interconnected system.
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1. INTRODUCTION

Optimal control [1] using adaptive dynamic programming (ADP) [2, 3, 4, 5, 6, 7]
has drawn more attention because of the forward-in-time solution to the optimal control
problems for uncertain systems. The ADP based control schemes use reinforcement learn-
ing to solve the Bellman or Hamilton-Jacobi-Bellman (HJB) equation[4] through online
parameterization and obtain optimal control policy. Among the ADP-based Q-learning
schemes, [2] proposed a policy iteration approach using the Bellman equation. Later, the
Q-learning scheme was extended in [3] to zero-sum-game formulation by using model-free
policy iteration.

Policy/value iteration based techniques use significant number of iterative parameter
updates within a sampling interval to maintain system stability, and its online implemen-
tation is not practically viable [5]. Therefore, online implementation for such iterative
techniques was presented in [4], where the parameters are updated after collecting sufficient
data-points. In contrast, the effort from [5] followed by [6, 7] introduced a time-based
model-free ADP scheme where the past data of the cost-to-go errors are used for construct-
ing the optimal value function.

On the other hand, control of large-scale interconnected systems [8] has been an
active area of research. Large-scale systems are complex systems composed of geographi-
cally distributed subsystems connected through a communication network. The traditional
centralized controller design for such systems is often impractical for computational rea-
sons and lack of control integrity [9]. Therefore, various decentralized/distributed control
schemes have been developed in the literature such that each subsystem has an independent
controller [9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. The complexity in the control
design arises due to the structural constraint in the form of interconnection/coupling matrix
[8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20], which determines how the states/control of

one subsystem influence the dynamics of the other subsystems.
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Over the years, the controllers for large-scale systems have evolved to stabilize the
subsystems in the presence of uncertain interconnection matrix with limited communica-
tion [8, 9, 10]. Adaptive controllers were proposed to learn the interconnection terms,
with which suitable compensation was provided [9, 10, 11, 12], but they were limited to
handle weak interconnections. Later, reference models were utilized to provide information
about the other subsystems. However, it is reported in [13] that if the subsystems do not
communicate their state information with each other and use a reference model to obtain
this information, unsatisfactory transient performance will occur. Further, utilizing the
communication network connecting the subsystems, several distributed control algorithms
to solve optimization problem for large-scale system using model-predictive control (MPC)
have been proposed in [14, 15, 16, 17, 18] and the references therein.

Although MPC based control algorithms are popular due to their inherent ability to
handle input and state constraints efficiently, distributed MPC algorithms are not as efficient
as their centralized counterpart due to the effect of coupling between the subsystems in the
large-scale systems [14, 16, 18]. Also, MPC based algorithms in general requires system
model to predict the future output over a limited time horizon with which a desired cost-
function is minimized iteratively [14, 15, 16, 17, 18]. In contrast, the Q-function based
control algorithm developed in this work neither requires an accurate model for the system
nor utilizes significant iterations to solve the optimization problem. It should be noted
that the above mentioned works [14, 16, 17, 18, 19] use periodic feedback and utilize the
system dynamics to generate control. However, it is not feasible to communicate the state
information periodically due to the communication cost involved.

Recently, it was demonstrated that event-based sampling is advantageous over pe-
riodic sampling in terms of computational cost [6, 21, 22, 23]. The aperiodic event-based
sampling instants are determined by using a trigger condition while maintaining stability of

the system. Such an event-sampled approach for control design was extended to large-scale
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interconnected systems in [20, 21, 22] by assuming either weak interconnections [20, 21]
or control gain satisfying a strong matching condition, in order to decouple the subsystems
[22].

The presence of a communication network among the subsystems and in the
feedback-loop introduces random time delays and data-dropouts [24, 25, 26], which de-
grades control performance. It was shown in [7] that a linear time-invariant system with a
communication network within its feedback loop can be represented as a stochastic time-
varying linear system with uncertain dynamics. To the best knowledge of the authors, a
time-based Q-learning scheme with intermittent feedback is not reported for such uncertain
large-scale interconnected systems.

Therefore, in this paper, a novel hybrid model-free Q-learning scheme using event-
sampled state and input vector is introduced for a large-scale interconnected system that
is enclosed by a communication network. This algorithm enables a finite number of
proposed Q-function parameter updates iteratively within the event-sampled instants to
attain optimality faster without explicitly increasing the events when compared with the
algorithm in [6].

In the proposed algorithm, the temporal-difterence based ADP schemes [6, 7] and
the policy/value iterations based ADP schemes [4, 27] become special cases. It also relaxes
the assumptions on the estimated control input utilized in [6, 7]. This makes the learning
algorithm more flexible than the existing model-free Q-learning based ADP schemes for
online control. Since the Q-function parameters at each subsystem are estimated online
with event-sampled input, state information along with past history and the data obtained
from other subsystems through the communication network, an overall system model is
not required. This makes the control scheme data-driven [28]. It is important to note
that the infinite horizon cost function associated can be evaluated only for an admissible
control policy [4]. This requires the control policy obtained using the learning process to

be admissible at every step.
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The contributions of the paper include: (a) development of a novel hybrid Q-learning
scheme using event-sampled states, input vector and their history; (b) the derivation of
a time-driven and hybrid Q-learning scheme for an uncertain large-scale interconnected
system enclosed by a communication network without any assumptions on coupling terms;
(c) a decentralized event-sampling condition based on Lyapunov function without needing
a mirror estimator at the sensor; and (d) demonstration of closed-loop stability for such
system using Lyapunov analysis.

This paper uses, R to denote the set of all real numbers, Euclidean norm for vectors
and Frobenius norm for matrices. The next section introduces the system description
followed by the derivation of time-driven Q-learning scheme for large-scale interconnected

systems with periodic feedback.

2. BACKGROUND

2.1 System Description
Consider a linear time-invariant continuous-time system having N interconnected

subsystems shown in Fig. 2.1 with subsystem dynamics described by

(1) = Aixi(t) + Bui(1) + X1 Aijx;(1),(0) = xio, (1)
J#i

where x;, %; € R"*! represent the state vector and state derivatives respectively, u; €
R™, A; € R and B; € R">*™ denote control input, internal dynamics and control gain
matrices of the " subsystem, A;; € R represents the interconnection matrix between
the i"* and j'" subsystem, i € 1,2, ..N. The overall system description can be expressed in

a compact form as

X(t) = AX(t) + BU(1),X(0) = Xo (2)
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Fig. 2.1. Large-scale interconnected system.
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where X € R".U € R", B € R™"" A e R X = [T, il A=| . . . |.B=

Apni... AN

diag|By,.,By],U = [u{, . u]TV]T. The system dynamics A;, B; and the interconnection matrix
A;; are considered uncertain. In the large-scale interconnected system, the subsystems
communicate with each other via Network 1, while each subsystem is also enclosed by
Network 2. Effects of the network-induced losses can be modeled along with the system
dynamics by utilizing the standard and mild assumptions as listed in [7, 24].
Assumption 1 The system (2) is considered controllable and the states are measurable.
Further, the order of subsystems is considered known.
With the network-induced delays and data-dropout, the original plant can be represented as
X(t) = AX(t) + yea()BU(t = (1)), X(0) = Xo, 3)
where y.,(t) is the data-dropout indicator, which becomes I"*" when the control input is
received at the actuator and 0" when the control policy is lost at time ¢. This only includes

the data loss in Network 2 and 7(¢) is the total delay. Now, integrating the system dynamics

with network parameters over the sampling interval [7, 24], we get
Xie1 = AaXi + Year ByUk + Year 1 BiUk-1 + o + Yeay_gBUi_i X(0) = Xo,  (4)

where X, = X(kTy), Ay = eTs, d is the delay bound, Uy is the control input. Bg, BE,
Vi = {1,2, ...d_} are all defined as in [7]. From the discretized system representation,

we can define an augmented state vector consisting of state and past control inputs as

X(k)y=[xI Ul .. U,{_ d.]T e Rr+dm,
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The new augmented system representation is given by

Xiv1 = A Xk + BuUr,  X(0) = Xo, (5)
Ad?’ca,k_lB{‘- . 'yca,k—d_BZ} yca,kB(])‘
0 e 0 0 L,
with the matrices Az, = and Bz, =
. I . .
0 e Iy 0 0

Remark 1 Note that the system dynamics are now stochastic due to the network-induced
delays and data-dropouts. The assumptions regarding the controllability, observability and
the existence of unique solution for the stochastic Riccati equation (SRE) are now dependent

on the Grammian functions [1].

Hence, the following assumption is needed to proceed further.
Assumption 2 The system is both uniformly completely observable and controllable [1].
The time-driven Q-learning and adaptive optimal regulation of such stochastic linear time-
varying interconnected system is presented next.

2.2 Periodically Sampled Time-Driven Q-Learning

For the system dynamics (5), the infinite horizon cost function is defined as
L it T
J=E [5 D KiP:Xi+ U{R:Uy (6)

where Pz = diag(P, §-, - g), R; = %. The penalty matrices P, R are positive semidefinite

and positive definite respectively. E (.) denotes the expected value of the stochastic process
Ty

Q).

The cost function (6) can also be represented as Jy = E [)_(,{Sk)_(k] with S being
Ty

the symmetric positive semi-definite solution of the SRE [1]. The next step is to define the
action-dependent Q-function for the stochastic system (5) with the cost-to-go function (6)

as
T

OXi, Up) = E [r(X, Up) + Jks1 [Xk 1 = E {IXTuT1Gi[XTUT] } @)
Ty Ty
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where (X, Ux) = X] PxXy + U] RzUy and Gy is a time-varying matrix. From the Bellman

equation, we get

T T
X« X %| |Pit+ E (ALSinAs)  E (ALSiaBu) | |X,
E (Gy) = ™ it (8)
Ue| ™7 Uk Uk TE;/(ngSkHAxk) R; +TEy(B§kSkHBik) Us
E (G E (GY)
where E (Gy) = | 77
" E (G{)E (GY)
4 Y

From the matrix equation (8), the time-varying control gain can be expressed as
-1 -1 %
Ki = E{[Rv+ BySenBul  BySendud = E(G") G ©)
The Q-function (7) in parametric form is given by

O(X1, Uy) = E (2 Grzx) = E (@7 &) (10)

T T - -
where z; = [(ysc,ka)TU/{] e Riwithl =m+n+md, & = zg ® zi is the regression

vector. ® denotes Kronecker product, and @, € Qg C Rl is formed by vectorization of the
parameter matrix Gy. vk is a packet loss indicator, defined similar to y,, . The estimate

of the optimal Q-function is expressed as
O(Xk. Up) = E (5,Grzr) = E (031) (11)
Ty Ty
where ®; € R's is the estimate of expected target parameter ©;. By Bellman’s principle
of optimality, the optimal value function satisfies
0=E (Jiy |X0) = EUD+ E (r(X Un) = E (r(Xe U) + E (OpA&),  (12)
Ty Ty Ty Ty Ty
where A&y = &ry1 — &, and E (J;; 1 |)_(k) is the expected cost-to-go at k + 1°' instant, given
Ty

the state information of the k’" instant. Since the estimated Q-function does not satisfy

(12), the temporal difference (TD) error will be observed as

ep(k) = E (r(Xi, Uy) + OFA&) (13)
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Remark 2 In the iterative learning schemes [2, 4] the parameters of the Q-function esti-
mator (QFE) is updated by minimizing the error in (13) until the error converges to a small
value for every time step k. On the contrary, time-driven ADP schemes [6, 7] calculate the
Bellman error at each step and update once at the sampling instant and the stability of the
closed-loop system is established under certain mild assumptions on the estimated control
policy.

The overall cost function (6) for the large-scale system (5), can be represented as the sum of
the individual cost of all the subsystems as, J;, = Zf\; | ik, Where Jix = T];; {% Dok )EZka’,-)E,-,k
+ul.T’kR;,,~ul~,k} is the quadratic cost function for i’ subsystem with ¥; representing the aug-
mented states of the ;" subsystem, Pz = diag{Px1---Pzn} and Rz = diag{Rz1--- Rzn}.
The optimal control sequence to minimize the quadratic cost function (6) in a decentralized
framework is not straightforward because of the interconnection dynamics. The optimal

control policy for each subsystem, which minimizes the cost function (6), is obtained by

using the SRE of the overall system given the system dynamics Az, and By, as

* * = N k=
Ui = T{Ey{_Ki,kxi,k - ijl,j# K o Xk (14)
where Kl.*k are the diagonal elements and Kl.*/. , are the off-diagonal elements, of K ;g in (9). In

the following lemma, it is shown that, with the control law (14) designed at each subsystem,

the overall system is asymptotically stabilized in the mean square.

Lemma 1 Consider the i'" subsystem of the large-scale interconnected system (5). Assum-
ing that the system matrices Az, Bz are known along with Assumption-2. The optimal
control policy obtained from (14) renders the individual subsystems asymptotically stable

in the mean square.

Proof: Note that the optimal control input is stabilizing [1]. Therefore, the closed-
loop system matrix (Azx — Bz K} ) is Schur. The Lyapunov equation (Azx — Bz K Z)TP(A h—
Bz K;) — P = —F, has a positive definite solution F. Consider the Lyapunov function

candidate Ly = E ()_(,{f_’)_(k), with P being positive definite. The first difference, using
Ty
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the overall system dynamics with optimal control input is ALy = — E (X] FX}). Since, F
Ty
can be chosen as a diagonal matrix, the first difference in terms of the subsystems can be

expressed as

A== E (&3 Fifis) < - > Gmin E e (15

where iy is the minimum singular value of . This implies the subsystems are asymp-
totically stable in the mean square. The results of this lemma will be used in the stability
analysis of the interconnected system where the need for the accurate knowledge of Az, Bxx
will be relaxed. The controller design using a novel hybrid Q-learning based ADP approach
for such large-scale interconnected system in the presence of network-induced losses and

with intermittent feedback will be discussed next.

3. DISTRIBUTED EVENT-BASED HYBRID Q-LEARNING SCHEME

In this section, a novel hybrid learning scheme, which utilizes time-driven Q-
learning based ADP approach, for the control of large-scale interconnected system to
improve the convergence time with event-sampled state and input vector will be introduced.
In the proposed algorithm, the idle-time between two events is utilized to perform limited
parameter updates iteratively in order to minimize the Bellman error. With the finite number
of iterations between any two events varying, the control policy need not necessarily
converge to an admissible policy and the stability of the closed-loop system cannot be
established either using the traditional iterative ADP schemes [4] or the time-driven Q-
learning schemes [6, 7].

An additional challenge is to estimate the Q-function parameters in (11) for the
system defined in (5) with intermittent feedback and in the presence of network-induced
losses. Since subsystems broadcast their states via the communication network, each local

subsystem can estimate the Q-function of the overall system so that a predefined reference
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model is not needed. Subsequently, the optimal control gains and the decoupling gains
for each subsystem can be computed without using the complete knowledge of the system
dynamics and interconnection matrix.

Although, the estimation of the Q-function at each subsystem increases the computa-
tion, this additional computation can be considered as trade-off for relaxing the assumption
on the strength of interconnection terms and estimating optimal control policy. With the
following assumption, the Q-function estimator design will be presented for intermittent
feedback.

Assumption 3 The target parameters are assumed to be slowly-varying [29].

3.1 Time-Driven Q-Learning With Intermittent Feedback

In the case of an event-sampled system, the system state vector Xj is sent to the
controller at event-sampled instants. To denote the event-sampling instants, we define a
sub-sequence {k;};cn,Vk € {0, N} with k9 = 0 being the initial sampling instant and N is
the set of natural numbers.

The system state vector Xy, sent to the controller is held by ZOH until the next
sampling instant, and it is expressed as )_(,i = Xi,, ki < k < ki41. The corresponding error

referred to as an event-sampling error can be expressed as
eer(k) = Xp = X{, ki <k <k, 1=12-- (16)
Since the estimation of G; must use X¢, the Q-function estimate can be expressed as
OX(,UN) = E (& Gizp) = E O[], ki <k <k (17)
g ] T
where zi = [(y, . XO)TUT] € R'and & = z;" ® z{ being the event-sampled regression

vector and O is the result of vectorization of the matrix Gr. The Bellman error with

event-sampled state is

eg(k)= E [r(X{,Up) + O[AEL], ki < k < ki (18)
Y
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where r(X¢, Uy) = )_(,f’TPf)_(; + Ul RzUy, AEE = &8, | — & The Bellman error (28) can be
rewritten as

en(k) = E {r(Xi Up) + O] A& + (X epr(k). Oc)) (19)

where Z (Xk, epr(k), ®k) = r(Xi — epr(k), Up) — r(Xi, Uy) + O (AL — A&).

Remark 3 By comparing (19) with (13), the Bellman error in (19) has an additional error
term which is =g ()_(k, egr(k), @k) This additional error consists of errors in cost-to-go,
and the regression vector, which are driven by egp(k). Hence, the estimation of QFE
parameters depends upon the frequency of the event-sampling instants.

The QFE estimated parameter vector, @, is tuned only at the event-sampling instants. The
superscript i denotes the overall system parameters at the i’ subsystem and the estimated

control policy can be computed as
. ~e ~: S _.
U, =-KX* = —(G’];"”) (G’,;’”)X;(’e (20)
By using (20), the event-based estimated control input for the i subsystem is given by

N N A .
uig = —Kipxe, — Zj:u# Rjuisp ki <k<kp Vie{lL2.N} (@)

Remark 4 It should be noted that the optimal controllers designed at each subsystem takes
into account the structural constraint which are present in the form of the interconnection
matrix. However, the consideration of input, state and time constraints [1] as a part of the
optimal control problem is reserved for future work.

With the following assumption, the parameter update rule for the Q-function estimator will
be presented.

Assumption 4 The target parameter vector Oy is assumed to be bounded by positive con-
stant, such that ||®|| < Oy The regression function Z'(Xy) is locally Lipschitz for all

Xk €Q,.
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3.2 Parameter Update At Event-Sampling Instants

The QFE parameter vector (:)2, is tuned by using the past data of the Bellman
error (19) that is available at the event-sampling instants. Therefore, the auxiliary Bellman
error at the event-sampling instants is expressed as Zp"¢(k) = Hj{’e + (:)’]';TZ]’;’e, for k =
k;, where T1°¢ = [r(X! Uli;.) r(Xi, UL, r(Xi, UL )] e RYY and Z;¢ =

k;’ k;—l, -1 1-v-1 [-v-1
[A§l~, Aé;-l , e Aé:t ] e %lng.
k; kll_l ;—v—l
Remark 5 A larger time history may lead to faster convergence, but it results in higher

computation. The number of history values v is not fixed and a value v < [ is found suitable

during simulation studies.

Next, select the update law [29] for the QFE parameter vector (:)’k tuned only at the

event-sampling instants, as

Wi zb = (k- 1)

AioA k—2%k-1=8
®lk:®lk—1+ i,el vxri ie k:kl (22)
I+ 27 \W, .20,
where . -
. . Wi zb¢ 72 W
Wi=W - o=k =k (23)
L+ 2 Wi 1 22y

with Wé = B1, B > 0, a large positive value. The aperiodic execution of (22), saves compu-
tation, when compared to the traditional adaptive Q-learning techniques. The superscript i
indicating the overall system parameters at the ;" subsystem, will be dropped from hereon.
In the time-driven Q-learning scheme [6], the parameters of the QFE are not updated during
the inter-event period. On the contrary, in the hybrid learning algorithm, the parameters are
updated during the inter-event period and the update rules are presented next.

3.3 Iterative Parameter Update

The recursive least square (RLS) algorithm was used in [2, 4] to perform iterative
updates within any two periodic sampling instants, using policy iteration. The update equa-
tion iteratively searches for a control policy that minimizes the Bellman error. Analytical
results are provided in [2, 4] to show that each iterative update resulted in a control policy

that is better than or as good as the existing control policy, in minimizing the Bellman error.
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Since significant numbers of iterative updates are not viable for online control,
the time-driven Q-learning [6, 7] was proposed which uses gradient descent based update
equations at the sampling instants to minimize the Bellman error. It was shown in [6, 7] that
as the sampling instants increases, the parameter estimation error converges to zero. In order
to improve the estimation error convergence rate, the RLS update (22),(23) is used at the
sampling instants in this work and convergence result similar to the time-driven Q-learning
holds for the proposed algorithm without the iterative parameter updates presented next.

To utilize the time between two event-sampling instants, parameters are updated
iteratively to minimize the error that was calculated during the previous event, which is
expressed as Zg/¢(k) = Hi’e + @é’TZ,{’e, k = k;, where j is the iteration index. The
Q-function parameters are updated using the equations

Wk ) Z(k)E (K] )
L+ 2T (kW) Z (K
W) Z(HZ kW)
L+ 27 (kW D2k

Ok)) = Ok ™) +

(24)

Wk = w(ki")) -

_1 (25)

Whenever there is an event, the Q-function parameter vector which is updated
iteratively using (24),(25) is passed on to the QFE to calculate the new Bellman error. The
estimated control gain matrix can be obtained from the estimated parameter vector @y in
(22) at each event-sampled instants. In terms of the estimated parameters, the control gains

are given by (20), where

[21...[31]\]
Re=Gy 6= 1 - (26)
Kyi--- Ky

is the estimated control gain. It is important to note that this control gain is obtained directly
from the Q-function parameters which are constructed with the past data and the current

feedback information, without using the system dynamics.
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In the proposed algorithm, the update equations (24),(25) together with (28) search
for an improved control policy during every inter-event period . Utilizing the Bellman error
equation (28) to evaluate the existing control policy, the Q-function is iteratively updated
between two event-sampling instants. However, in contrast to the algorithms in [2, 4], the
iteration index j in (24),(25) depends on the event-sampling mechanism, resulting in finite,

varying number of iterative updates between any two events.

Remark 6 The control policy for the individual subsystem is given by (21). Since it is
possible that (A?Z” might be rank-deficient during the learning phase, the following conditions
are checked before the control law is updated. If GAZ’f | s singular or if GA’,ﬁ‘i , — Rz is not
positive definite, then, (A;’,?i | Is replaced by Rz in the control policy. The conditions can be

checked easily by calculating the eigenvalues of G},

Remark 7 The QFE parameter tuning law (22), (23) requires the state vectors Xy, to Xy, ,_,
for the computation of regression vector at k = k;. Therefore, the past values are required

to be stored at the value function estimator.

With the update rules presented in this section and the control gains selected from (36), the
assumption in [6, 7] that the inverse of GZ“ exists when the updates utilize the time history
of the regression function and Bellman error is also relaxed. The analytical results for the
proposed learning algorithm is presented next.

3.4 Stability Analysis

Defining the QFE parameter estimation error TEy (BOp) = TEy (O — ©y), the error

dynamics using (22), (24) can be represented as
WJ J.e=J, e’ (k)

_ ~J k k '_‘ _ 1,0
E (®kl+l) 5((9]( + 1+ ZeJTW4/Z] 6) k= kl (27)

Wi zi<=ke ()

0 0
- Ze"TWJZ”)’ k; <k <k, (28)
ko Tk

& = & +
E®,)=E®,
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Remark 8 When there is no data-loss, the Q-function estimator is updated and the control
policy is updated as soon as it is computed. This requires the broadcast scheme to generate
an acknowledgment signal whenever the packets are successfully received at the subsystems
[22]. A suitable scheduling protocol has to ensure that the data lost in the network is kept
minimal.

Next an event-sampling condition has to be selected for the proposed scheme to work.
Consider a quadratic function (k) = xi(k) T;%;(k), with I; > 0, for the i'" subsystem.

The event-sampling condition should satisfy
F1k) < Af'(ky + 1), Yk € [kr + 1 ki), (29)

for stability, when A < 1, as shown in the next section.

Remark 9 The event-sampling condition presented here depends only on the local sub-
system state information. The Lyapunov function based event-sampling condition is also
presented in [23] for a single system. The hybrid learning algorithm presented in this paper
is independent of the event-sampling condition.

The following result will be used to prove the stability of the closed-loop system during the
learning period.

Lemma 2 Consider the system in (5) and the QFE (27). Define U(k;_1) = U(k;_1)—U(ki-1)
and G’;i = GZi T GZ;C,I' If the control policy is updated such that, whenever G;g‘il — R; is

not positive definite or GAZ;‘_I is singular, GA’Z:‘_I is replaced by Ry in the control policy, then

E (0(ki) < E 27
T,y Yy

ux
le-l

%0+ )|

AUX
Gk1-1

IXial} - 30)

Proof: See Appendix.

Definition 1 [29] A regression vector ¢(xy) is said to be persistently exciting if there exists
k+6

positive constants 0,a,@ and kg > 1 such that al < Zk:kd o(x) @ (xx) < al, where I is

the identity matrix of appropriate dimension.
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Lemma 3 Consider both the QFE in (27) with an initial admissible control policy Uy € R™.
Let the Assumption 1-4 hold, and the QFE parameter vector ©(0) be initialized in a compact
set Qg. When the QFE is updated at the event-sampling instants using (22),(23) and during
the inter-sampling period using (24),(25), the QFE parameter estimation error TEy (®;q) is
bounded. Under the assumption that the regression vector f,{l satisfies the PE condition, the
QFE parameter estimation error (:)il for all B(0) € Qg converges to zero asymptotically in

the mean square, with event-sampled instants k; — oo.

Proof: See Appendix.
Remark 10 Covariance resetting technique [29] is used to reset W whenever W < Wy,
This condition will also be used in the Lyapunov analysis to ensure stability of the closed-
loop system. With the covariance resetting, the parameter convergence proof in Lemma 3
will still be valid [29].

Next, the Lyapunov analysis is used to derive the conditions for the stability of the
closed-loop system, with the controller designed in this section.
Theorem 1 Consider the closed-loop system (5), parameter estimation error dynamics (37)
along with the control input (20). Let the Assumptions 1-4 hold, and let U(0) € Q, be an
initial admissible control policy. Suppose the last held state vector, )_(e;j , and the QFE
parameter vector, (:){q are updated by using, (22),(23) at the event-sampled instants, and
(24),(25) during the inter-sampling period. Then, there exists a constant ymin > 0 such that
the closed-loop system state vector )_(]{I for all X(0) € Q, converges to zero asymptotically
in the mean square and the QFFE parameter estimation error (:)il for all ©(0) € Qg remains
bounded. Further, under the assumption that the regression vector flﬁ, satisfies the PE
condition, the QFE parameter estimation error @il for all ®(0) € Qg converges to zero
asymptotically in the mean square, with event-sampled instants k; — oo, provided the
inequality ymin > M+ p1 is satisfied. Ymin, U, P1 are positive constants, defined in the proof.

Proof: See Appendix.
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The evolution of the Lyapunov function is depicted in Fig. 2.2a. During the event-
sampled instant, due to the updated control policy (21), the Lyapunov function decreases.
Due to the event-sampling condition (39) and the iterative learning within the event-sampling
instants, the Lyapunov function decreases during the inter-sampling period.

Since the iterative learning does not take place in the time-driven Q-learning [6],
the first difference of the parameter estimation error is zero for the inter-event period. This
makes the Lyapunov function negative semi-definite during this period. The evolution of
the Lyapunov function is depicted in Fig. 2.2b for the time-driven Q-learning.

Remark 11 The design constants Rz, Wy,in, Wy are selected based on the inequalities that
are analytically derived in Theorem I using the bounds on Azy, Bzi, Sx. Then, the constants

I" and T1 can be found to ensure closed-loop system stability.

Remark 12 The requirement of PE condition is necessary so that the regression vector
is non-zero until the parameter error goes to zero. By satisfying the PE condition in the
regression vector, the expected value of the parameter estimation error @k will converge
to zero. This PE signal is viewed as the exploration signal in the reinforcement learning

literature [4].

Remark 13 An initial identification process can be used to obtain the nominal values of

Axk, Bk which can be used to initialize the Q-function parameters.

Lxed Lxed

Inter-Samplin,
Event 1 Periu: & Inter-Sampling

Period

................

Event 3 Event 3
.......... = Event 2~

1" " "Event-sampling’ ~ """t \ Event-sampling

instants instants

T T T T T T T T ’ T T T T T T T T ’
ki kitl k2 k: ketl  Kat2 ket3 ketd ks ki kel kt2 ke ketl ket2 ket3 ketd ks

(a) (b)
Fig. 2.2. Evolution of the Lyapunov function (a) Hybrid learning. (b) TD learning.
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Remark 14 The algorithm proposed in this section can be used as a time-driven Q-learning
scheme by not performing the iterative learning between the event-sampling instants, in
stochastic framework. Also, if the iteration index, j — oo, for each k;, the algorithm

becomes the traditional policy iteration based ADP scheme.

The event-sampling and broadcast algorithm for the subsystems followed by the proposed
hybrid learning algorithm is summarized next.

3.5 Proposed Algorithm

For estimating the overall Q-function locally, we will use the following request-
based event-sampling algorithm. Consider an event occurring at the i’ subsystem at the
sampling instant k;. This subsystem generates a request signal and broadcasts it with its
state information to the other subsystems. Upon receiving the broadcast request, the other
subsystems broadcast their respective state information to all the subsystems. This can be
considered as a forced event at the other subsystems.
Remark 15 The events at all the subsystem occur asynchronously based on the local
event-sampling condition, whereas the Q-function estimator and control policy remain
synchronized at each subsystem due to the forced event. The request signal is considered to
be broadcasted without any delay in Network 1 in Fig. 2.1.
The algorithm for the hybrid learning scheme is summarized as Algorithm 1. The proposed

control scheme is tested via simulation and the results are presented next.

4. SIMULATION RESULTS AND DISCUSSION

A system of N interconnected inverted pendulums, coupled by a spring is considered

1
for the verification of the analytical design. The dynamics are X(¢) = | (r) +
- 2o
0 00
u (1) + 2, xj(t) where [ = 2, ¢ = 10, m = 1, k = 5 and h;; = 1 for
i JEN; h’_/lf()

Vj e {l,2,.,N}. The system is open loop unstable.
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Algorithm 1 Hybrid Q-Learning for Intermittent feedback

1: Initialize O], W/, Uy
2: for Event-sampling instants: / =0 — co do
3: if Event = Yes then

4: Calculate Bellman Error eB(klj )
5: Update e’ - W,il
6: Update the control input at the actuator Uy,
7: Pass the parameters (:)Ol, W]?l, e B(klo) for iterations
8: else
9: for Iterative Index: j =0 — oo do
10: Update @’ p W]jq with ep(k])
11: Calculate ep(k; 1
12: if eB(kle)—eB(klj) < € or Event = Yes then
13: Pass the Parameters (:)il, W]{] to QFE
14: Goto 4:
15: end if
16: j=j+1
17: end for
18: end if
19:  if ep(k. )-ep(k)) < € then
20: Stop PE Condition
21: end if
22: I=1+1
23: end for

Ideal network: The system is discretized with a sampling time of 0.1 sec. With
P; = Iy and R; = 1, Vi = 1,2, 3, the initial states for the system was selected as x; =
2 -3]", x, = [-1 2]" and x3 = [-1 1]7 and W(0) = 500,42 = 0.6, W,,;, = 250. For
the PE condition, Gaussian white noise with zero mean and 0.2 standard deviation was
added to the control inputs. The initial parameters of the QFE is obtained by solving the
SRE of the nominal model of the system. Under the ideal case, without network-induced
losses, the comparison between time-driven Q-learning versus the proposed hybrid learning
scheme shown in Fig. 2.3a, verifies that the convergence rate is faster in the hybrid learning
scheme with event-sampled feedback. This is due to the iterative parameter update within

the inter-event period.
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Fig. 2.3. (a) Estimation error comparison - ideal network (b) State and control trajectories
with delays.

Monte-Carlo analysis: The simulation is carried out with random delays (d = 2)
introduced by the network. The delay is characterized by normal distribution with 80
ms mean and 10 ms standard deviation and a Monte-Carlo analysis is carried out for 500
iterations. In the case where the random delays are considered, the state and control
trajectories are stable during the learning period as seen in Fig. 2.3b. The comparison
between the time-driven Q-learning and the proposed hybrid learning schemes as seen in
Fig. 2.4b shows that parameter error convergence in the hybrid scheme is much faster, which
shows that the hybrid learning algorithm is more robust than the time-driven Q-learning in
the presence of delays. This is partly due to augmented state vector and iterative parameter

learning within the event-sampled instants.

20

= = =Time-driven Q-learning
— Proposed Hybrid learning algorithm ||

= = =Time-driven Q-learning

15F — Proposed Hybrid learning algorithm || 30"

101

||©-tide||

.....

0 50 100 150 200 250 300 350 0 50 160 150 260 250 300 350
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Fig. 2.4. Estimation error comparison (a) with 10% packet loss. (b) without packet loss.
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Table 2.1. Comparison of parameter error convergence time.

Mean-delay %  Data-drop Convergence time (in sec)
(in ms) out
Time-driven Hybrid Learn-
Q-learning ing algorithm
0 0 13.6 10.7
30 10 61.0 36.9
25 246 190.0
80 10 632.0 317.0
25 486.5 269.0
100 10 239.0 198.0
25 637.3 239.8

Random packet-losses characterized with Bernoulli distribution is introduced keep-
ing the probability of data lost as 10%. All design parameters are kept the same. Table 2.1,
lists the convergence time for the parameter estimation error for the existing time-driven
Q-learning algorithm and the proposed hybrid learning algorithm. The error threshold was
defined as 1072 and the design parameters were unchanged. In the ideal case, when there
are no network losses, the difference in the convergence time for the two algorithms is small.
As the network losses are increased, the parameter error converges to the threshold much
faster with the proposed hybrid learning algorithm. It is clear that with the hybrid learn-
ing scheme the estimation error converges much quicker than the time-driven Q-learning
scheme per the information given in the Table 2.1.

The total number of events, the state and control policy during the learning period is
shown in Fig. 2.5a and 2.5b respectively. With the hybrid learning algorithm, the stability
of the system is not affected during the learning period. As the events are spaced out, more
number of iterative parameter updates takes place within the inter-event period. Simulation

figures for all the cases are not included due to space consideration.
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Fig. 2.5. (a) Inter-event time and cumulative events. (b) State and control trajectories with
packet-loss.

S. CONCLUSIONS

The proposed hybrid Q-learning based scheme for a large-scale interconnected
system appears to guarantee a desired performance. The stability conditions for the closed-
loop system during the learning period is derived using the Lyapunov stability analysis.
Q-function parameters for the entire system are estimated at each subsystem with the event-
sampled inputs, states and past state vectors. This control scheme does not impose any
assumptions on the interconnection strengths. The mirror estimator is not used in the event-
sampling mechanism and reference models for each subsystems are not needed. With the
help of the simulation study, the proposed analytical design is verified. From the simulation
results the proposed algorithm appears to provide advantages over the existing model-free
Q-learning scheme for online control.

The proposed hybrid approach utilizes past input and state information for each
subsystems and state information from other systems via communication network and
therefore the net result is the design of a data-driven optimal regulator for a class of large-

scale interconnected systems.
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APPENDIX

Aux
le

1|

From Remark 6, two different possible control laws can emerge: One possibility is

Proof of Lemma 2: The control input Uy, always satisfies ||U & || < ||R);_1 ||

GZK[ is non-singular and (A?Z;’_] > R;. Therefore, ||UkH|| = H(GAZ;‘_I _IGZ;C_IXkH‘ <
H(GAz?_l ‘1H ‘ GZZX_I | Xx,_,|| - Since, Frobenius norm is used [30], we get
ol < 6 1
For the other possible condition
0 = [|Re 61 x| < R[G5 1% 31)
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Therefore, the error in the control law can be written as E (Uy,_,) = E (U*y,_, — Ukz_u)-
Y4 Yy

Taking the norm operator, using the definitions from (20) to get

E@y.)|<E {(H(Gk, DR/l | (7 e 11 boo (32)
Since GZ‘] > Rz, we get ] E ||R "||(HGk1 G%;‘l )||)_(k17,||. By using the
_ S .

triangle inequality after representing the estimates in terms of the parameter error, we get

< £ (2|[ks al

ux
Gki 1

%+ IR |G,

LB (33)

‘E(Ukl 1)

Thus the required inequality is obtained.

Proof of Lemma 3:

* During the event-sampling instants: Let the Lyapunov candidate function be
Lo(k)) = E O (kW' (k]_)®(K)) (34)
Ty
where j is the iteration index. From (23),using matrix inversion lemma, we have
Wik_,)
1+ Z(kDW(k]_)ZT (k)
Substituting in the error dynamics (37), we get @(k{ ) = W(k{_l)W‘l(k{_z)(:)(k{_l).

W(k]) =

(35)

Using the definition of ® and using (35), for all the value function estimators, the first
difference becomes
. O (k]_)zZ(k_)ZT(k]_)O(k]
Z{‘il ALg(k)) < -NE (k) (jl—l) 5 1) E 1)
= w1+ ZT (k) W (k/_)Z(k]_,)

(36)

* During the inter-sampling instants: The parameters are updated iteratively using
(24),(25). Let the Lyapunov candidate function be (34). Using similar arguments as

in the previous case, the first difference is
OT (k" Hz(k~HzT kj‘1 Ok}
ALy =—E (ky_ | )Z(k,_)Z" (k;_, )O(k; 1) 37)
Y 1+ZT(k )W(k )Z(k
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Since the regression vector can become zero, we can only conclude that the Lyapunov
function (34) is negative semi-definite. However, if the regression vector satisfies PE
2(k_)Z" (k)

T w27 T
1+ZT (k=W )z (k)

N j <77 |
S AL (k) < ~Niui E H@ (kl_l)H (38)

< 11in (36),(37), this results in

condition (Definition 1), 0 <

with 0 < ki, < 1. Thus, with the regression vector satisfying PE condition, the parameter
estimation error is strictly decreasing both during the event-sampling instants and the inter-
event period. This implies that as klj — oo, the QFE parameter estimation error converges
to zero asymptotically in the mean-square. This completes the proof. Proof of Theorem 1:
Case 1: The periodic feedback case will be analysed first. Let the Lyapunov function

be
LX.6) = E X[ TR+ E I M Le (39)

I = n% with > 1. Consider the first term, the first difference is written as ALz =
TEy {X]TX; — X T'X;_1}. Substituting the system dynamics with the estimated control
iilput, with the definition K* = K — Ky, we get
ALz = TE; {Xi_ (Al - (BatKi-1) )T (Agke — BacKi 1) Xi1 — X[ TXi1i}  (40)
where Az = Az — ngK,’{" is Schur with the optimal control policy UZ and there exists a
positive definite solution I for the Lyapunov equation. The first difference is given by
AL; < _VminTEyl|Xk—1||2 + 2TEy HX]{_l(Bxkkk—l)TrH || Asgkc X1 + TE;/”FB;EkKk—IXk—IHZ
| | | 41)

Applying Young’s inequality, we get
2

b

I? N
‘(F + _)BmaxUk—l
€

= 2 = 2
ALz < ~ymin E | Xe1||” + E [|@AcXio||” + E
Ty Ty Ty
where Ymin is the minimum singular value of T and e is a positive constant. Recalling

Lemma 2

E 0= < & @R IGw 1]+ Rl 1Tl @)
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Using Assumption 4, and with G as the bound on G*, we get
< £ (4Gu|[R2[FI1Rel + R NG PR |

2G3,||R;

1 4
2K + L Py @)

&

where € is a positive constant. On simplification, it yields that

262 R _
25l e P

(44)

E 106~ DI < £ (@Gulr;' P26l +(lrs |+

Using the fact that £ ||GZ{1|| < E ||Gk_1||, we obtain
Ty Ty

> 2 —11|2 5 2 —1|2 2G12v1||R§1||4 ~ 2o 2
£ 00~ DI = E (@Gul 20 R+ s =20 oo P
(45)
Using (45), the first difference of the Lyapunov function becomes
ALy < ~(rmin = = PO E [ Kict [+ o2 TN E 00| %ecalf” (46)

2 2 1112
where p; = H(F + 1;—2)BmaX (4GM||RX1|| +2¢), 1 = QA

263 IRl

2 2
(5! P+ 20

p2 = |IT]| )-

I
(1 + _)Bmax
€

Recalling Lemma 3, when 0 < ||[T'|| < W, (from Remark 10), substitute (35) in place of
|IT]| in (46). Since the history values are used, || Z;_; ||2 > ||)_(k_1 ||2, then the first difference

becomes
- 2 _ ~ 2
AL £ =(ymin = 1= pE [X(k = D" = AN - [[Woll P2 £ |6k - DI, @7
with 0 < @ < 1. Substituting the value of I1, the second term is always negative. Therefore,
L(k+1) < L(k),Yk € N.
Case 2: To extend the stability results for the event-based control scheme, it is

required to prove that between any two aperiodic sampling instants, the Lyapunov function

is non-increasing. Let the Lyapunov function be given by (60), taking the first difference

N
) 1ALi,®} ki <k <ky,VleN (48)

1=

AL, = E {XI{F)_(/( - )_(,{_11")_(,{_1 +11
Y
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When the events occurring at k; and k;41 = k; + 1, the Lyapunov function is decreasing
due to (47). When the event-sampling does not occur consecutively at k;, k; + 1, the
interval [k;, kj41) = [k, ki + 1) U [k; + 1, k;41). During [k, k; + 1), the Lyapunov function
is decreasing because of the control policy updated at k;. In the interval [k; + 1, k;41) due
to the event-sampling algorithm the inequality in (39) is satisfied. Therefore, AL(X,®) =

['Xj41} + AL; 5. Using the results from Lemma 3 and for 1 < 1, we

YTV v
E{XTR - A%,

get

_ _ _ _ . 2
ALy = —(1 = DE {X T Xy} = Nkin E H®T(k,’_l)H (49)
Y Ty

Therefore, AL(X, ®) < 0 during the inter-sampling period. From Lemma 1,
N ~
Z__l AL(%, @) < 0.
Combining Case 1 and Case 2, the Lyapunov equation satisfies the following inequality,
L(ki+1) < L(k; + 1) < L(kp), V{ki}en- (50)

This completes the proof.
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II. EVENT-TRIGGERED DISTRIBUTED APPROXIMATE OPTIMAL STATE
AND OUTPUT CONTROL OF AFFINE NONLINEAR INTERCONNECTED
SYSTEMS

ABSTRACT

This paper presents an approximate optimal distributed control scheme for a known in-
terconnected system composed of input affine nonlinear subsystems using event-triggered
state and output feedback via novel hybrid learning scheme. First, the cost function for the
overall system is redefined as the sum of cost functions of individual subsystems. A dis-
tributed optimal control policy for the interconnected system is developed using the optimal
value function of each subsystem. To generate the optimal control policy, forward-in-time,
neural networks (NNs) are employed to reconstruct the unknown optimal value function at
each subsystem online. In order to retain the advantages of event triggered feedback for
an adaptive optimal controller, a novel hybrid learning scheme is proposed to reduce the
convergence time for the learning algorithm. The development is based on the observa-
tion that, in the event triggered feedback, the sampling instants are dynamic and results
in variable inter event time. To relax the requirement of entire state measurements, an
extended nonlinear observer is designed at each subsystem to recover the system internal
states from the measurable feedback. Using a Lyapunov-based analysis it is demonstrated
that the system states, observer errors remain locally uniformly ultimately bounded (UUB)
and the control policy converge to a neighborhood of the optimal policy. Simulation results

are presented to demonstrate the performance of the developed controller.
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1. INTRODUCTION

Control of complex interconnected systems is one of the actively pursued areas of
research in the control community [1, 2, 3,4, 5, 6]. The composition of interacting subsys-
tems presents a unique challenge in designing control algorithms for such interconnected
systems. Various control schemes for such interconnected system have been developed
which can be broadly categorized into strictly decentralized design, adaptive controllers,
robust controllers and distributed controllers. The interactions between subsystems are
assumed to be weak and decentralized controllers are designed [1] while in robust con-
trol approach, in addition to the decentralized control policy, a compensation term for the
interconnections is added [2, 3].

In the design approach which uses adaptive controllers, the additional compensation
term is adaptive and it is designed to learn the interconnection terms to cancel their effects
[5, 6]. In summary, the controllers in [1, 2, 3, 4, 5, 6] are designed at each subsystem as
function of local states. By communicating the states to other subsystems and using the
states of the neighboring subsystems, it was demonstrated that the transient performance
of each subsystem could be improved [6]; further, various distributed control schemes are
given in [7, 8, 9] and the references therein.

One of the impediments for implementing distributed control algorithms is the
communication cost involved due to sharing of states among subsystems. To mitigate these
costs, event-triggered controllers were proposed [7, 9, 10, 11, 12, 13, 14, 15]. Initially, the
focus of the event triggered control research was to design an event triggering mechanism to
reduce the frequency of control implementation using latest sensor measurements without
compromising the system stability. However, in addition to stability, optimality is desired.

When the system dynamics are linear and known, optimal control problem can
be solved to obtain a backward-in-time solution using Riccati equation [16]. When the
system dynamics are nonlinear, solution to the Hamilton-Jacobi-Bellman (HJB) equation is

required for optimal policy. Since the HIB equation does not have a closed-form solution
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[17], inspired by the reinforcement learning (RL) techniques [18], a suite of learning
algorithms based on dynamic programming were proposed. These learning algorithms
generate an approximation of the optimal value function and an approximate optimal control
policy [1, 2, 3, 14, 15, 17, 19, 20, 21, 22, 23, 24, 25, 26, 27] and are broadly classified as
approximate dynamic programming (ADP) schemes.

The optimal value function is approximated by using an artificial neural network
(NN) without solving the HIB equation directly. In order to learn the NN weights which
minimize the approximation error, HIB residual error, the continuous time equivalent of
Bellman error, is used. Starting with the policy/value iteration (PI/VI) based techniques
proposed in [3, 15, 21], several improvements were suggested to implement the algorithms
online. For PI/VI algorithms to converge, sufficiently large number of iterations are needed
within each sampling interval [20, 23]. In contrast, several online ADP schemes are
proposed in [1, 14, 20, 21, 23, 26, 28] which are suitable for online implementation.

These results of ADP based learning controllers were used to develop decentralized
control schemes for interconnected systems using continuous/periodic feedback which guar-
antee stability and optimality [1, 3]. The RL based online ADP methods [1, 3] applied to
interconnected systems typically requires extensive computations and exchange of feedback
information among subsystems through a communication network. Comparing with the
traditional ADP design, the event based method samples the state and updates the controller
only when it is necessary. Therefore, the computation and transmission costs are reduced.

The authors in [14, 15] developed near optimal controllers using event-triggered
feedback when the system dynamics are nonlinear and uncertain by using one step temporal
difference learning (TD ADP) [14] and PI based control scheme [15]. The event triggering
condition introduced in [14] facilitated learning during the initial learning period. The

event-triggering mechanism used estimated NN weights to determine the sampling instants
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and hence, required a mirror estimator. Moreover, the design [14, 15] requires an initial
stabilizing control policy while TD learning demands longer convergence time, PI algorithm
demands larger inter-event time.

In RL methods, to relax the need for accurate knowledge of the state transition prob-
ability and reward distribution, generalized policy iteration (GPI) [18] algorithm based on
the classical dynamic programming was proposed. In the GPI algorithm, policy evaluation
and improvement are two iterative steps. Depending on the number of iterations in each
of these steps, several RL schemes are developed to generate a sequence of control actions
which maximize certain reward function. The policy evaluation step learns the optimal
value function and the policy improvement step learns the greedy action. For online con-
trol algorithms, the temporal difference learning (TDL) based RL schemes with one-step
policy evaluation are more suitable. In TDL methods, using the one step feedback and the
estimated future cost (bootstrapping), the value function parameters are updated [18].

Inspired by the TD ADP design in [23], this paper presents an online learning
framework for interconnected systems by using event triggered state and output information.
Several NNs [29] will be designed for estimating the optimal value functions by minimizing
the HJB error [18]. Using the event-based control framework, the communication and
computational resource utilization are significantly reduced.

To overcome the requirement of larger inter-event time as demanded by the event
based PI algorithm and to reduce the convergence time of the event based TD learning
algorithm, a TD ADP scheme combined with iterative learning between two event sampling
instants is developed. As the event triggering instants are decided based on a dynamic
condition, the time between any consecutive events is not fixed. Therefore, embedding
finite number of iterations to tune the NN weights while assuring stable operation is non-
trivial; especially due to the fact that the initial NN parameters and the initial control policy

play a vital part in determining the stability during the learning phase. The net result is the
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development of a novel hybrid learning scheme using RL approach for approximate optimal
regulation of interconnected dynamical systems with event triggered feedback information.
First, the state vector of each subsystem is communicated to others.

Next, to relax the requirement of measuring the entire state vector, nonlinear ob-
servers are designed at each subsystem to estimate overall system state vector using outputs
that are communicated only at event based sampling instants from the other subsystems.
The hybrid learning scheme with the observers is analyzed using Lyapunov technique. It is
shown that closed-loop system is stable with both event triggered state and output feedback.
Finally, two simulation examples are used to evaluate the effectiveness of the analytical
design presented in the paper.

The contributions of this paper include: 1) development of an approximately optimal
controller for the interconnected system using state and output feedback with event-triggered
ADP approach in the presence of communication; 2) design of a novel hybrid learning
scheme, with full state measurements and for the case when only the outputs are available,
to reduce the convergence time of the TD learning algorithm ; 3) design of an adaptive event-
triggering mechanism using locally available information; 4) design of extended nonlinear
observers that utilizes the event-triggered output vector at each subsystem to relax the need
for the entire state-vector to be measured and broadcasted, and 5) demonstration of local
uniform ultimate boundedness (UUB) of the closed-loop system using Lyapunov analysis.

In the following presentation, N is used to denote the set of natural numbers, R
is used to denote the set of real numbers. The norm operator ||.|| for a vector denotes its
Euclidean norm and for a matrix, its Frobenius norm; U denotes the set union operation,
A C B implies A is a subset of B and A € B denotes A is a member of the set B, 3a € R

implies there exists a real number a.
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2. BACKGROUND

2.1 System Dynamics
Consider a nonlinear input affine system composed of N interconnected subsystems.

Let the dynamics of each subsystem be represented as

N
%i(1) = fi(xi) + gi(xi)ui(t) + ZF.I Aij(xi, x;j),
J#l (1)

%i(0) = xio, yi = Cix;
where x; € §; € R"*! represents the state vector, x; € R"*! represents the state deriva-
tive with respect to time for the ith subsystem, u; € R represents the control action,
filxi) : R — R, gi(x;) « R — R A - R — RM | represents the nonlinear
dynamics, input gain function and the interconnection map between the i and j** subsys-

tems, respectively; y; € RPi is the output vector with C; € RPi*"  a constant matrix and S;

is a compact set. The dynamics of the augmented system are expressed as
X(1) = F(X) + G(X)U(r), X(0)= Xo 2)

where X € § ¢ R™L U € R™, G(X) : R" — R»" F(X) : R* - R", U =
[T, a1 m = N miyn = 3 n, X = [, L 120]7, G(X) = diag(gi(x1), . gn(xw)),
F(X) = [(fi(x1)+ Zﬁ-vzz AT, (fn(xw) + Z?]:—ll Anj)T]" and S is a compact set obteined as
a result of finite union of S;. The following standard assumptions on the system dynamics
are needed in order to proceed further.

Assumption 1 Each subsystem described by (1) and the interconnected system (2) are

controllable.

Assumption 2 The nonlinear maps F(X), G(X) are Lipschitz functions [30] in the compact

set S.

Assumption 3 There exists gim gim > 0 : gim < |lgi(x)|| < gim», Vi € {1,..,N}.
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Assumption 4 The feedback controller using event-triggered states assumes that the states
are measurable. This will be relaxed in the subsequent design using outputs and extended
nonlinear observers. Delay and packet loss in the communication network are assumed to

be absent.

Note that the dynamics of the system (2) and the component subsystems (1) do
not explicitly describe how the subsystems are interconnected. Interconnected systems
with state interactions will be the focus of this paper and the systems with output/control
interactions are not dealt in this paper. The control scheme for the augmented system (2) is
represented in the form of a block diagram in Fig. 3.1.

As seen in Fig. 3.1, at each subsystem an event-sampling mechanism monitors
the subsystem states/outputs to determine the feedback/broadcast instants. For the case of
output feedback, only the outputs from each subsystem are broadcast and the output vector
is used to reconstruct the states of all the subsystems to be used in the controller. Due
to the flexibility offered by the networked control architecture, the interconnected system
represented in Fig. 1 consisting of two networks is preferred. The Network 1 enables
information exchange between subsystems, while Network 2 is a local communication
network which closes the feedback control loop of each subsystem. The communication
resources involved in the control design of such systems motivated the use of event based
feedback.

Define a subsequence {f; }xen C t to represent the event triggering instants. The
state of the i’ subsystem at the sampling instant #; is denoted as x;(#). During the inter-
event period, latest sensor measurements are not updated at the controller. The difference
between the actual state and the states available at the controller results in an event-sampling

error given by

ei(t) = xi(t) — xi(ty), tx <t <tgsr. 3)
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Fig. 3.1. Interconnected system.

This error is reset to zero at the sampling instants due to the feedback update. A brief
background on the design of optimal controller using aperiodic, event-triggered feedback
is presented in the next subsection.

2.2 Event Based Optimal Control Policy

Let the performance of the interconnected system (2), be evaluated using the fol-
lowing function

V(X,U) = / B [0(X) + UT(t)RU(7))dt (4)

where R € R™" Q(X) : R" — R with Q(0) = 0, represent positive definite functions
which penalize the states and control action, respectively. Define a compact set B. Use the
integral in (4) to denote the infinite horizon value function V(X(¢)) defined in B. If V(X(¢))
and its derivative are continuous in its domain, the time derivative of the V(X(r)) (4) is
given by [16, 23]

V(X(1) = - [Q(X) + U ()RU(1)] . 5)

Assuming that a minimum of the value function exists and it is unique [21], the optimal

control/greedy policy can be obtained as

R . oV*
Y= X)— .
U 5 G0 (6)
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Substituting (6) in (5), the HIB equation [23] is obtained as

ov+T 1ov* . V™
F(X)--— G(X)R IGT(X)a—X . (7)

H=0X)+ 7% 40X

When the feedback is aperiodic and event-based, the Hamiltonian in (7) between events can

be represented using a piecewise continuous control input as
T

H= [Q(X) + U*T(tk)RU*(tk)] A (8)

0X

The piecewise continuous control policy which minimizes the Hamiltonian in (8) is defined

as

. R! v *
Ullt) = = GT(Xe)aX

9)

with X, = X(#;), the state held at the actuator using a zero order hold (ZOH) circuit between
titrs1, forall k € N,
Remark 1 The control policy will be piecewise continuous due to the limited feedback
availability and ZOH. The system dynamics can be considered to be driven by the event-
sampling error (3) which is nonzero between events.

The function approximation property of NNs with with event-triggered feedback is
presented next.

2.3 Neural Network Approximation Using Event Based Feedback

With the following standard assumption, the effect of the aperiodic event based
feedback on the approximation property of the NN observed in [14] is stated next.
Assumption 5 The NN reconstruction error and its derivative, €;(x), V&;(x), the constant
target weights 07 and the activation function ¢(x), which satisfies ¢(0) = 0, are bounded in
the compact set S.

Given, y : A € R" — R, a smooth function in a compact set A and gy > 0,
30" € RPX 2 y(x) = 07 ¢(x,) + €0, te <t < trs1, With ||&]| < em, ¥xo € A, where,
¢(x.) is a basis function driven by the inputs x(¢), e(¢) and &, = o' (P(xe + €) — Pp(xe)) + &,
the reconstruction error driven by e(t). The error e(f) is due to the difference between

x(t), x(1).
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Remark 2 The NN approximation with state vector sampled at event triggering instants as
input is a function of event-sampling error. Since the reconstruction error €, depends on
the error due to event sampling, a direct relationship between approximation accuracy and

the frequency of events is revealed.

Remark 3 One of the motivations behind the proposed learning algorithm is to decouple
the relationship between the accuracy of approximation and the sampling frequency. In
[14], this trade-off is handled by designing the event triggering condition based on the
estimated weights and the states of the system. This resulted in a inverse relationship
between the inter-event time and the weight estimation error, thereby forcing more events

when the difference between the estimated NN weight and the target weights is large.

In the next section, the control scheme is introduced and the stability results are

presented in section IV.

3. DISTRIBUTED CONTROLLER DESIGN

In this section, firstly, a novel hybrid learning scheme is used in the design of
distributed approximately optimal controller with state feedback. Using a NN based online
approximator, optimal value function is approximated at each subsystem. Taking into
account the interactions between subsystems, the distributed control law is desired to be a
function of X(¢). Later, nonlinear observers are introduced to relax the requirement of full
state measurements. In order to avoid redundancy, only the important results are presented
for the output feedback controllers.

With the following assumption, the design of distributed control policy is introduced.

Assumption 6 V*(X) € CY(S) is a unique solution to the HIB equation, where C'(S)
represents the class of continuous functions defined in S and have continuous derivatives in

S.
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Proposition [26]: Consider the augmented system dynamics in (2) with the indi-
vidual subsystems (1), Vi € {1,2,.., N}, Ju which is a function of X (1), such that the cost
function (4) is minimized.

Proof: First, consider the infinite horizon value function defined by (4) for the

augmented system in (2). Define R = diag(Ry, Ry, .., Ry), Q(X) = f.\il 0:(X), U(X(r)) =

T
[u{7 * u%] ’
vl oV avy  avy
0X - 6)61’ (9x2 ...... axN ’

VX@) = [7 (% [Qi(X)+u,~TR,-u,-])dT = [ % Vi(X(7))dt. The Hamiltonian (8) be-
i=1 i=1
comes H(X) = [%, - %] [i], . XJY\}]T+(]§VJ [0i(X) + MiTRiui]) = g] H;(X, ;) : Hi(X, u;) =
i:l l=1

T
(BV" X+ Qi(X) + uiTR,-u,-) . For optimality, each subsystem should generate a control policy

6x,-

from H;(x, u;) as
1

ui" = —ERi_lgiT(xi)

ov;*
6x,- ’

Viel,2,..N. (10)

By designing controllers at each subsystem to generate (10), cost function (4) of the aug-

mented system is minimized.

Remark 4 A strictly decentralized controller can be realized by designing (10) as a func-
tion of x;i(t). Despite the simplicity of such controller, the efforts in [6] highlighted the
unacceptable performance observed, especially in the transient period, as a result of such
design approach. Therefore, the control policy in equation (10) is desired to be a function

of X(t) and it can be considered as
* Loy Vi 1 A
i =—sRTg () - sRTg (x =1 o 11
u SR8 (X)ax,- SR8 (X)E = o (11

where Vl*j is the cost due to interconnections and V', is the optimal cost of the i’ " subsystem

when the interconnections are absent and V' = V. + Vl*J The control policy as expressed
in (11) is composed of two parts. The first part denotes the optimal control policy for
a decoupled subsystem wherein the interconnections are absent while the second part

compensates for the interconnections.



57

Remark 5 Note that the control policy (10) is considered to be distributed and it is equiva-
lentto (11). Inthe decentralized control policy, the second termin(11)is zero [1]. This term
explicitly takes into account the interconnection terms in the subsystem dynamics and it is
expected to compensate for the interconnections. An equivalent control policy for the linear
interconnected system using Riccati solution can be obtained as u: = —ki;x; — le_v: | kijx;.
Here, ki kij are the diagonal and off-diagonal entries of the Kalman gain matrl;c] corre-

sponding to the optimal controller for the interconnected system (2), with linear dynamics.

The design using state feedback is presented next.

3.1 State Feedback Controller Design

We use the artificial NNs [29] to represent the optimal value function in a para-
metric form using NN weights and a set of basis function with a bounded approxima-
tion error. Using the parameterized representation, the value function is represented as
V(X) = 0T¢(X) + e(X), where ¢(X) is a basis function and £(X) is the bounded approxi-
mation/reconstruction error.

Let the target NN weights be 67 and the estimated NN weights be 0; at the i""
subsystem. The parameterized HIB equation with approximate optimal value function can

be obtained as

0i(X) + 0.7, 6(x)F 1(x) — 207V, 0()DV 1 $(x)6;
(12)

t iy = 0
where &, = ngiT(]_ci(x) - %(VTx‘p(x)Q? + V&) + }TvxgiTDiszia ji(x) = filx) +
Zl}lzl A;j(x;, x;), the partial derivative of the optimal cost function VI.*T with respect to
J#

x; is VI, ¢(x)07 and D; = Di(x;) = gi(x)Ri'g” (x;). Let [|[VTx¢(x)07]| < Viimr, I Dill <

Djy. Now, using the estimated weights 9;, the control input (10), can be written as

A

i = —O.5Ri_1giT6AiTVx¢(x) and the parameterized Hamiltonian equation is derived as

B = 0(X) + 819,90 () = 301 V(DY 6()d (13)



58

In the GPI literature, equation (7) is used to evaluate the value function for the
given policy. Since it is a consistency condition, if the estimated value function is the
true optimal value function for the control policy (10), then H; = 0. Due to the estimated
quantity 6;, the value function calculated using the estimated weights is not equal to the
optimal value function. This will result in a HIB residual error and H; = 0 is no longer
true. The estimates ; are now updated such that the HJB residual error is minimized.
Levenberg-Marquardt algorithm [21] can be used as a weight update rule and the weight

—a;10iH;

estimates evolve based on the dynamic equation given by 8; = o ])'2, where «; is the
g; o;+

learning step and o; = %—Zf = V,o(x)f (x) - %Vx¢(x)DiV£¢(x)9Ai. This weight tuning rule
ensures the HIB residual error convergence while stability of the closed-loop system when
the estimated weights are used in the control policy is not a given, especially, if the initial
control policy is not stabilizing. Therefore, to relax the dependence on the initial control
policy in dictating the stability of the closed-loop system, a conditional stabilizing term
was appended in the weight update rule proposed in [23]. Here, we propose the following
weight update rule

@]

A A~ 1 A
0:i(t) = - 30l + SBiVp(X)DiLix(x) - Kkib; (14)

(O'I.TO',' + 1)

where «;, 8; are positive design parameters, L;,(x) is the partial derivative of the positive
definite Lyapunov function for the i’ subsystem with respect to the state. Since the controller
has access to the feedback information only when an event is triggered, (14) will have to be
slightly modified and this will be presented in the next subsection.

Remark 6 By utilizing the nonlinear maps g;, the stabilizing term in (14) is appended to
the NN weight tuning rule to relax the requirement of initial stabilizing control [23]. In
the event-triggered implementation of the controller presented in this paper, the stabilizing
term in the update rule ensures stability of the closed-loop system at the event based
sampling instants and the sigma-modification term ensures that the weights are bounded in
the presence of parameter drift.

The event triggered state feedback controller design is introduced next.
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3.2 Event Triggered State Feedback Controller
For the near optimal distributed control design with event-triggered state feedback,
the error (3) introduced due to aperiodic feedback will drive the control policy between two
event based sampling instants. With the estimated optimal value function and the estimated
optimal control policy, the Hamiltonian is represented as
VT

(X, i) = =i + [Qi(Xe) + (Rl (1)] (15)
4

where (.), denotes the influence of (3) due to event-based feedback and this notation will
be followed henceforth. Using the parameterized representation of the approximate value
function, we get

H; = 0i(Xe) + 0] V.o (x) f; (xe)

. A (16)
- ZQZ'TVX¢(xe)Di,8VTx¢(xe)9i

where D; . = D;(x;.). Finally, we propose the NN weight tuning rule which minimizes the

HJB residual error, with p = (67,07, + 1), as

—%O'iﬁi + 3BV p(x)D;Lix(x) — ki, 1 =11

d:(1) = (17)

0, 1€t trs1)-
The estimated NN weights, 6;, at each subsystem are not updated between events.
To determine the time instants 7, a decentralized event-triggering condition is required.
Define a locally Lipschitz Lyapunov candidate function L;(x;), for the i’ subsystem such
that L;(x;) > 0,Vx; € S \{6}. Events are generated such that the following condition is

satisfied

Li(xi()) < (1 + tx = O Li(xi(tx)), tk St < try (13)

with0 < I; < 1.
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Remark 7 Note that the event-triggering condition (18) requires only the local states. Also
note that the k' event sampling instant at any two subsystems need not be the same and t;
used in the equations above represents the time instant of the occurrence of the k'™ event at
the i'" subsystem. Since the estimated weights are not used in (18) a mirror estimator is not
required [14].

Next, the nonlinear observer which utilizes the output from the subsystems obtained
at event-based sampling instants to reconstruct the internal state information is presented
which requires the following standard assumption.

Assumption 7 The subsystems are assumed to be observable. This is required to enable
reconstruction of the states from the measured outputs.

3.3 Event Triggered Output Feedback Controller

Output feedback controllers use the measured quantity to estimate the internal system
states using observers. The estimated states are then utilized to design the controllers. Since,
it is desired that the outputs be communicated among subsystems, the observers at each
subsystem are designed so that they estimate the state vector of all the subsystems using the
event-triggered outputs.

To avoid redundancy, all the equations for the controller are not explicitly presented
for output feedback based design. For the implementation of output feedback controller,
estimated states will replace the actual states in the design equations presented in the previous
subsection. However, the stability analysis for output feedback controller is presented in
detail. In order to develop an event-triggering condition, we could substitute the outputs in
place of the states in (18). In the analysis, the event-triggering condition can be represented
in terms of the state vector using the linear map C;.

Next, the observer which estimates the state vector using the measured output with

measurement error is presented.
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In order to estimate the system state vector using the output information obtained at

the event-based sampling instants, consider the observer at i’ subsystem with dynamics
Xi(t) = F(Xi) + G(X)Uio(t) + pilYio(t) = CXi(1)] (19)

where X;, Wi, Y; . represent the overall estimated state vector, observer gain matrix and event-
triggered output vector of the overall system, respectively, at the i’" subsystem, C is the
augmented matrix composed of C;, each with appropriate dimensions. The output vector
is a function of the measurement error since the output from each subsystem is shared only
when an event is triggered.

Defining the difference between the actual state and the estimated state vectors at
the i'" subsystem as the state estimation error, X;(f) = X;(f) — X;(¢), the evolution of the
state estimation error is described by the differential equation

Xi(1) = F(X;) + G(X)U, (1) = [F(Xi) + G(X) Ui (1))
(20)

— wilY;e(t) = CXi(0)).

Next, the boundedness of the state estimation error with event-triggered output
feedback is presented assuming the distributed control policy is admissible.
Lemma 4 For the augmented system given in (2) composed of interconnected subsystems
givenin (1), consider the proposed observer (19) at each subsystem with the error dynamics
(20) and let the measurement error (3) be bounded. The observer estimation error is locally
UUB, provided the control policy is admissible and the observer gains are chosen such that
Niol, Nio2 > 0, where the design variables 1; o1, 17,02 are defined in the proof.
Proof: See appendix.

Since the separation principle does not hold for nonlinear systems, the stability of
the controllers together with the observers, operating online, should be analyzed.

Note that the convergence of the NN weights is coupled with the number of events
when the weight update rule (17) is used. This significantly reduces the convergence time
[14]. To decouple this relationship between the number of events and the learning time, a

new NN weight adaption rule is introduced in the next subsection.
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3.4 Hybrid Learning Algorithm

The results of event based function approximation [14] shows that the approximation
error in the optimal value function and the optimal control action generated will depend on
the frequency of events. The TD ADP scheme in [14] presents a NN approximator wherein
the NN weight updates occur only at the event triggering instants #;. In contrast, the ADP
scheme in [15] performs iterative learning, assuming significant iterations could be carried
out during the inter-event period resulting in a greedy policy at every event-triggered update
of the control action. It should be noted that the iterative updates can be related to the GPI
in RL wherein the finite iterations using the past values reduce the HIB error and aid the
estimated weights move towards their target weights.

Thus, the learning scheme proposed here is inspired by the GPI and the NN weights
are tuned using the weight tuning rule

—%&iﬁi + 1BV d(2)D;Lin() — 6:0;, t = 1

0:(1) = 21)

_I%a'i,e(tk)ﬁ[i,e(éi(t)) — ki0i(t), tr <t < ter,

To denote the use of estimated states from the observer, (7) notation is used for the
functions D;, p;, o;. Whenever an event occurs, new feedback information is updated at the
controller and broadcast to the neighboring subsystems. The weights are tuned with the
new feedback information and the updated weights are used to generate the control action
which is applied at the actuator. In the inter-event period, past feedback values are used to
evaluate the value function and the policy using the HIB equation. This is done by adjusting
the estimated weights in the inter-event period according to (21) so that §; moves towards
07. The stability of the system is preserved as a consequence of the additional stabilizing
term in (21). Using the actual states in place of the estimated states, the update rules for the
hybrid learning scheme can be derived for the state feedback controller.

Remark 8 As the time between two successive events increases, more time is available
for the iterative weight updates. Therefore, HIB residual error is reduced considerably

resulting in an approximately optimal control action at every event triggering instant [15].
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Remark 9 The event-sampling condition [10] was demonstrated to have large average
inter-event period than the existing event sampling schemes. It should be noted that the

proposed learning algorithm can be implemented with any event-triggering condition.

Remark 10 [In the traditional RL literature, the GPI is used and a family of TD algorithms
are presented, such as TD(0), n-TD, TD(A) [18]. All these learning algorithms [18] have
a fixed number of iterative weight updates for policy evaluation or value function updates.
In contrast, the event-triggered control framework cannot ensure fixed inter-event time and
hence, the proposed hybrid algorithm is most relevant and applicable in the event based

online learning control framework.

For the stability analysis, first, using the fact that the optimal control policy results in
a stable closed-loop system, a time-varying bound on the closed-loop dynamics are defined
[23] as ||F(X) + G(X)U*|| < ¢ ||X||, with ¢ > 0. It was also shown in [23] that there
exists positive constant ¢; such that, || Ly (X)|| || f(X) + g(X)U*|| < =&1||Lo(X)]||%, with the
Lyapunov function L(X), its derivative L,(X), with respect to the state vector. Choosing
L(X) = 0.5(XTX), we get ||XT|| I£(X)+g(X)U*|| < —&|X]|?, which will be used to
analyze the proposed controller. With these results, the stability analysis of the proposed
state-feedback controller, output feedback controller with event-triggered feedback will be

presented in the next section.

4. STABILITY ANALYSIS

In this section, Lyapunov stability theory [30] is used to analyze the closed loop sta-
bility of the nonlinear interconnected system with the proposed event-triggered distributed
controller using state and output feedback. For the analysis of the event-triggered controller,
first, we prove that the proposed distributed controller admits a Lyapunov function for the
closed loop system which satisfies local input-to-state stability like conditions, resulting in

local UUB of all the states, weight estimation error and state estimation error. Further,
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the stability during the inter-event time and sampling instants are analyzed. This ensures
that the event based implementation of the controller will result in stable operation of the
closed-loop system.

With the following equations, the stability results are presented next. Let the error
in the NN weight estimate be defined as 6; = o7 — 6;, and the target weights be constants
and bounded by 6;),. Consider the Hamiltonian (16), and the ideal HIB equation given in
(12), adding and subtracting Q;(X) in (16) and rewriting the Hamiltonian in terms of g;, we
get the following equations:

A

- 1~ -
H,=-0"0;, + Zefvxsb(xe)D,-,gvTxaxe)e,- + 0i(x,)

+ H;T[Vx‘p(xe)]_fi (xe) = Vx‘p(x)ﬁ(x)] — &igp 0i(X) (22)
+ 10TV, 90ODTIG() - Vopx) Dy ¥ ()16

Similarly, for the case of output feedback, we have

. 1~ A s N
H; = _Q?O'i,e + ZgiTVx¢(xe)Di,sVTx¢(xe)9i + Qi(Xe)

+ iG?T[Vx¢(x)DiVTx¢(x) = V() D1V 1 p(20)16] (23)

— &y + 0T (Va(£e) fi (Re) — Vid(x) f 1(x)) — Qi(X).

First, the stability results of the output feedback control scheme are presented in
detail.
Theorem 1 Consider the nonlinear dynamics of the augmented system (2) with the equi-
librium point at origin. Let the initial states xio, Xio € S and let 6;(0) be defined in a
compact set Q;p. Use the update rule defined in (14), with the estimated states, to tune
the NN weights. With the estimated states evolving according to the observer dynamics
given by (20), there exists 15 > 0 such that 8;, X(t) and the observer error dynamics are
locally uniformly ultimately bounded by &;.; in the presence of a bounded external input.
The constants, n;'s and the bound, &;.;, are defined in the proof.

Proof: Refer to the Appendix.
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Remark 11 This analytical result in Theorem 1 is equivalent to the local ISS condition
[30] when the reconstruction and the measurement errors are bounded. There errors can
be considered as a bounded external inputs to the system. However, the boundedness
of the event-based measurement error will be established in the next theorem using the

decentralized event-triggering condition.

Theorem 2 Consider the nonlinear interconnected system described by (2) wherein the
initial states x;0, Xio € S, and let the NN weights be initialized in a compact set Q.
Consider the weight tuning rule defined in (21) using the estimated states and the event-
triggering mechanism satisfying (18), with the measured outputs at each subsystem. With
the estimated states evolving according to the observer dynamics given by (20), there exists
nirs > 0 such that 6;, X(t) and the observer error dynamics are locally uniformly ultimately

bounded by &;c; wherein the bound is obtained independent of the measurement error. The

constants, nys and the bound, &;¢;, are defined in the proof.

Proof: Refer to the Appendix.

Corollary: 1) Consider the nonlinear interconnected system given by (2) with origin
being the equilibrium point and the initial states x;o, X,-o € S, and let 95(0) be defined in
a compact set Q;y. Use the update rule defined in (14) to tune the NN weights at each
subsystem. Then, there exists computable positive constants «;1, 5;, k; such that 6; and X(z)
are locally uniformly ultimately bounded with the bounds &g, &, respectively, when there is
a non-zero bounded measurement error. 2) Using the event-sampling condition (18), it can
be shown the closed-loop system is locally UUB when the NN weights are tuned using (17)
and (21).

Proof: Since the stability results for the state feedback controller can be directly
obtained from Theorem 1 and Theorem 2 by setting the observer estimation error to zero,
detailed derivations are not provided for the corollary. Refer to the Appendix for the main

results.
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Remark 12 Results from Theorems 1 and 2 can be used along with Assumption 2 to
establish the non-zero minimum inter-event time [7, 9, 10]. However, since the inter-event
time is dynamically changing, ensuring sufficient time availability to carry out significantly
large number of weight updates between any successive events is not feasible. Therefore,
algorithms like policy iteration or value iteration are restrictive for event based control

implementation.

Remark 13 Redundant events can be prevented by using a dead-zone operator as soon as

the states of each subsystem converge to their respective bounds.

Remark 14 The learning algorithm and the corresponding stability results derived for the

closed-loop nonlinear system can be easily extended for linear interconnected system.

Remark 15 The event-sampling mechanism at each subsystem operates asynchronously,
resulting in lesser network congestion. However, suitable communication protocol is re-
quired to be utilized along with the proposed controller to minimize the packet losses due to
collision and other undesired network performance [7, 9]. Further, it is shown that the event
triggering condition ensures continuity of the Lyapunov function for states at the sampling

instants [10].

Remark 16 The weight tuning rules for the online approximator in (21) are used for event-
triggered implementation of state and output feedback controllers. The bounds &;.; can be
made arbitrarily small by appropriate choice of a;1, B;, k; in the weight update rule satisfying

the Lyapunov stability results.

Remark 17 The iterative learning, presented in [3, 15, 21], results in the value function
approximate that yield approximately optimal, hence, stabilizing control input at each time
step. This yields 0; = 0 in each of the algorithms [3, 15, 21] which reduces the complexity
of analysis. In this paper, the stabilizing term %ﬁ,-Vm()E)D,-L,-X()E) in the weight tuning rule

(21) is used to ensure stability of the closed loop system in the presence of non-zero 6;.
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Remark 18 In the adaptive control theory, the sigma/epsilon modification [29] terms
in the adaptation rule ensures that the actual weights are bounded in the presence of
bounded disturbances. It also helps in avoiding the parameter drift and also relaxes the PE
condition. In all the ADP designs [21], the PE condition is required for convergence of the
weight estimation errors and it is achieved by adding random signal to the control policy
[14, 20, 23]. This also had an additional benefit of being an exploratory signal. In RL
literature, the dilemma of exploration versus exploitation is greatly discussed [18]. For a
learning problem, the exploratory noise signal helps the learning mechanism to explore the
search space to find the exact solution and ensures observability conditions while learning
[21]. However, for the online control problem, stability is more important and is given
priority. Therefore, explicitly adding random exploratory signal to the control policy is

undesirable.

Remark 19 In the RL literature, the one step TD algorithm is proven to have convergence
issues [18] due to bootstrapping. This occurs as the parameter values that approximate the
value function grow unbounded as the approximation is based on ’guesses’ [18]. However,
convergence results for online one-step TD algorithms are presented in [14, 20, 23] under
certain conditions. These algorithms utilize the stabilizing terms in the parameter update

rule and present local convergence.

Remark 20 For the output feedback controller, an additional uncertainty due to estimated
states is introduced during the learning period. Moreover, the computations are increased
due the observer present at each subsystem. The state estimation error forces frequent
events when compared to the state feedback controller where the state estimation error is
absent. However, for practical applications, all the states are not measured and with output
feedback, only the output vector is broadcast through the network when compared to the
entire state vector. Typically, p; < n; in (1) and the packet size of the outputs are expected to
be smaller than that of the states. Therefore, the output feedback controller requires much

lower network resources when compared to state feedback controller.
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Remark 21 The location of the observer is crucial and there are several locations which
are feasible to place an observer operating with event-triggered feedback, as discussed in
the literature [11, 15]. For the interconnected system, the extended observers discussed here
are placed along with the controller for the following reasons — a) only the output from each
subsystem is broadcast through the network; b) using the outputs from all the subsystem, the
overall state vector can be reconstructed at each subsystem, as required by the distributed
controllers. These advantages are lost when the observers are placed along with the sensors
at each subsystem. In order to eliminate an additional event-sampling mechanism at each

subsystem, the observer states are held constant between the event sampling instants.

Simulation results are presented in the next section for two examples to substantiate

the analytical design.

5. SIMULATION RESULTS

In this section, two examples are considered to verify the analytical design presented
in the paper. The first example includes a system of two inverted pendulums connected by
spring. The applicability of the proposed control algorithm for linear system is verified by
considering the linear dynamics first and then the nonlinear dynamics are considered. In the
second example, a more practical nonlinear system with three interconnected subsystems
is considered. Example 1: The example used here has two inverted pendulum connected
by spring [4], which can be represented of the form (2). A NN with one layer and 5
neurons together with polynomial basis set wherein the control variables a; = 25, 8 = 0.01,
Li(x) = %xiT,Bxi and ¢(x) = [xl,lz, xl,zz, xz,lz, x2,22, xTx] T; the initial conditions are defined
in the interval [0,1] and the initial weights of the NN are chosen randomly from [-1,1].

The dynamics of the system are given by X;; = X2, X2 = (m"T‘fr - ﬁ—gj) sin x;1 +
2"—2(1 -b)+ ';—j + ﬁ—gj sin x;1. For the linear dynamics, refer [9]. The parameters in the system

dynamics are m;= 2,mp= 2.5,J1=5,J,=6.25,k = 10,r = 0.5,/ =0.5,and g = 9.8, b = 0.5.

The controller design parameters are chosen as R;=.03,R,=0.03,Q; = 0.1XTX. The
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State trajectory

Time in sec

Fig. 3.2. State trajectories (Linear example).

results in Fig. 3.2 shows the distributed controller performance for the linear system for
various initial conditions. Fig. 3.3 shows the cumulative events for the linear interconnected
system, which demonstrates the advantage of event based feedback.

Next, the results for the event-triggered controller are presented with the distributed
control scheme for the nonlinear dynamical system. For the event-triggered controller, the
initial states and the weights are chosen as in the previous case. The design parameters are
I'=095a =20,8=0.01,R =0.03, Q0 = 2XTX. The system state trajectories with

event-triggered controller are stable during the learning phase.

Event-triggering mechanism

Cumulative sampling instants 5

400 ; += 400
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- [’

§ 200 ‘aZ 2 200
°
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0 g 0

0 5 10 15 == 0 0.5 1 1.5 2 25 3
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Fig. 3.3. Event-triggering mechanism.
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State trajectory

Time in sec

Fig. 3.4. State trajectories (Nonlinear example - 1).

This can be verified from Fig. 3.3 for both the subsystems. The results in Fig. 3.4
include the state trajectories for various initial states. The HIB residual error for the TD
ADP based controller and the proposed hybrid learning based controller are compared. It is
evident from the results in Fig. 3.5 that the iterative weight updates between event-triggering

instants seems to reduce the learning time.

HJB error

0.04

TD algorithm

= == == Hybrid algorithm

:1 0.02 ,,,, ......... ........ ......... .........

Time in sec

Fig. 3.5. HJB error (Nonlinear example - 1).
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Fig. 3.6. Observer performance (Output estimation error): Example 2 and State trajectory
of walking robot.

The observer performance is presented in Fig. 3.4. The plots of estimated and
actual outputs with the event-triggered feedback are compared when the hybrid learning
algorithm is employed to generate the control policy online. The event triggered feedback
and aperiodic update of the observer results in a piecewise continuous estimate of the actual
states. The observer error convergence is essential for the stability of the controlled system.

Due to space consideration all the simulation figures are not included. Efficiency
of the event-triggering condition designed for the two subsystems, SS1 for subsystem 1
and SS2 for subsystem 2; the convergence time for the observer estimation error and the
HJB error for various initial conditions are recorded in Table 3.1. The results of a second

example considered for the simulation analysis is presented next.

Example 2: For the second example, a more practical system which is composed of three
interconnected subsystems is considered. The three subsystems describe the dynamics of
knee and thigh in a walking robot [8]. Let () be the relative angle between the two thighs,
v2(t) and y3(t) be the right and left knee angles relative to the right and the left thigh. The

dynamical equations of motion (in rad/sec) are

y1(t) = 0.1[1 = 5.25y{(O)]71(t) = y1(t) + ui (2)
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72(0) = 0.01 |1 = pa(yat) = 720 | 72(0) = 40r2(0) = 720)
+0.057y1(1)y1(2) + 0.1(y2(2) — ¥3(2)) + uz(z)
73(0) = 0.01 [1 = pa(r3(0) = 730*| 73(0) = 4033 = 732)

+0.057y1(O)y1(1) + 0.1(y3(t) — y2(t)) + us(t).

The parameter values used in the simulation are (v, ¥3., P2, p3) = (—0.227,0.559, 6070, 192).
The control objective is to design torque commands and bring the robot to a halt. The pro-
posed control scheme with a NN to approximate V;*(X) at each subsystem is designed.
The angles were initialized as 40° + 3°,3° + 1°,-3° + 1° and the angular velocities were
initialized at random to take values between 0 and 1. Two layer NNs with 12 neurons in the
hidden layer are used at each subsystem. The NN weights of the input layer were initialized
at random to form random vector functional link network [29] and the second layer weights
are initialized to take values between 0 and 1.

The states of each subsystem generated using the proposed learning approach for
different initial conditions are recorded. It can be observed that the states reach their
equilibrium point (0,-0.227,0.559) every time, ensuring stable operation, for both state
and output feedback control implementation (Fig. 3.6). The convergence of the observer
estimation error can be verified from Fig. 3.6. This demonstrates that the distributed
identifier at each subsystem is able to reconstruct the system internal states using the

subsystem outputs which are available at discrete aperiodic time instants.

The hybrid algorithm converges faster and reaches steady state before the time
driven ADP. The observer estimation error converged to a neighborhood of origin. In the
analysis, different initial values for x;(0) and X;(0) were chosen to test the algorithm and the

results are tabulated. It is observed that whenever the observer error persists, performing



73

Table 3.1. Simulation analysis.

Cumulative cost Convergence time e
. . Feedback utilization
Example | Algorithm (Normalized) in sec
State feedback | Output feedback HIJB error Observer error SF OF
(SF) (OF) SF OF
| TD 1 1 10.13 | 12.89 3.13 0.3716 0.8
Hybrid 0.988 0.912 6.35 | 10.74 2.90 0.398 0.7824
5 TD 1 1 48 | 37.20 30.654 0.2 0.4825
Hybrid 0.86 0.5916 4.1 | 31.62 27.13 0.3 0.55

iterative weight updates did not improve the learning rate. Therefore, the observer should
be designed in such a way that the observer error converges faster and in this case the hybrid

algorithm with output feedback controller outperformed the time driven ADP (Table 3.1).

The control torques generated using the hybrid learning algorithm with event trig-
gered feedback and TD ADP are presented in Fig.3.7. Also, the feedback utilization (ratio
the event triggered feedback instants and the sensor samples) are presented for simulations
carried out for 500 different initial conditions (Fig. 3.7).

The cumulative cost is calculated using the cost function defined in (4). The
comparison of the cumulative cost calculated for the hybrid learning approach with that of
the TD ADP reveals that the proposed hybrid scheme results in a lower cumulative cost. Fig.
3.9 shows the ratio of costs due to hybrid algorithm over TD algorithm for different initial
conditions. For the output feedback case, due to the presence of the observer estimation
error, the convergence of the HIB error takes more time when compared to state feedback.
The improvement in the learning scheme is due to the learning process in the inter-sampling
period. For analysis, the sensor sampling time was fixed at 10ms and the control scheme
was simulated to record the number of times the weight update rule was executed in the
inter-event period (Fig. 3.8). It can be seen that the inter-event time is not uniform and

hence, the number of weight updates are varying.
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Initially, the events are not spaced out and therefore, the iterative updates do not take
place, but with time, the events become spaced out, but still with varying intervals. This
results in a varying number of iterative weight updates. The comparison of HJB residual
error for TD ADP and the learning scheme proposed in this paper reveals that the learning
scheme introduced in this paper requires less time for convergence. Table 1 summarizes the
comparison of the two learning algorithms. Feedback utilization is the ratio of events with

respect to the sensor samples, when the sensor operates with a sampling period of 10ms.

6. CONCLUSIONS

This paper presents an approximation based distributed controller with event trig-
gered state and output feedback that seeks optimality for a class of nonlinear interconnected
system. The event-triggered control execution significantly reduces the communication and
computational resource utilization by reducing the frequency of feedback instants. The
proposed hybrid learning scheme seems to accelerate the learning of the NN weights with
event-triggered feedback while reducing the communication costs.

The event triggering condition is independent of the estimated parameters and an
additional estimator at the event-triggering mechanism is not required. The event-triggering
mechanism is decentralized, asynchronous and ensures that the system is stable during the
inter-event period. The requirement of initial stabilizing control policy is relaxed by utilizing

the dynamics of the system.
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APPENDIX

Proof of Lemma 1:

Consider the Lyapunov candidate function L;(X;) = %Xfy,f(,- + %(f(fy,f(,-)z, with
the first derivative given by LX) = XZ.T%)L( i+ XI.T)/,X,-)N(I.T)/,-)L( i. Using the estimation error
dynamics (20), and Assumptions 3-4, we get

Li < X! vi(F(X)) = F(X)) + (G(X;) — G(X;)) Uy,
— 1iC(Xie — X)) + X[ viXi X vi(F(X;) - F(X)) 24)

+(G(Xi) = G(X;)Uie — iC(Xi e — Xi))-
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We use the definition of the control policy and apply the norm operator in (24). Further,
Young’s inequality is utilized to obtain
: 316112
Li < =([lyill el ICN = Nlvill Ly = 5)||Xi||
6 1o 14
= (el sl 1€ = 1Py = )]
1 - N LA
+ gl G (X) Vo0 (2)6
1 ) (25)
+ 5 GullvlP[RTGT (Xo) Vi 0(2) 6
1 1
+ 2Pl IC el + S Iyl PICIP el

2

1 1
+ GO |+ 3Gy

where Ly, e are Lipschitz constant, measurement error, respectively. Further simplification
reveals,
. ~ 12 ~ n4 1 2
Li < =miot | Xil|” = mio2l| X" + &irons + gGM
_ 5 T
G vl R 6T (R VE @38 (20
_ o oA (12
+4|RGT (X )Vid(£)6])
2 2
where 701 = [[Yill |l ICH = 11yill Ly = 1.5, mi02 = [1vill” 1l ICH = Mlvill"Lg = 3, &ivons =
«||4 x
syl Pl I el + 3y Pl P NCIPNel P+ G lvliP U [T+ 5 G, il | U;

the control policy is assumed to be admissible, U; = 0 and therefore, ® = 0. This concludes

2 .
. Since

the proof.
Proof of Theorem 1:

Consider the Lyapunov function

Li(x;, 0;, Xi) = Lin(xi) + Lip(6;) + Liz(X).
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Consider the term L;(;), taking the first derivative to get
tl

21’
le

+ Q'(x’\e) - Q(X) — Eiysn + Q;T[quﬁ()ee)]_(i (ﬁe)
— Vp(x) fi(x)] + G*T[ V. $(x)D; V()

. 1 o~ A A A ~
Ly = ze{ QTO'ze + ZQiTVx¢(xe)Di,svTx¢(xe)9i

(27)

- Vx¢(ﬁe)Di,svTx¢(£e)]6?} + é,'Twil
with p;, = 6}26’,;6 + 1, @j; is the sum of stabilizing term and the sigma modification term
in the weight adaptation rule. Using the Lipschitz constant Ly and on simplification, we get

; @il AT A (2 5T A Qi1 AT A
L < _T(Hi Gie) + 4 9 0iePi1 + 9 i1+ 0, Gie

{LoXie = 8iyys + 6] T[chb()?e)(ﬁ (%e) = fi (x))

+ (V2glie) = V()00 + 307 19.:0(00DV 90

= Vid(£e)Dis V' xp(2)16; }

with P; = 0] V. $(%)Di sV c(5e)0;.
Here, f(,-,e is the event triggered state-estimation error. This is defined as f(,;e = Xie — )A(,-,e =
X; — X; — e. Applying the norm operator, we get

il =T A AT A T
L2<——(9 le) +4 9- 0P + 6 @i+

le le

T & (Vakr + 67T [V ()L Ko
ple (28)
+ L¢iXi,e]Fi(x)] + Bj1 + LQXi,e}
1 1
B = vagDivgg + Ze;"T[vxgb(x)D,-vggb(x)]e;“.

The second term can be simplified as

~T A a1 =1 AN S 1 ~
4/?[ 6‘9 OiePi1 = 4/3[26 Hi {Vx¢(xe)fi,e - va‘ﬁ(xe)

a;

N U | A s
D VIg(%.)0F + va¢(xe)Di,8V£¢(xe)ei}P,-l
(29)

v, . 9 A o . =
= 8;32 i {Vx(p(xe)(ZLﬁ.Xi,e + Di,qubiXi,eQi + fi)—-

i,e

Vx¢()?e)bi,avf¢(x)9f + Vx¢(£e)Di,aV§¢(£e)9~i}Pil~



Substituting (30) in (29), we obtain
O Vep(R) L Kie + 01 Vi(Re)fi +0.5

l€

0] V. ¢(£e)Djc Ly, Xi o0; — 0.50] V. ¢(£)D; Vi ¢(x)6;
1~ A o -
+ Eel'TVx¢(xe)Di,sV£¢(xe)9i}Pil + 6 @i —

(0731 n % n ~
l HTO'i,eQiTVxﬁb(xe)LﬁXi,e

1

<9T3e) +

le’

le

@il . %
+ || = QTO'lersxi

le‘

ll *
70,' zee TL¢ zef(x)

i,e

+

(0%
+ || =1 —-07 61, + By + LoXi| -

pl e
Using Young’s inequality and on simplification, we get

a1 3 2 ~ Qi1 =T A 2
< —PuPy+ —Pull’* + 6] @i — (6] 670)

8 2 Spie pi,e

3a; I g x 4
2HLfeH 1||9T0',e|| +4ﬁi26||9fvx¢(xe)||

2
+ —||V
2

1 ~ 1 -
* i 4 g el

~ = 1 -
07 Lo Ko + 0% + B

4

4 1
+ 16—A2Ha’ilLf_in e

b

1 -
+32—/3i%e||ai1DiML¢i i.e0
ot Duse L6 +

ie ie

1
Bi» = E”Bil + LQ€||2 +

A *T

O'IeelM |4

+ ;(ZHCZ}L -eH4 + ||a~1D~MVT
652, Cllen kel * llen i ¥y

Rearranging the equation, after simplifying, the first derivative becomes
(073 3 1

Le = (g * 52 ¥ D?M)n dl
it ||| 3a N
—(Ki _ il J|2 le” _ || T||
i,e
2
1 L x[|2 1 12 ||I(~9?<
+5”V il + 652 i |~ + Biz + lzl

i,e



82

1 o 1.
+2 07 Ly X o S| + E||LQX1~||2
2

1 S x| |4 1 \
+ T,@Ze"ailDiML"’f ieOill + 5 || LiXie
S P A

= 50 Vx(Fe)DieLin(Fi)-

1
+ — 16 A2 Halle;Xle

Taking the derivative of the first term in the Lyapunov candidate function, we have
Lit(x;) = Lix(xi)ki = Lix(x) [ fi(x) + gi(xi)iiie]
= Lix(xi)%] + Lix(xi)Biz + %Lix(xi)ﬁi,evgfﬁ()ee)éi
+ Lix(x;)Dips Ly, X6, (30)
Biz = %(D,-(V§¢(x)0;" + V&) + Dy VEp(x)6;
+ Djy Ly, e0; .

Using (31), Li(x;, 8;) = Li1(x;) + Lin(8;), grouping similar terms to get

Li(xl-, él) < _77i04||Pi1|| 771x2||xT|| - nzx“”xT”
~ |
=671+ (G077 L] + 2@ it Dina Lo, 65|
Le
1 1
"o (\a,lLfH i Ll + 5o Gb

1 1 2 1 2
+ (—llLiLeLiD||2 + —||LiLLiD€||2 + _“LQ“ + EHLﬁ-H

—||L,LDLM|| + —||L¢l

|X ” + é:tlcl(e)

where the constants are defined as follows 7,2 = (x; — |aj1| — 3“;’21 = 0.5), &1 = Big +

0.51|8iBis||*+0.25(|8:Bisl|*, iz = Bidi— o

4 4
(Big — ‘l‘HLﬁNH - %||D,~M||4 - % - %”D,-ML(,,,” ). From Lemma 1 and (32), we get

2 1 2 1 2,1
oL pN|| 1L P = IV.e i+, i =

Li(xi, 0:, Xi) < =nigal| P ]I sz2||xT|| — Niol ||)~(l||2 )

- 77ix4||xiT||4 - '7i92||§iT||2 - 771')?4||Xi||4 - 771')?2”Xi||2 + &icl

2
where mie = (o1 = $lLieLinl> = HLiLivel = |Lol = 3|z - S1ziDinel® -
YLa6;1P,

Eicl = &ilobs + 11—6||R[1GT||4 + &ieile),
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Ly . 4 1 |4
Mgt = (o2 = Z' 07" Lo, || - W”ailDiML@Hi
Mgt = Niga—(0.25NR7'Gy+N)\16D?,
I LA 1
— —la; = — — . . —_— K - =),
16[31.28 i1~ f 4 iLLiD 4l 3

The parameters ;1 S, i, /i can be chosen to ensure that the constants in (33) are positive.
The sigma modification term in the weight tuning equation gives the negative term in 6;,
independent of the states.

Proof of Theorem 2:

First, recalling the results from the previous theorem, it can be observed that when
the event-sampling error is set to zero, the bounds obtained in Theorem 1 will be further
reduced. Now, consider the time-driven algorithm between any two event triggering instants.

Case 1: In the event based TD learning scheme, the weights of the NN are held
constant and are not tuned between events. Hence, the derivative of the second term of the
Lyapunov function will be zero. Using the event-sampling condition for the output feedback
and using the definition of the observer estimation error, we get Li;(X;) = (X7 v X; —
2Xl.T7i)A(,~ + )A(l.Tyi)A(i). Now, using the event-sampling condition and X(r) = X(r), tx <
t < try1, We arrive at a bounding function, Li;(X;) < f\il Li(x;) + )A(iTyi)A(i. Now using
the Lyapunov function from Theorem 1, the first derivative is obtained as Li(x;, o;, X,-) =

Li(x;) + Li(6;) + Ly(X;). Substituting the bounds obtained above reveals

L), 6,0 X)) <23 ~TiLn (xlae).
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Case 2(Event-triggered hybrid learning algorithm): In this case, the weights of the value
function estimator are tuned using the past feedback information using (21). Select the
Lyapunov function from Theorem 1, now the first derivative is given by

. ~ . ~ N 2

Lilxi(0), 0:), Xi(0)) <2 )~ ~TiLa (x(t)) + H | X]|

—( | 3 1
2 ~2 SEY)
80ie 8P 4P Dim

i,e

NPl + Hall X"

] llosl>  3e 1 Tl
2 207 2701

1
6]

+ H)Zz”f(i”z - (Kl' -

+ Hj4||}~(,~||4 + By +

2
*«T —_
o; L¢iLﬁH , Hp =

with j being the iteration index for the weights 6; and H 4 = 0.25‘

2
s

2 2
0.5l + |[L4]| - Hoe = 1V cew I + 1 | B = B + 3|

al‘]Lf‘i

H

=

|a/l'1Dl'ML¢i9;F

4 1 4 1 «T 2
o] Yo

167

-
32p?
We obtain the first derivative as

. ~ = N
LiCxi(0), 0:0), Xit) <4 ) ~TiLa(xi(10))

lan| 3 1
_(812 T2 i D? NP
p Pie Pie¥im

i,e

(33)
P 7111 3o,

l A A

o 27

where H)s is the maximum of {Hy, Hu, H2, H 4 }. With the proposed iterative weight

. ,
=M + Haa |2l + B

tuning, the Lyapunov first derivative is decreasing when the states and the weight estimation

errors are outside the ultimate bound obtained from (34).
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Proof of Corollary :

When ¢; = 0, recalling the results obtained for the output feedback case in Theorem
1, it is evident that when the event-sampling error is bounded, ISS like results can be
obtained with state estimation error set to zero. Further, setting the measurement error to
zero, the bounds can be obtained for the state feedback controller operating in continuous
time . Now, consider the inter event period with TD (case 1) and hybrid algorithm (case 2).

Case 1: The weights of the NN are not updated between events in time-driven ADP,
the derivative of the second term will be zero. Therefore, the first derivative can be written
as Lyjp = Zl].\i | (BL;1(x) + 0). From the event-sampling condition, the first derivative is

given as

Li(xi(1)) < —aLiy(x(tx))it € [t, tk+1)-

Hence, it can be concluded that the Lyapunov derivative is negative semi-definite and reveals
that the Lyapunov function non-increasing between events.

Case 2 (Event-triggered hybrid learning algorithm): Select the Lyapunov function
candidate as in case 1. The first derivative is Ly g = Zf-\i | (Lix ()% + Lig). The derivatives
can be used from Theorem 2, case 2 with the observer estimation error set to 0. This gives

a stronger result when compared to the TD ADP.
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III. EVENT-TRIGGERED DISTRIBUTED CONTROL OF NONLINEAR
INTERCONNECTED SYSTEMS USING ONLINE REINFORCEMENT
LEARNING WITH EXPLORATION

ABSTRACT

In this paper, a distributed control scheme for an interconnected system composed of
uncertain input affine nonlinear subsystems with event triggered state feedback is presented
by using a novel hybrid learning scheme based on approximate dynamic programming with
exploration. First, an approximate solution to the Hamilton-Jacobi-Bellman (HJB) equation
is generated with event sampled neural network approximation and subsequently, a near
optimal control policy for each subsystem is derived. Artificial neural networks (NN) are
utilized as function approximators to develop a suite of identifiers and learn the dynamics
of each subsystem. The NN weight tuning rules for the identifier and event triggering
condition are derived using the Lyapunov stability theory. Taking into account, the effects
of NN approximation of system dynamics and boot-strapping, a novel NN weight update is
presented to approximate the optimal value function. Finally, a novel strategy to incorporate
exploration in online control framework, using identifiers, is proposed to reduce the overall
cost during the initial learning period. System states and the NN weight estimation errors
are regulated and local uniformly ultimately bounded (UUB) results are achieved. The

analytical results are substantiated using simulation exercise.
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1. INTRODUCTION

Advanced control [1] schemes are necessary for efficient and cost effective operation
of engineering systems in a variety of applications. The adaptive dynamic programming
(ADP) design [1] aims to address the problem of optimization over time through learning
without needing apriori knowledge of the system dynamics. Solution to the Hamilton-
Jacobi-Bellman (HJB) equation [2] provides the optimal value function and optimal control
policy for a nonlinear system. Due to the difficulty in solving HIB equation directly,
nonstandard techniques [3] which are inspired by the reinforcement learning (RL) [4], are
employed to construct an approximate solution.

In the applications involving real-time online control, iterative learning approach
to generate control actions is undesirable [5, 6] due to the large iterations required for
convergence. Reducing the computations considerably, the time-driven ADP approach
introduced in [6] was designed to adjust its adaptive parameters once at each sampling
instant. This approach was motivated by the one step temporal difference learning (TDL)
of RL. Due to the reduction in the iterations, the optimality of the control sequence in
the intermediate time steps was affected and learning algorithm converged asymptotically
under some conditions [6]. Nevertheless, the stability results of the TDL scheme, despite the
reduction in iterative learning steps and suboptimal control, attracted further investigation
in online control applications [7, 8].

The RL-ADP approach is expected to mimic human intelligence as highlighted in [1]
for control with four desired characteristics. The ability to solve the optimization over time,
through learning; involving a critic to generate reinforcement signal; use of reinforcement
signal to generate the control action; and finally, use an adaptive component to emulate
the system and estimate the internal states. With the advent of networked control systems,
computational efficiency, reduced communication resource utilization and reduced learning

time are also desired for an advanced control scheme.
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However, all the learning schemes in [5] and the references therein, are designed to
work in periodic or continuous feedback framework requiring substantial computations. To
mitigate computational aspects without sacrificing performance, event- triggered control [7]
design was introduced. The event triggered controllers are guaranteed to retain the stability
of the system despite using limited, aperiodic sensor measurements.

In the event triggered controller design presented in [7] using NNs with the time-
driven (TD) ADP, the event-triggering mechanism was derived as a function of estimated
weights of the NN. The rationale behind such a design was to increase the events during
the initial learning period. As a consequence, the event-triggering mechanism generated
frequent events when the NN weight estimation error was significant. This ensured that
the learning process was unaffected by the aperiodic event based feedback. Developing an
event-triggered learning control scheme which preserves stability and the learning efficiency
while retaining fully the benefits of event triggered feedback is still a challenging design
problem.

Later, an event-triggered control scheme with adaptive dynamics programming using
policy iteration (PI) algorithm was proposed in [9]. In order to ensure faster convergence
and real time implementation, a more flexible online learning framework was proposed in
[8] for a large scale interconnected system. However, the scope of the work presented in
[8] was limited to linear systems and the learning algorithm utilized the state-action value
function or the Q-function [4] to determine the optimal control sequence.

ADP based distributed optimal control for interconnected system was considered
in the literature [10, 11]. For such systems, distributed control [12] is preferred with a
learning component. Though the learning schemes in [10, 11] are proven to be efficient, [11]
presents a multi-player non-zero sum game formulation for the distributed control while [10]
presents a robust design approach and both follows an iterative learning approach to obtain
the optimal/Nash equilibrium solution. Moreover, all the control schemes [10, 11, 12, 13]

are presented when continuous feedback is available.
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In contrast, the main focus of this paper is to develop a distributed learning control
scheme for a nonlinear interconnected system with the subsystems coupled by states such that
both the stability and the learning efficiency is preserved when the feedback is aperiodic
and event based. The uncertain dynamics and unknown nonlinear interconnections are
reconstructed using identifier NNs designed at each subsystem. The proposed learning
scheme enables TD learning, with the current feedback information, at the event-triggering
instants and iterative learning, using past data, between events to enhance approximation
accuracy of the NNs employed by the learning scheme.

However, the event based learning schemes in [7, 9] focuses on implementation of
the controller in the event based feedback setting to reduce network resource utilization and
reduce computations. This however reduces the efficiency of the learning mechanism in
the following ways: a) the learning time is increased due to intermittent feedback; b) the
sampling instants are dynamic, therefore, the sampling interval is time-varying, restricting
the use of iterative learning algorithms with fixed iterations; c) All the sensor samples are
not utilized during the learning process as the feedback instants are decided by the event
triggering mechanism. Therefore, an improved learning algorithm utilizing the identifiers
is introduced and a new learning rule is developed, which seems to considerably improve
the learning efficiency of the event triggered ADP algorithms at the cost of additional
computations.

Further, one of the classical problems of RL is the dilemma of exploration vs
exploitation, a problem also observed in forward-in-time ADP based optimal controllers.
This problem is highlighted and a few challenges involved in designing exploration strategies
for control are discussed. A novel exploration strategy, inspired by [14], using identifiers is
proposed. Normally, identifiers are designed to estimate the local states at each subsystem to
implement the hybrid learning control scheme whereas for exploration, an identifier which
can estimate the state vector of the overall interconnected system is required. Exploration

enhances optimality at the expense of computations which can be considered as a trade-off.
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Finally, UUB regulation of the system, identifier states to a neighborhood of origin and
convergence of the developed policy to a neighborhood of the optimal policy are achieved
when the distributed controller using proposed learning scheme with exploration is utilized
and this is demonstrated using Lyapunov analysis. Simulation results are presented to
show the advantages of using the proposed learning control scheme with exploration and
emphasize the challenges involved.

The major contributions of this paper include: a) A RL based novel learning control
scheme suitable for event-triggered control implementation; b) a suite of NN identifier
designs to reconstruct unknown nonlinear functions in the system dynamics; c) a novel NN
weight adaptation rule to reconstruct and learn the approximated optimal value function;
d) an online exploration strategy using identifiers and e) stability analysis using Lyapunov
theory.

This paper is organized as follows: Section Il introduces the dynamics of the system
being investigated and presents a brief background on optimal control, the distributed
optimal control formulation of interconnected system. Section III briefly talks about the
existing event based ADP algorithms and introduces the hybrid learning scheme. Section IV
presents the modified/improved hybrid learning algorithm and discussions on exploration;
System stability analysis and simulation results are included in Section V and VIrespectively.

The conclusions drawn from this study are reported in Section VII.

2. BACKGROUND AND PROBLEM STATEMENT

2.1 Notations

The subscript (e); will be used to denote the variables of the i subsystem in the
interconnected system and (@) is used to indicate that the variable is an estimated quantity;
(8) denotes that the quantity is an estimation or approximation error. The variables R, N

denote the sets of real and natural numbers respectively; ‘R” denotes the n dimensional
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Euclidean space; R denotes the product space generated by R”, R"™. In the analysis,
when x € R”, ||x|| denotes the Euclidean norm; for A € R™™ || A|| denotes its Frobenius
norm. The analysis of the event triggered controller will follow the sampled data approach.
2.2 System Description
Consider a nonlinear input affine continuous-time system composed of N intercon-

nected subsystems, described by the differential equation

i = fil) + gileui + Loy Ay x)), xi(0) = xio M
j#i

where x;(t) € B; € R"*! represents the state vector of the i'" subsystem and x;(z) its

time derivative, B; is a compact set, u;(r) € R™ is the control input, f; : B; — R™,
gi : Bi — R™™ are uncertain nonlinear maps and A;; : R — ‘R™ is the uncertain
nonlinear interconnection between i’ and j" subsystem. The augmented system dynamics

are

X =F(x)+ Gx)u, x(0)=xg (2)

_ T T n N
where F = [(fi +Z§-V:2 AL+ Z;y:ll Av)T] x = [x],..xy] € BCR", B=JB,

i=1

T .
U= [uf, - uﬁ] e R" m = 5\;1 mi, n = Zf.\i] n; and G = diag([g1(x1)..,gn(xn)]). The
following assumptions are needed for the control design.

Assumption 1 The dynamics (1) and (2) are stabilizable with equilibrium point at the

origin. Full state measurements are available for control. The communication network

which facilitates information sharing among subsystems is lossless.

Assumption 2 The nonlinear map g;(x;) is bounded such that 0 < g;, < ||gi(x)| < gim»
in B; for every subsystem.

Assumption 3 The functions f;(x;), Aij(x;,x;), gi(x;) are locally Lipschitz continuous on
compacts.

In the next subsection, the notion of event-triggered feedback and greedy policy

design with aperiodic event based feedback is presented.
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2.3 Event-Triggered Feedback And Optimal Control

Consider a sequence of time instants, {#},”,, to denote the event-sampling instants.
Let x,-(t;'() be the state of the i’ subsystem at time instant t,i. Between successive event-
sampling instants ¢!, t;( .1» the state vector is denoted as X;(t) = x,-(t;'{), Vk € 0 UN. Using
the zero-order-hold (ZOH), the last updated states and control are held at actuators and

controllers between events. To denote the difference between the actual system states and

the state available at the controller, an event-sampling error is defined as

ei(r) = xi(1) - xi(f}), 1, <t <t . (3)
By rewriting x;(¢) using (3), the feedback between events can be defined as a continuous
function x;(¢) = x;(t)—e;(t). Next, define the infinite horizon cost function of the augmented

system (2), as

V() = / " [0() + " (t)Ru(r)|dr @

where Q(x) > 0, Vx € B\{0}, Q(0) = 0, R > 0 are the penalty functions of appropriate
dimensions. Let V(.) and its time-derivative be continuous on a compact set B. Then,
V(x(t)) = = [Q(x) + u” (t)Ru(t)]. Using the infinitesimal version of (4), define the Hamil-
tonian function H(x,u) = [Q(x) + uT(t)Ru(t)] + (0VT /0x)x. The optimal control policy
which minimizes (4) (assuming a unique minimum exists) is obtained by using the stationar-
ity condition as u* = —%R‘lGT(x)(?V* /0x and it is called greedy policy with respect to (4).
The Hamiltonian function can be defined between two event-triggering instants, [#z, tx+1),
as

H(x(t), u(ty)) = [O(x) + u” Ru] + (9V" [dx)x. (5)

The greedy policy with event-triggered state becomes
u*(t) = —%R—IGT(x)(av*/ax) (6)

with X(t) = x(t), t € [tk, tks1).
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Remark 1 Substituting (6) in (5) reveals the continuous time equivalent of the Bellman
equation which is called the HIB equation and its solution, the optimal value function
V*(x(t)), is required to obtain the greedy policy (6). Using a zero-order hold (ZOH), we
can ensure that the control is piecewise continuous (6).

Now, for the interconnected system (2) under consideration, the i subsystem dy-
namics (1) are influenced by the states of the j/* subsystem satisfying A, i(xi, xj) # 0. To
compensate for this interaction, u;(¢) is desired to be a function of both x;(z), x;(¢).

Proposition 1: [15] Consider the it subsystem in (1) and the cost function (4) for

(2), then Ju: (t) € R™i given by
ui* = —0.5R; gl (x;)(AVi*(x)/dx;), Vi€ 1,2,..N. (7)

as a function of x;(¢), x;(¢), for all j € 1,2,.,N, : A;; # 0, where V;"(x) represent the
optimal value function of the i*" subsystem, R; is a positive definite matrix, such that the
cost function (4) is minimized.

Remark 2 The control policy (7) is obtained by rewriting the cost function of the overall
system as the sum of cost functions of individual subsystems [15].

The greedy policy for the augmented system (2) can be obtained using (7) at each
subsystem, given the system dynamics and the optimal value function. Since the system
dynamics and the optimal value function are unknown function approximators are used to
approximate the same.

2.4 Event Sampled NN Approximation

With the objective of finding the approximate optimal value function as an approxi-
mate solution to the HJB using aperiodic event-triggered feedback, the event-based NN ap-
proximation [7] is utilized. Define a smooth function, y : B — R, inacompactset B C R".
Given gy > 0, 30* € RP™ : y(x) = 0" ¢(x.) + &.. The event-triggered approximation

error &, is defined as €, = H*T(¢(xe + e) — ¢(x.)) + &(x), satisfying ||&.|| < ey, VX, € B,



95

where x, x, are continuous and event triggered variables, e is the measurement error due to
event sampling, £(x) is the bounded NN reconstruction error and ¢(x,) is an appropriately
chosen basis function.
Remark 3 An important relationship between the accuracy of NN approximation and
frequency of events is revealed by the representation of the NN approximation with event-
triggered aperiodic inputs [7], introducing a trade-off between the sampling frequency and
approximation accuracy.
The following assumption is required for the ADP design.
Assumption 4 The solution for the HIB (5) is unique, real-valued, smooth and satisfies
Vi(x) = fi 1 V¥ (x). Further, ¢(x) is chosen such that ¢(0) = 0, the activation function and
its derivative and the constant, target NN weights are assumed to be bounded [5, 6].

The parameterized representation of the optimal value function using NN weights

0" and basis function ¢(x.) with event based inputs is given as
* *T
Vi(x) = 6" ¢(x.) + &(x) (8)

where £(x,) is the event driven reconstruction error. Define the target NN weights as 6 at
the i'" subsystem. Using a parameterized representation (8) for V*(x), HIB equation [6, 15]
can be derived as

. 07V, (0)DVT (x)6;
0; Vip(x)f; - 4 ¢(X)lé)1 o 9)

+ Eiusn + Q,’(X) =0

where Q;(x) > 0, D; = gi(x)Ri "¢ (x;), fi= fi(x)+ Z]}]:l Ajj and &, = Vel (f i —
Jj#i

0.5Di(VTx¢(x)9;‘ + V&) +0.25D,;V,&;). The estimated value function is given by Vi(x) =

éiT¢(x), where 6; is the NN estimated weights and its gradient along the states is given by

Vi /dx; = éiTquf)(x) and V,¢(x) is the gradient of the activation function ¢(x) along x.

The Hamiltonian function using V;(x,) = OAiT¢(x€) reveals
H =Qi(xe) + éiTVx¢(xe)7i

—0.2507V ¢ (x.)D; e V7 (%)

(10)
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where D;, = Di.(x;) = gi(xie)Ri 'g"(x;e). The estimated optimal control input is

obtained from (10) as
e = —0.5R gl (i) V. (X,), Vi € 1,2,..N. (11)

Note that (10) is used as the forcing function to tune ;. The NN identifier design with
event triggered feedback is introduced in the next subsection. The identifiers are utilized to
generate the uncertain nonlinear functions and also for the purpose of exploration, which

will be discussed in section IV.

3. EVENT DRIVEN ADAPTIVE DYNAMIC PROGRAMMING

In this section, first, NN identifiers are designed at each subsystem to approximate the
uncertain nonlinear functions in (1). Then, the event-triggered hybrid learning algorithm
for constructing an approximately optimal control sequence using the identifier NN is
introduced.

3.1 Identifier Design For The Interconnected System

For approximating the subsystem dynamics, consider a distributed identifier at each

subsystem, which operates with event triggered feedback information

X = (&) + gi(R)uie + 27:1 Aij (i, %)) — Aiie (12)

j#i
where X;, = x;, — X;, is the event-driven state estimation error and A; > 0 is a positive
definite matrix which stabilizes the NN identifier. Using NN approximation, the parametric
equations for the nonlinear functions in (1) are gi(x;)) = Wi,0i(xi) + &ig(x;), filx) =

Wi roir(x) + & r(x); where W;, denotes the target NN weights, 07, denotes the bounded NN

activation functions and g;, denotes the bounded reconstruction errors.
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Using the estimate of the NN weights, W;,, define f (x) = W; 7oip(x) and g;(%;) =
Wigaig(ﬁi). Now, to analyze the stability of (12), define the state estimation error ¥;(f) =
x;(t) — %i(¢). Using (12) and (1), the equation describing the evolution of X;(¢) is revealed as

51 = Wipoip(x) + Wipip — WipGip + [Wigoig(xi)+ 13

WioGig — WigTigliie + Eigtie + &if + AiXi + Aje;
With Gie = 07e(X) = 01e(%), Wie = Wie — Wi.
Remark 4 Note that the approximation of f(x) requires the states of the i'", j'* subsystem
satisfying A;j(x;, x;) # 0. Therefore, the inputs to the NN are X;, xj ., X;. Due to the presence
of xj . as input, the identifier is considered to be distributed.

With the proposed NN identifiers at each subsystem, the control design equations
(10)and (11) can be re-derived as H = Q,-(xe)+éiTVx¢(xe)fi—0.259AiTVx¢(xe)D,~,8VTx¢(xe)§i
and ;e = —0.5R, ™" 87 (x;.)0T V  p(x.), Dip = 8i(xie)Ri ™87 (x;.). To this end, all the design
equations to learn the greedy policy u;(¢) without requiring the nonlinear functions fi,gi
and V;* are developed. Next, define the following positive definite, radially unbounded
Lyapunov candidate function for the identifier

Jit(%is Wip, Wig) = Jix + Ji7 + Jig (14)
with Jiz = 0.5 %7 Pifi, J;7 = 0.5un W5 Wip + o.zsﬂi4(Wi§Wif)2, Jig = 0.5u3 W Wig +
0.2545(WE Wig)® + 0.125116(WE Wig)': where i, Pi > 0, j = 1,2,..6. Local UUB
regulation of X;(¢), Wi.(¢) is achieved when (13) is injected with a non-zero bounded input
e;(t) and this result is summarized next.
Lemma 5 Consider the identifier dynamics (12). Using the estimation error, X;(t), as a
forcing function, define NN weight tuning using the Levenberg-Marquardt scheme with

sigma modification term to avoid parameter drift as
=T
s AifoifXx;, N
Wip = ——— — i Wiy,

~T
Cif + xi,e

T (15)
aigO'igu,-,exi’e
ig = ) 7 Kigvvig

. ~T T
Cif + ‘ xl.,e ui,e
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where a;y, Qjg, Kif, Kig, Ci f are positive design constants. The error dynamics using (15) are

obtained as ’

—QifOifX;, -

Wif = +K,'fW,'f,
Cif + H)ZT

ie

(16)

~ A

=T
—QigTiglieX; ,
> + KigVVig .

2

T
e

T

u.
i,e

Cif + H)Z

If u; (t) is stabilizing, then 3a; ¢, ajg, Kif, Kig, Ai > 0 such that (13) and (16) are stable and
%i(t), Wie() are locally uniformly ultimately bounded (UUB).

Proof: See appendix.
Remark 5 The assumption that the control input is stabilizing and the measurement error
acting as an input e;(t) is bounded will be relaxed in the closed loop stability analysis (See
Section V). The stability of the identifier in the presence of measurement errors is required
to employ the identifiers for the purpose of exploration, wherein the measurement errors in
(13) are replaced by bounded exploratory signals.

Now, an event-triggered implementation of the distributed controller design for (2)
using hybrid learning algorithm is presented.

3.2 Event Based Hybrid Learning Scheme

A brief discussion on the hybrid learning scheme [15] with uncertain dynamics is
presented here. An event triggering mechanism is required at each subsystem to determine
the discrete time instants when: 1) the i’ subsystem controller receives x;(z); 2) u;(¢) is
updated with the latest states at the actuator and 3) x;(¢) is broadcast to the neighboring
subsystems. Define a positive definite, continuous function J;(x;) = xl.Tl"ix,-, with I; > 0.

For 0 < a; < 1 and k € N, design the event-triggering mechanism to satisfy the condition
Jix(xi(0) < (1+ 1 = Daidix(i(r)), 1 € [, 1), (17)

with 7§ =0, Vi € 1,2,., N.
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Remark 6 Note that t;; and ti, for i # j are independent. The objective of this paper is
to develop learning algorithms which accelerates the learning process when the feedback
from the system is available only at aperiodic, event triggered time instants. Therefore,
the learning algorithms presented in the paper are independent of the event triggering
condition.

The optimality of the value function in the event based temporal difference (TD)
algorithm in [7] is directly related with the frequency of event-triggering instants. To
improve the estimate of the optimal value function, past data can be used in between events
to further bring down the HJB residual error which reduces the NN weight estimation error
0; = 07 — 0;. Also note that the time between consecutive events is not constant. Therefore,
the RL based iterative algorithms which perform iterative learning until a stopping criterion
is satisfied require strong conditions on the inter-event period. This stopping criterion is
pre-decided as a minimum threshold on the HJB errors.

In the hybrid learning scheme, the weights of the value function approximator NN

are tuned during 7} < 1 < 1|

11> using the HIB residual error calculated at t;;. With the

approximated dynamics using identifiers, the weight update rule for the proposed hybrid
scheme is given by
— (aniiiHy) /(1 + lﬁ,-Tl/;i)2 +0.5u1 VD! P;%;
éi = - k30, + O.SQiVngbﬁix,-, t = t;; (18)
(i) /(U4 G0, th <t <l VK eN.

where J; = 0H;/00;, D; = 8:(x))Ri™"' 87 (x;) and p;1, Pi, k3, @iy > 0 are design constants. As
a consequence of the weight updates in the interval (tz, tx+1), the convergence time for the
learning algorithm is reduced.
Remark 7 The estimated Hamiltonian in (18) utilizes the approximation f i» 8i to calculate
the HJB error. The term 0.5y; 1Vx¢Dl.TP,~)Z,~ in (18) can be viewed as a compensation for

the identification errors (13) and k30; in (18) is the sigma modification term to relax the

persistent excitation (PE) condition and avoid parameter drift.
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Remark 8 If the t,i R t;'c is large, sufficient time is available to tune the NN weights such
that the HJB error reduced to a value very close to zero. This provides a value function

estimate very close to the optimal value function.

The proposed hybrid learning scheme is best suitable for online implementation.
Nevertheless, the hybrid learning scheme seem to be inefficient due to the fact that it does
not utilize the feedback information and the reward signal available during the inter-event
period. The classical problem of exploration vs exploitation and a modified/enhanced
learning algorithm which overcomes the drawbacks of the hybrid learning scheme are

introduced next.

4. LEARNING WITH EXPLORATION FOR ONLINE CONTROL

The basic idea behind the enhanced hybrid learning scheme is presented first and
the role of the identifiers will be highlighted. The identifiers presented in the previous
section are used to approximate the subsystem dynamics. In contrast, in this section the
NN identifiers which approximate the overall system dynamics will be designed at each
subsystem to aid in the implementation of the modified weight update rule which will be
introduced in this section. Finally, the role of exploration and the challenges involved in
online control will be discussed.

4.1 Enhanced Hybrid Learning

The state and control information along the state trajectory during the inter-event
period is unused in the existing algorithms leading to inefficient learning. Instead, this
information during the inter-event period can be stored and used to update the weights of the
value function NN at the event sampling instant. It should be noted that the state information
during the inter-event period is not available at the controller/learning mechanism though

it is measured and utilized at the event triggering mechanism.



101

Therefore, the state and control information can be stored at the trigger mechanism
and transmitted to the controller at the event sampling instants. This means that for the
interconnected system, the states are to be transmitted from the sensor to the controller at
each subsystem and broadcasted to other subsystems. As a consequence, the communication
overhead is increased as the packet size will increase due to fewer events.

To mitigate this problem, the identifier located at each subsystem can be used
to generate this data and can be used in the learning process. However, the use of online
identifier and the controller together results in an unreliable set of data for the value function
estimator as demonstrated later in the simulation section. By tuning the identifier weights
first, the data generated by the identifier can be utilized for learning the optimal value
function. Let the sensor sampling frequency be defined as 7;. Consider the weight tuning

rule . o
_anyilp  apy Vil

A2 ama D
. (IL+¢lg)”  (1+97Y)
9[ = IN AT - i (19)
O.SQiVquﬁDix,- + 0.5/,li1Vx¢(X)Di Pix;, t= 5

- K3éi+

—(an i )/ (1 +§T3:), 1 <t <ii,, VkeN.

with the design variables similar to (18) and H;, ¥, are the estimated Hamiltonian and
its derivative with respect to the NN weights calculated using the estimated states during
the inter-event period. Since H; is a function of the overall states, a NN identifier which
approximates the overall system can provide the overall state estimate at each subsystem
and the design of such an identifier is briefly presented next.

Remark 9 From the simulation analysis, it is observed that gains satisfying a;1, > @i,
vields better resullts.

4.2 Identifiers For The Enhanced Hybrid Learning Scheme

Consider the NN identifier at each subsystem as

A A

X; = EX) + Gi(X)U;, — AiXie (20)
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where the subscript i indicates variables available at the i'" subsystem; F;, G; are the
approximated functions of the overall dynamics F, G; X is the estimate of x in (2) and U
is the augmented control u. In contrast to (12), the identifier described by (20) estimates
the states of the interconnected system (2) to collect the state information and calculate the
reinforcement signal for the inter event period. The actual and estimated weights for the
functions F;, G; can be defined as in Section III. A and equations similar to (13)-(16) can
be derived for the observer in (20).

Remark 10 The observer design procedure for (20) is similar to that in (12). Therefore, all
the details are not included. However, there are a few major differences in the NN design.
Since the observer in (20) approximates the nonlinear mapping of the overall system, first,
the NN takes as input, the vector [)?lT )?IT]T, Vj =1,2,..N instead of X;; second, the number
of neurons in the hidden layer are to be increased as the domain of the nonlinear map being
approximated are of higher dimensions.

The local UUB of the identifier presented in Section III is applicable to the identifier
designed in this section. Therefore, to avoid redundancy, the results are not re-derived at
this point. With this NN identifier, the weight update rule (19) can be realized.

Remark 11 The use of function approximators to learn the optimal value function and
system dynamics adds to the uncertainty of bootstrapping [4] in finding the optimal control
inputs. In addition, since the learning scheme is based on asynchronous generalized
policy iteration (GPI) [4], the initial weights of the function approximators affect the state

trajectory and cumulative cost (return).

Remark 12 The proposed enhanced hybrid learning scheme can be viewed from the RL
perspective as follows: in the inter event period, the system generates reinforcement signal
along the state trajectories which are not fed back to the controller. This AAYexperiencedAZ
is not utilized by the learning schemes presented in [7, 9, 15]. Therefore, the additional
term, ajn,ViH; /(1 + ‘i’f‘i’i)z, in (19) uses the 4dAYexperiencedAZ in the inter event period

to provide a better optimal value function estimate.
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4.3 Role Of Identifiers And Exploration In Online Control

One of the classical problems in the RL literature [4, 14] is the dilemma of explo-
ration vs exploitation. To understand this problem let us consider the RL decision making
problem. The decision making process consists of constructing maps of states to expected
future reward using reinforcement signals [4]. The future actions are influenced by this
prediction of future reward, i.e. using the feedback signal, the HIB error is computed and
the approximate optimal value function is updated based on the HJB error; the estimated
value function is then used to obtain the future control action. If the control action is of the
form (11), then it is a greedy policy and hence, exploitative. This is due to the fact that the
control policy exploits the current knowledge of the optimal value function and minimizes
the Hamiltonian (10). In contrast, if a control policy that is not greedy is applied to the
system, then the control policy is said to be explorative. One has to ensure stability when
such a policy is used in online control.

The PE condition is an important requirement for the ADP control methods in [5] for
the convergence of the estimated parameters to its target values. This condition ensures that
sufficient data is collected to learn the unknown function before the system states settle at
an equilibrium point. Adaptive control theorists developed sigma and epsilon modification
techniques [3, 16] to prevent parameter drift and relax PE condition requirement. However,
from a learning perspective the sigma and epsilon modification techniques inhibit the
learning algorithm from exploring.

To perturb the system and to satisfy the PE condition a control policy of the form
w,(t) = u(t)+&(t) was used in the learning algorithms presented in [5, 6] and the references
therein, where £(¢) is seen as an exploratory signal and u is a stabilizing/greedy control
policy. For example, random noise signal was used as &£(¢) in the simulations; while [17]
explicitly considered the control law with &£(¢) to develop an actor-critic based ADP design.
To relax the PE condition, sufficient data can be collected to satisfy the rank condition, as

indicated in traditional adaptive control [16]. It should also be considered that exploration
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signal £(¢) is not easy to design. Although several exploration policies are investigated for
finite Markov decision processes [4] and offline learning schemes [4, 14], an exploration
policy which can provide guaranteed time for convergence to a near optimal policy for an
online control problem is not available.

Also, in control, issues of stability and robustness are non-trivial. The system can
become unstable in the process of exploration due to the application of £(¢) in the control
action. Inspired by the work on efficient exploration in [ 14], a novel technique to incorporate
exploration in the learning controller is developed next.

4.4 Exploration Using Identifiers

The TD learning [4, 6, 7] and the hybrid learning schemes [8, 15] reduce the HIB
error but H;(x, u;) # 0 every time the control action is updated; i.e., optimality is achieved
only in the limit ( — oo, V — V*). Further, in asynchronous learning [4], the optimal value
function is learnt only along the state trajectory and not the entire state space. Therefore,
the initial weights of the value function approximator affect the cumulative cost of operating
the system. To minimize the cost during the learning period an exploration strategy using
identifiers is presented next.

First, consider the identifier described by (20). We will consider two sets of initial
weights, one of which will be used by the controller to generate the control action wg) (1) =
ugl)(t) + fl.(l)(t), such that .fl.(l)(t) = 0; the other one will be exploratory policy wlg)(t) =
ul@(t) + gl.(z)(z) with fi(z)(t) # 0, used with the identifier. Fig. 4.1 is a simplified block
diagram representation for implementing the proposed exploration strategy. It can be
observed that in order to incorporate exploration without affecting the performance of the
existing controller, an addition identifier and value function estimator are required.

Let® lis (:)21- be the weight vectors at the ith subsystem. Calculate the Hamiltonian as
AP (50) = Qi + 0LV g(%,) fi- 10TV p(2.)Di V7 1¢(£,)0,; where p = 1,2 for each initial

weights. We can construct the cost function trajectory with the value function estimator
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Fig. 4.1. Block diagram representation of exploration strategy.

using the NN weights ©,;, ©y; for both the policies wg), wg). Similar to (7), the stationarity
condition can provide the u; , from I:Il P, Using the Hamiltonian error, the NN weights are

tuned using the weight update rule (19).

Thus, we can obtain two policies, one exploitative and the other using an exploration
policy. For example a random exploration policy can be used. For each initial NN weights,
a cost function, control policy, Hamiltonian error and state trajectory is generated. During
the learning period, using the performance index, the cumulative cost be calculated, for
p € {1,2}, using the integral

V() = / e |00+ 2 (R ()] ar. @1)
i ; ie ie

Note that the value function trajectories for the two policies start at the same initial
cost and evolve based on the function Q;(x) + wff)T (T)Riwl.(f)(r). Let the time instant
t = tywiren denote the time at which the difference between the cumulative rewards due
to the two control policies start to increase steadily. Define \7i*(®) = min{Vil(t), Viz(t)}.
Using the value function approximator NN that corresponds to the estimate ‘7i*(®) generate
the greedy policy at the event based sampling instants t]i > tswiten, Yk € N. If both the
policies result in the same cumulative cost Vil(t), Vf(t), the reliability of the cost function

estimate can be evaluated by using their HIB error. Choose the estimated value function Vl*
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such that 6; satisfies the condition §; = min(arg min (I-AII.1 ), arg min (I:Il.z) ). Thus, \71* which
e e)

is close to the optimal value function is used to glanerate the cozntrol action and potentially
minimize the cost during the learning period. Note that the exploration policy need not
necessarily yield a reduced cost function trajectory during the learning period. However, it
is observed during the simulation analysis that the appropriate choice of exploration policy
can significantly reduce the cost during the learning period.

Remark 13 In contrast to [14], the exploration strategy presented here evaluates the
cumulative cost due to the two policies and by relying on the cumulative cost observed

Jfrom the past experience, chooses the approximated value function learnt using the policy

which resulted in lower cumulative cost.

Remark 14 The sigma/epsilon modification term ( k30, ) added in the learning rule (19)
ensures that the approximated value function reach a neighborhood of the optimal value
function, without compromising the stability. Further, the control action @;, generated
using the proposed learning algorithm without the exploration strategy (& = 0) is always
exploitative as @;, = u;,, minimizing the cost function (4). Therefore, injecting exploratory
signal &;, to the identifier and searching for a better policy using the proposed exploration
strategy is not going to affect the system performance or stability. In contrast, it can only
improve the optimality of the control action. Therefore, it is a very efficient tool for online

learning and control applications.

Remark 15 The learning schemes which collect data online using stabilizing controller
and then use the data collected to update the value functions can also use this scheme during
the initial learning period to collect sufficient data points. The advantage is that the control
policy minimizes the cost function even during the learning period and sufficiently ’rich’

data can be collected using the proposed exploration strategy [5].

Using Lyapunov based analysis, the stability results for the closed loop system is

presented next.
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5. STABILITY ANALYSIS

In this section, first, a more generic result which establishes the fact that the contin-
uously updated closed-loop system admits a local input-to-state practically stable Lyapunov
function in the presence of bounded external input (measurement error). This result is
required to ensure that the event triggering mechanism does not exhibit zeno behavior.
Further, it is shown using two cases that as the event sampling instants increase, the states,
weight estimation errors and the identifier errors reach a neighborhood of origin. Using the

fact [6] that the optimal controller renders the closed-loop dynamics bounded reveals

1/ (x) + g™l < l6(x0)Il = Ci [ x]| (22)

where 6(x) € R", C; € R.
Theorem 1 Consider the subsystem dynamics (1). Define the NN weight update rule (18)
for the value function approximator and (15), for the identifiers. Then, 3a;,, u;, k3 > 0 and
computable positive constants which define the bounds for 6;, W; fs Wig and x, X; and all the
closed loop signals are locally uniformly ultimately bounded when a bounded measurement
error is introduced in the feedback.

Proof: See appendix.
Theorem 2 Consider the augmented nonlinear system (2) and its component subsystems
(1). Define the NN weight update rule (18) for the value function approximator and (15),
for the identifiers. Let events be generated when (17) is violated. Then, computable positive
constants that define the bounds for 0;, W; 1> Wig and x, X; exist and all the closed loop signals
are locally uniformly ultimately bounded.

The proof of Theorem 2 is a special case of Theorem 3 and therefore, all the details

are not provided to avoid redundancy.
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Remark 16 From the results of Theorem 1 the closed-loop system admits a Lyapunov
Jfunction which satisfies the local input-to-state practical stablility (ISpS) when the mea-
surement error is bounded. By analyzing the same Lyapunov function during the inter-event

period, using the event-triggering condition, the boundedness of the measurement can be

established.

Remark 17 Appropriate choice of design parameters will result in lower bounds on x, X;

and 0;, W; 1> Wig. Redundant events can be avoided using a dead-zone operator [7].

Remark 18 Define the minimum time between two events as Tin = min{fty+1—t;}, Yk € N.

Then tmin > 0 as a result of Assumption 3, Theorems 1 and 2 [7].

Now the close-loop stability results with the modified learning algorithm and ex-
ploration is presented.
Theorem 3 Consider the augmented nonlinear system (2) and its component subsystems
(1). Define the NN weight update rule (15) for the identifiers (20). Define the event-
triggering condition (17). Then positive constants can be computed that define bounds
on the NN weight estimation error 0;, W; 1> Wig, the interconnected system states and X(t)
are locally bounded. Further, when the NN weights are tuned based on the rule (19), the
state vector and weight estimation error for the value function estimator monotonically
decreases for all t. Under the assumptions prescribed in the previous sections, the value
function estimator error and the identifier states corresponding to each value function
estimator NN remain locally uniformly ultimately bounded.

Proof: See appendix.

A walking robotic system is used as the simulation example to verify the theoretical

results.
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Fig. 4.2. State Trajectories (Dotted Lines - Hybrid vs Enhanced hybrid algorithm).
6. SIMULATION RESULTS

In this section, three coupled nonlinear subsystems are considered for application
of the distributed ADP algorithms presented in this paper. The three subsystems are
physically meaningful in that they capture the thigh and knee dynamics of a walking robot
experiment [13]. In the following, yi(7) is the relative angle between the two thighs,
v2(t) is the right knee angle (relative to the right thigh) and y3(¢) is the left knee angle
(relative to left thigh). The controlled equations of motion in units of (rad/sec) are y(t) =
0.1[1 = 5.2573 (1 (1) = 11 (1) + 110, () = 0.01 |1 = paya(0) = y20)? | 32(8) = 472(0) -
720)+ 0.05 Ty (071 (0)+0.1(7a(1) = ¥3(0) + 12(4), F3(0) = 0.01 [ 1= pa(ya(0) = v30)*| 73(0)-
4(y3(t)—y3¢)+0.057y1(¢)y1(¢)+0.1(y3(¢)—y2(2))+us(t) where y; correspond to the dynamics
of the i subsystem (SSi). The control objective is to bring the robot to a stop in a stable
manner. The parameter values (2., ¥3¢, P2, p3)(f) can be considered in the model taking on

the values (-0.227,0.559,6070,192).
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Fig. 4.3. Control torques (Dotted lines - Hybrid vs Enhanced hybrid scheme).

The control scheme proposed in this paper requires 3 NNs at every subsystem.
All the NNs were designed to have two layers and formed random vector functional link
networks [3]. The NN that approximated f;(x)+A;;(x), was designed with 25 neurons in the
hidden layer. The other two NN that approximated g;, V;" were designed with 7,6 hidden
layer neurons respectively. The following initial conditions were set for the simulation:
%(0) € [=1,1], £(0) = 0, 6;(0), Wi£(0), W;g(0) € [0, 1].

The controller parameters are: a;1, = 40, @iz, = 0.03, y; = 1.95, P; = 2, k3 = 0.001,
0Q; =20,R; =1,A; =80, Cir = 0.5, kjy = kijg = 0.0001, @y = @;g = 100 and I; = 0.99.

The robotic system is simulated with the torques generated using the control al-
gorithm with hybrid and enhanced (modified) hybrid approach and exploration. It can be
observed that the states reach their equilibrium point faster in the modified hybrid approach
(Fig. 4.2).

The magnitude of the control torque for the hybrid ADP based learning scheme and
the enhanced hybrid approach are compared in Fig. 4.3 using the event triggered feedback.
The enhanced hybrid scheme converges faster due to the improved learning as a result of

using the reinforcement signals during the inter event period for tuning the NN weights.
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Fig. 4.4. Identifier approximation error.

Convergence of the identification error ensures that the reinforcement signals used
to learn optimal value function and policy are reliable. To test the analytical results for
the identifier, 500 different initial conditions and exploration signals like random noise and
trigonometric functions of different frequency but restricted in magnitude to 0.1 were used.
The states estimation errors converged on each of these simulations as seen in Fig. 4.4.

The optimal value function is learnt using the consistency condition dictated by
the HIB equation. A lower Hamiltonian/HJB residual error implies that the value func-
tion weight estimate is close to the target weights. Evidently, from Fig. 4.5, the en-
hanced/modified weight tuning rule improves the optimality due to faster convergence of
the HJB residual error. This can be attributed to the fact that with the enhanced weight
tuning, more information about the states and the corresponding value is utilized to tune
the weights. This information is extracted from the reward signal obtained during the

inter-event time with the estimated identifier states.
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Fig. 4.5. Comparison of HJB error and Comparison of cost.

To verify the proposed learning scheme, the cumulative cost calculated for the
hybrid learning algorithm and the modified update rule taking into account the states and
reinforcement evaluated in the inter event period are compared in Fig. 4.5. For 500 randomly
chosen initial values of states of the system and identifier, the ratio of the cumulative cost
at the end of 20s for hybrid and the proposed learning algorithm is recorded in Fig. 4.5.
Due to the dependence of the learning scheme on the identifier, the convergence of the
identification errors should precede the convergence of the controller.

The improvement in the learning scheme is a result of the weights updated between
events using the past data and the exploration strategy. Finally, four additional NN ap-
proximators were utilized, each initialized with the weights randomly selected in [0,2]. To
demonstrate the efficiency of the proposed strategy in off-setting the effects of initial NN
weights, each of the randomly picked weights were used to generate a control policy and
the cost function over time using additional identifiers for each NN weights. These cost
trajectories are compared with the cost function trajectory of the system with the exploration
strategy presented in the paper.

The variable ©7(¢) is the estimated NN weights which are used to generate the con-
trol action sequence, selected by the exploration strategy, online. This seems to optimize
the performance of the system better than the other policies as seen in Fig. 4.6. Since
multiple NNs are used to generate the cost function trajectories using the identifier states,

computations are increased. However, the effect of the initial weights of the NN approxi-
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Fig. 4.6. Cost function trajectories.

mator on the cost function trajectory is reduced and the learning algorithm eventually uses
the optimal approximated value function which yields the best sequence of control policy,
in terms of the cost function. This again can be considered as choosing the cost function
estimate which has yielded better reinforcement signals in the past. In doing so, the choice
initial weights play far lesser role in the resulting cumulative cost during the learning period

and hence, the transient performance.

To test the event triggering mechanism, the sensors were sampled at 1 ms and the
number of events generated are recorded. The ratio of total number of events from the
3 subsystems with the total number of sensor samples collected are computed as 0.5108
for the enhanced hybrid learning scheme and 0.4981 for the hybrid learning scheme. This
demonstrates the benefits of the enhanced NN weight update rule when compared with the
hybrid learning rule as almost 51% of the sensor information sampled at the event triggering

mechanism is not used by the learning algorithm in the hybrid learning scheme.
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7. CONCLUSIONS

A novel enhanced hybrid learning scheme is introduced with exploration by using
a model which in turn is utilized for the control of interconnected systems. Local UUB
regulation of the system states, NN weights estimation errors and the identification errors
are achieved with the proposed. The NN identifiers approximated the system nonlinearities
and also aided in evaluating the exploration signals to gather useful information about the
system dynamics which improved the optimality of the control actions. The proposed
learning scheme seems to match and better the performance of continuous time TD ADP

learning scheme with limited feedback information with some addition computations.
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APPENDIX

Proof of Lemma 1:

Consider the following Lyapunov candidate function J;; (X, Wiz, Wig) = Jiz+J, iz

. ST g ) g
with Jiz = 3unXTPX;, J.; = %lliZWl?}Wif + iﬂm(Wi]}Wif) and Jizg = %ﬂi3WZ;,Wig +

: ,ins(WgVV,-g)z +1 ,u,-6(VT/£W,~g)4, where p;;, P;, j = 1,2, ., 6, are positive constants of appro-

priate dimensions. Consider the first term in the Lyapunov function. Taking the derivative
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and substituting the estimation error dynamics yields
Jix = un X! PiA X + pn X] Pi(Wipori p(X;) — Wi pGig
+ [Wig0ig(Xi) = Wig0igUie + €igUi e + WigOig Ui
+&if + Wipbir + AE))
where E; is the vector of event triggering errors from all subsystems. Applying the norm
operator and choosing the design matrix A; as Hurwitz results in
Jis < —ﬂmin(ﬂilqt)||Xi||2 + Nt I |XT 1P| Wi |
et RO+ Haain || Nl LW [lrig ()| + [l
+ |[Wig||[|oie(Xi) = oigXD|T|Tse|| + Mgean | X || 122
leif || + Wi ]| lomip (X0) = o (K| + NN IE: 1]
where the solution to the Lyapunov equation for the pair (A;, P;), 2g; is used; A,,;, indicates
the minimum eigenvalue; ||0je|| < Njse, the number of hidden layer neurons, the subscript
M with the weight variables denote the bounds on the target/ideal weights, ||E;|| < Ejj and
&ieMm 1S the bound on the reconstruction errors.
Using the Youngs inequality (Va, b,e > 0,ab < g—i + #) the Lyapunov derivative
becomes
Jig < =Amin(uin @i — %)”Xi”2 + %H#il||2||Pi||2||Wif||2
Niog + s NP W] gl Ul + 0.5l
P12 | Urell” + 201t 1PN AR Wi Niog | Ure |
+ 0.5 it IPIPAP (&g + AW sy Nios + AP ER).
Utilizing the definition of the control policy, we have

2

03l <R W2 g N [ V2@ IO+ 1R N [We [V (i)

R N Wi [V @k + R [P W Vi Ve 00
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Using this in the Lyapunov function derivative and expanding the terms and applying
YoungiAZs inequality, the first derivative is simplified as

. - - - 1 -

iz < =Amin(pin@s = 3K+ 0.5 Wig[* + 15Wig|* + s + G IR + ||

11 1 o
+ (5 IR N |V 000

(23)

where the bounds on the gradient of the optimal value function, Vl’; Ao 18 used to define the

term n;,xp as
&

_1114 M
leM
2 2 2 4
16]Vzog + 4]\IzogWgM/ szog + 81gM/Wng
+ N [ Wigpy) + 0125 || PAI*NG, - + 0125 ||®
8
81| p—111811/8 2 2 Cight
”Pi” ”R || WigM zog(jvzog +OO6251\]10g 8 )
16Wl.gM

2 2 —1)12 2
+ 0.5 it PN Pl (Epa | R Wi ps Niog Views + 4Witss

tag”R 1” lxM +8fM +4vvl2fM iof + HA ||2EM)

Now consider the second term in the Lyapunov candidate function. Taking the derivative
and using the weight estimation error dynamics reveals
Jij= mwﬂaiff 7 Fie + Wi Wig
cif+ X.,eXi,e
u,-4( W,f)W a,fO',fXT
- cir + X Kie

+ s W Wip W] ki p Wip

Using the fact that a/(1 + a’a) < 1, Ya € R and the Youngs inequality, we get

< = (min(pinkiy) = D|[Wig (24)

= (Amin(Hiakif) — 2)||Wif||4 + NiofB

where the bounded term is given by
Mioss = 0.5 all [l | (N + Wil [l [

+ 0125 pia [l || OV -+ Wil e [



119

Finally, consider the last term in the Lyapunov candidate function. Taking the derivative
and substituting the weight estimation error dynamics yields

Jig = 1isWl (~(igoigUi X[,/ 9) + KigWig)

+ wis(Wl Wig Wi (—(igoig Ui X1,/ 9) + KigWig))

+ ﬂi6(ﬁ/l£;Wig)3(ﬁ/l£(_(aigO-igUi,eXZe/ﬁ) + kigWig))

Similar to the simplification procedure above, we get

jig < _/lmin(,ui3Kig - 1)||ﬁ/lg||2 - Amin(ﬂiSKig - 2)||Wzg||4 (25)
- /1min(/1i6/<ig - 3)||W/lg||8 + TiogB

where p = ¢iy + Xl.Tef(,-,e Ul.TeU,-,e and the bounded term

NiogB = 0.0078y?6a§g(N4 + W%Mkfg/afg) + O.SCx-zg,ul.z3

iog i i
K4
2 2,2 4 4 a2 4 Kig

(Niog + VVigMKig/aig) + 0'125“i50ig(Niog + VVigMa/_“)-
ig

The first derivative of the Lyapunov function is obtained as

Jir < ~dminpinds = DI = A = Dl
+ Nio — Amin(MisKig — ;)||Wig||4 — (Amin(pizkif) — 1)
Wil = AminCais i =3 = Q.5 + AW |

~ (Amin(piasig) = 2.5)|[Wiy [

~ 4
+ (5.5 + 0125l it I P3| * N ) V1 (x0)O4

Since the control policy is bounded and the final Lyapunov derivative expression reveals

Jir £ =Amin((i1gi — 3-5)”5([”2 — Amin(Mi3Kig = 1)||Wig||2
- /lmin(/liSKig - 35)”‘;‘715’”4 - (/lmin(/-liZKif) - D”Wf”z
— (Amin(piakiy) — 2-5)||Wif||4

- ﬂmin(,ulﬁKig -3- (0-5||R_1||4 + 4))||ﬁ/lg||8 + NioB

where the bounds are defined as

—
NioB = NiogB *+ MiofB + Miosp + (5.5 + 0~125||,Ui1||4||Pi||4N,ig)||V§(D(Xi,e)®i|| -
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This reveals that the identification and weight estimation errors of the identifiers at each
subsystem are locally UUB if the control policy is bounded.
Proof of Theorem 1 (local ISS):

Consider the Lyapunov function for the interconnected system
J = ZZI Ji(x;0:, Xi, Wip, Wig),
with the individual terms defined as J; = Jix + J;5 + Ji(Xi, Wi, Wig), Jix = 0.5ai,x] x;,
Jig = 0.597%@,-. The derivative of J;3 can be obtain using the weight estimation error
dynamics as
Jg = O vieilieHi e/ *) + 0] yix30i—
0.5(81v0] iV ®Dicxie + ,uiléiT%Vx¢(Xe)DZEPifi,e)~
This derivation follows the derivation in [6]. In [6], the derivations do not include the
identification error and the event triggering error, these additional terms due to event
triggering and the identifiers are grouped as Aj, By in the next step and are simplified.
Substituting the expression for Fli,e, &i,e and simplification of terms reveals that the
first term (97 y; ;i o Hi o)/ ° is

Dgp el Veoteo

1 ~ i 1 L %
(EyiHQiTqub(xe)”z + %(4&?& + 6 + 2814M)| x;
<

N _ 2
+(a? +2)16]|B1]|}) + 10y;a?, (QiTAl(f, g, x))” /80" + Byl p*

where p = 1+ "Z;i,Telf/’}ive’ v = 4a’iv||bi,8,min||2 _ 17||ﬁi,g”2 - 0.625, Bié = +al.2le.2Ms§/[ +

204 D* st 4268 DY +(0.50%+2)2%, D2 +32(0.507 +2) &2, +64a’t +40y,a2 L4 E+

iM“M i max I max iv ifi
417102 Dl Vi + 1727102V Dl + 4713702 V2, D8 IR
Now, simplifying the terms By, A;
~ - 4
18111 < 45|37 Vo[ + 208 ol + 8.5]| e
256 GOl Vil 07508 sl + B "

Las|(a7 )| < 04787 V.o + 20| Feo| + 125

+ 18V IR N8 IP + 40LY EF + 177V, DYy, +4713VE, DY R
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Collecting the bounded terms from (24) and (23), we have By, = 256V M||R"||4 +

2 4 8 2 —-1(2 2 2 4 4 4 4 2 2 4
16D%, vt +512v8, D2 |[R7!|| +16L7 E}+16D5, Vi +32LY EF+ 16V, L2 +32V +
114 . . ~ N _
256D?MVI.1M + 6553.6D?MV1.§M||R ! || +4Dl.2MViiM. Using the expression Hl.Ty,-aivdf,-,eHi,e/pz

and substituting the inequalities obtained in equations (23) and (24), we get
4

1y 5 i 8a,
— (yik3 — 37 z_ﬁzvx¢12nin)||0i”2 + E( 2 T

2 4 L5 |14 Ué’ aizv 9 2
3—2 + 281-M)| xi - 3—2 - 7 - Z(in + 2))

: ) .
|79l 7 + Zor0al +2) + Fa)

. 3 _ 17
&l + goiter, + DI + (e, +2

4 2
Yil P~ + (12.8y(a;, +2)

Filxe)

14y~ o B
18 ) Vi R Mgl /57 + =5

+ ZOaizv)

_ HiYi
2
_ Bivyi

é,'TVx ¢(XE)DZgPi Xi,e

T A
9,‘ Vi@DijeXipe.
Consider the first term of the Lyapunov function of the i subsystem, taking its derivative

and substituting the subsystem dynamics, we get

jix = a’ivxiT[ﬁ(xi) + gi(xi)ui,e]-
= 2 8
< —(gai)llxl1* + 0.125(5 |7 ||” + 4N;gg

77T
Wie

~ 1 4
+ 2| VEgC)d )+ g2 WA+ ab Db IR

T
Wig

212 .2 212 12
+.5(e;, Dipreny + @, Dy Vicw)

4 4 212 2 b4 2 -112
+0.5(a;, Dy + @, Vo Diyg + aivVixMDiM”Ri ” ).
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In order to combine the Lyapunov derivative of the online value function estimator and

identifiers (Lemma 1). Define
2 2

By = o} D}, &3, +2a} D} ey, + 265, DF +(0.507, +2)2¢&}, D+ 32( L +2) &,

1 max i max

41
+64a;, + yia},(40LE} + lODj‘Mv‘}M + 172V}, D}y, + 4713V3, DY R 1|| )

+.5y2 k203, + 0.5yi(a?, +2)Byg; + p°(iog + 7 + 2| Piei]|* + 0.25]|e;||),

5 4y,
U7 = Amin(Hiskif) — 5 = Tzl(6-07“ +2.14)N; iof?

18  T11.2
y(m +2)+aw)

1. 44
vp =3 = 2[R +4 N1+ R V),

Uy = (Gaiy — 0.875 — yi(da}, +0.0625 + 27,)C?/ 57),

BH 4 -1 2 2 21,2 2
Nicl = plz g DzM”R || DM( M +V, M) + (alleM ta lvVixMDiM
2
—1112 VgYi Y4 _
+a}, Vi Di R 7| ), g = 3?_2 - T - 2.25y,(a}, +2) - Np*(5.5 +0.225
4
I 1P Nig) = 128 DL - Dic|["

g = /lmln(ﬂISth) 3.5- 371(azv + 2) zog/gp

Using the results of Lemma 1 and combining J;,, J,5 reveals
2

7 2|P, N
R RS S RRAL Y
. 1 - - -
Ji = | Wil = 5 = Vbl " = Contiiznsr) = D - Uf||Wif||4
]Vi‘t)g ~ 8 = 2 2
— (Amin(Hi6Kig) — Vg2 — T)”Wig” — (Amin(pizkig) = D||Wig||” = vsllxill* + mict

\Y

where the derivative J; is negative definite as long as ||x;|| > v/7ict/vx = 7ix1 Or ||)~(,||
\/nzcl/(/lmm(ﬂll%) 3.5- 2||P ” /N)OI‘”VV,f” > ﬂnul/vf Or”HT” > \/(ng/pz 7(7)1L215)VX¢

Nicl . _ .
( T (Hiokig)-u 205N ) The overall bounds are obtained as nx; = U nix1

iog i=1

Mio1- OF [|Wig|| >
N
and ne1 = U 1;¢;. This concludes the proof.
i=1
Proof of Theorem 3: Consider the Lyapunov candidate function J(x,®, X, W) =
N Ji(xi 0, Xiy Wi p, Wig), with Ji(x; 0, Xi, Wip, Wig) = Jix + Jig + Jin(Xi, Wi, Wig). We will

consider two cases corresponding to measurement error being zero and non-zero.
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Case 1: Consider the Lyapunov function term for the identifier JiI()?i, W; 1> W,-g).
From Lemma 1, we have
; - =112 T = 4
Jiz < = Amin(uin@i = 3.5)|| X" + 5| Wig | + 1.5]|Wi|

+ (SR + D)W + 5.5 + 125 ) a1 IPINE,)

iog

||V§(D(Xi)®i”4 + NiozB

114 <4
MiosB = 0-125||ui1||4||Pi||4||R N Wi N View

2 2
(glgM/ M + 16]Vmg + 41VzogWgM/leM

+ Nipo + Eiour/ Wieas + Nirg /Wit yy) + 0.125

L I PANE  +0.125 it 11213 R
W, 11 Nipg (N + 0.0625N,,  +0.062587 \, /W /)

2

+ 0.5t 1PN PR | R W2 1y Niog Vi
+4W14gM log”R 1” txM+81fM+4W12jM Niof)-

Now consider the second term in the Lyapunov candidate function. Taking the derivative

and using the weight estimation error dynamics reveals
Ji7 < = (Amin(pikif) — 1)||Wif||2
= (Amin(Hiakif) — 2)||Wif||4 + NiofB
Miosn = O.Sll !l [PV + Wipgllsf I eI
+ 0125t e [V -+ W g e [
Finally, consider the last term in the Lyapunov candidate function. Taking the derivative

and substituting the weight estimation error dynamics yields
. =12
Jig < _ﬂmin(ﬂBKig - 1)||W/zg|| - /lmin(,uiSKig -2)
~ nd = 8
”Wig” - /lmin(,ui6Kig - 3)||ng|| + NiogB
1 4 8 1

+ Wi ki [0y) + 0.125 5 (N, + W4MKlg [a,).
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The first derivative of J;;(X;, W; f W,-g) is thus obtained as

Jit £ =Amin(Hi1gi — ;)”Xiuz = Amin(Mi3Kig = ””Wig“2
 Amin(piskiz = Wil = i) = DI
= (Amin(piakiy) — 2.5)||W,~f||4
— Amin(tiskig = 3 = (O.5|R7Y[* + 4)||Wig |
+ (5.5 + 0,025/ I PN )| VI )G + .
Now, combining the Lyapunov derivative of the online value function estimator J;; from

the previous theorem and identifiers, we get
_ S 112
— (Amin(pi1 @) = 3.5 = 2||P3|12/N)|| Xi||

— (yik3 = 0.5 = 7,V 92 /20961l

1 ct o1
+ (vi(da + T 28?1‘4)}5—’2 + L—t)llxill2
Tt =y Vgt TN 57 = vl Wi
— ((minkif) — 1)||Wif||2 - Uf||Wif||4

- (ﬂmin(,ui6’<ig) - ng)”Wig”S

=112 —
- (/lmin(,ui3’<ig) - 1)||Wig|| + Bié/pz
where the terms vy = (§a;, — 0.875 — y;(4e; +0.0625 + 2&1,,)C/p*), Bjg = o D7, &5, +

204 D} et 4268 D} +(0.502 +2)26%, D2 +32(0.50% +2) 8%, +640t +4.1y,02 DYV +

i i max i max v ixM
1114 _
172yi01l.2vVl.iMD?M+4713yiai2VVl.iMD?M||Rl. 1” +0.5)/l-(ozl.zv+2)Bl-9~1 +O.5yt.2/<§9i2M+p2(17,-03+
4 _ 8 4 -4 22 2 212 12 =2 4 4
Yk Ml = 0.125aivDiM||R,- || + 0.5(a;; Dy, &y, + @i Dy, Vi, )Big/p~ + 0.5a; D7y, +

12 . o
0.5al.2v Vli MDI.ZM + O.Salf‘v Vl‘)‘c MDl.zM”R,- ! || . It can be observed that with the conditions ||x;|| >

Nicl — v Nicl nT Nicl —
L = iy or || Xl > - or |6/ > 4 - = 1.5 O
V I ” ‘” (Amin(pi1G0)- 3= Z I1P:1I) ” l” (Vga/ P*)—0.25)V g2 g

min

|Wir]| > Miet /v or Wi || > f/ﬂicz/(ﬁmm(ﬂmkig) —Up — 0~5N,~t,g) = nz. The Lyapunov




125

first derivative is less than zero and

~ (Amin(pi1 @) = 3.5 = 211231/ V)| K|~
(yik3 = 0.5 - Yivx¢r2nin/2,52)”9~i”2 + Tict

~ () 7 = 02517 [ = v 7| Wi
- g~ N2Vl = (i) = 1)

- 1 -
||Wif||2 — (Amin(Hickig) — Vg2 — EMig)”Wig”g

— (Amin(iskig) = D|[Wig|[F = vellxil|?

The overall bounds for the interconnected system states and the optimal value function
N N

estimation error is obtained as ny = U1 nix and ne = U1 ;6. The objective is to ensure
i= i

that the event sampled implementation of the closed loop system is stable and the states and
weight estimation errors, identification errors reach the bound described by case 1.

Case 2: Consider the event triggering condition Ji (1) < (1 + 1 — N)a;Ji(t}), t €
[t;;, t;; .1»» Vk € {O,N}. It is easy to see that the first derivative of the triggering condition
results in Jio(r) < —a;Jie(t}), t € [th,10 ), Yk € {O,N}. Next, consider the identifier
Lyapunov function and the Lyapunov function for the value function estimator. Using the

definition of the event triggering error, we have

7 2 i 1y i
— (Amin((i1Gi) = 3" ﬁ”PiHZ)”Xi”Z = (yiks — 5 2L/32Vx¢iﬁn)”9i”2
; 8an, 2 1 1 i -
i <| GG g+ 280G PP = v Vgl - @l Wl
g 7Yl S

= (Amin(Hi2kif) = 1)||Wif||2 - Uf||Wif||4 — (Amin(Hickig) — Ug2)||Wig||8

-2 _
— (Amin(ti3kig) = D||Wig||” + Big/p* + 407iai2VLff(||Xi(fk)||4 + Ilx]I*)

where Byg = +a2 D2, 62 +20 D3 £ +268 D4 +(220.5+2)2e3 D2 +32(0.502 +2)°&2, +

1 max

4 2 4 14 24 218 i
64a;, + 4.lyia; D}y, Vi + 172yi0; Vi, Dy + 47130, Vi, Dl

_114
||Rl. 1|| + O.Syi(aizv +
2)Big, + 0.5y7k30%, + p*(Mios + V1), Miciz = (yi(4ay, +0.0625 + 2¢}, )C/p* + 0.25 +

CYi407iC¥,-2VLff||xi(fk)||4 + 40)’i6¥,-2vaf||xi(tk)||4 + B/ p*.



126

Combining all the Lyapunov function derivatives, we get the time derivative of the

combined Lyapunov function of the closed loop system as
7 2

— @i Jix(tx) = Amin(ui1 gi) — = —

S 112
5 = S IR

1 i -
— (vik3 — 3" 2L[_;2Vx¢[2njn)”9i”2 + Nicl2
; 1 ~ - -

5| = vnVabmal6 I* = wellWigll* - w1

— (Amin(pizkif) — 1)||Wif||2 — (Miskig — Ug2)

Wiel® = anin(pti3 ki) = 1)|| Wi
It can be observed that the bounds obtained for the states, weight estimation errors and
identifier errors are larger than the corresponding bounds obtained in case 1. In order to
conclude the proof, it is sufficient to show that the bounds in the inter event period are
decreasing as the events {t;;} — oo. It can be observed that the Lyapunov function based
event triggering condition is a continuous function. Therefore, x(¢) is decreasing as long as
||x;|| > nix and if the gains satisfy the stability conditions obtained in Theorem 1 and 2.
Therefore, the bounds 7;.;» converges to 1;.; as t — oo. Thus, combining case 1
and case 2, the closed loop Lyapunov function derivative, J < 0, as long as the conditions
derived in the Theorems are satisfied. If the NN weights are tuned using (19), the terms
corresponding to the data collected in the interevent period will result in an expression for
J.; similar to the expressions in Theorem 1 with slightly different bounds and coefficients,

without affecting the final result on the stability. Due to space consideration, the details

|74 V4

are not included here. Finally, |

< |I8|llIe(x)ll + em < n01®um + em = ny and
lu* = ull <€ Amax(R™H((Vips + nv)ng\/m + &gm + Gyny). From Lemma 1, identifiers
exhibit local-ISS like behavior and if the exploratory signal is bounded, the exploratory
policy and the identifier states used to update the NN weights with the exploratory policy

will be locally UUB. This concludes the proof.
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IV. ADAPTIVE OPTIMAL EVENT-TRIGGERED CONTROL OF LINEAR
DYNAMIC SYSTEMS

ABSTRACT

Event-triggered control implementation is considered as an alternative to the traditional
periodic implementation of control tasks. The advantage of such event-triggered control
implementation is that the cost of communication and computations are considerably scaled
down without affecting the fidelity of the controller. To determine the event-triggering in-
stants, a state dependent threshold function is designed that bounds the event-triggering error
which is defined as the deviation between the actual system state and the state information
available at the controller. In this paper, a novel approach for optimizing the event-triggering
instants and optimal state feedback controller co-design is proposed for linear dynamical
systems using zero-sum game theory. The design task is formulated as a problem of finding
the maximizing threshold for generating events and minimizing control policy to ensure
satisfactory system performance. First, a solution to this min-max, optimization problem
is proposed using the zero-sum game theory, when the system dynamics are known and
then, a novel adaptive optimal solution using Q-learning is proposed for the case when the
system dynamics are uncertain. Finally, an adaptive optimal decentralized event-triggering
mechanism and distributed control co-design for a class of linear-interconnected system is

presented. Theoretical results are substantiated by numerical examples via simulation.
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1. INTRODUCTION

The study of event-triggered feedback and control implementation dates back to
the early sixties [1]. A state based adaptive sampling method for a sampled data servo
mechanism is first proposed in [5] wherein the adaptive sampling rate is controlled by the
absolute value of the rate of change of the error signal with time. Further, the advantages of
event-based sampling over the traditional feedback approach are presented for a first-order
system by K.J. Astrom et al. [1]. Later, the theoretical framework for event-triggered control
is formalized and an emulation based approach for event-triggered control implementation
is presented for a networked control system and various results emphasizing its inherent
advantages in computation and communication cost saving are studied [20].

In the emulation based design the continuous controller is presumed to be stabiliz-
ing and an event-triggering condition is developed to implement the controller such that
the system stability is preserved. In the earlier works [9, 12, 13, 20, 24] the controlled
system is assumed to be input-to-state stable (ISS) with respect to the measurement error
and event-triggering conditions are designed to reduce the frequency of feedback instants
while guaranteeing asymptotic stability. A non-zero positive lower bound on the inter-event
times is also guaranteed to avoid accumulation point and zeno behavior. Further, various
event-triggered control schemes are presented to accommodate other design considerations,
such as, stochastic feedback control design [9], state-feedback design [12], state-estimation
problem [18], decentralized event-triggering for wireless sensor networks [13] and dis-
tributed control design [24], trajectory tracking control [21] and robust controller design
[4, 11].

In all the above design approaches, the sensor measurements and the control input
are held between two consecutive events by a zero order hold (ZOH) circuit at the controller
and actuator, respectively. In contrast, a model of the system is used to reconstruct the
system state vector and, subsequently, used for designing the control input when the actual

feedback is unavailable [6, 8]. As the control input is based on the model states, no feedback
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transmission is required unless there is a significant change in the system performance due
to external disturbance or internal parameter variation. The asymptotic stability of system
states is guaranteed by designing the event-triggering condition with this model-based
approach. It is observed that the model-based approach reduces the number of events more
effectively when compared to the ZOH based approach, but, requires an accurate model of
the system.

It should be noted that in all the approaches, [1, 5, 9, 12, 20], [4, 6, &, 11, 21, 24],
the event-triggering instants are designed to ensure system stability. On the other hand,
few results are available in the literature which presents an optimization based approach
for generating events. Notably, the authors in [14] characterized a certainty equivalence
controller to be optimal in a linear quadratic Gaussian (LQG) frame work. The optimal
control input and the optimal event-triggering instants are designed using the separation
principle. Furthermore, a suite of optimal event-triggering design is studied in [15].

In [15, 22], the event-triggering mechanism is optimized by formulating a cost
function that penalizes the number of events and successive event-triggering instants are
identified by minimizing the cost function assuming the knowledge of system dynamics.
Further, an event-triggering mechanism is proposed for a discrete time model-predictive
controller scheme wherein events are generated whenever the states evolve and leave a
polytope obtained using quadratic programming. Further, authors in [13] propose a heuristic
algorithm for generating the event-triggering instants. More recently, a dynamic event-
triggering mechanism is proposed wherein an additional adaptive parameter is introduced
in the event-triggering condition for a system with known dynamics and the inter-event time
is obtained as the function of this adaptive parameter [7]. In summary, the optimal event-
triggering and controller design are, in general, considered as independent problems and

various approaches are proposed to tune the parameters of each of them to elicit a desired
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performance from the controlled system. However, to the best knowledge of the authors,
the optimal co-design of controllers and the event-triggering mechanism is not considered
in the literature.

Motivated by the above facts, in this paper, a novel optimal event-triggered control
design scheme for linear systems is presented. Firstly, the design of control policy and
the event-triggering mechanism is formulated as a two player zero sum game (min-max)
problem. Therefore, a novel cost function is proposed as a function of states, control
policy and the measurement/event-triggering error. The saddle point solution to this min-
max problem results in a minimizing control policy and a maximizing measurement error
policy that can be injected into the system. In the proposed design, the maximizing
policy is utilized as the dynamic threshold to the event-triggering error to generate events
while the minimizing control policy is applied to the system. Since the control policy
explicitly accounts for the worst-case event-triggering error, the performance of the system
is preserved. Moreover, since the inter-event time is directly proportional to the event-
triggering error, utilizing the maximizing policy as a dynamic threshold for the event-
triggering error, results in an increased inter-event time. This results in an optimal event-
triggered controller which explicitly takes into account event-triggering and control policy
design.

Further, an optimal adaptive event and control co-design scheme is proposed which
relaxes the requirement of accurate knowledge of system dynamics. A Q-learning scheme
is presented to determine the optimal control and event-triggering instants forward-in-
time. Lyapunov stability analysis is used to guarantee stability of the closed-loop system.
Finally, a decentralized event-triggered control implementation for distributed control of
interconnected system is presented. An optimal distributed control law and an optimal
decentralized event-triggering rule at each subsystem is generated. The problem is addressed

for linear time invariant system in continuous time with uncertain dynamics.



131

The contributions of the paper include: 1) A novel optimal event-triggering and
controller co-design using zero sum game; 2) Development of an adaptive optimal online
Q-learning scheme for learning the optimal control and event-triggering policy; 3) Design
of decentralized adaptive optimal event-triggering for distributed control of interconnected
systems; 4) Lyapunov based stability analysis and verification of the proposed design using
numerical examples via simulation.

The paper is organized as follows. In the section II, the system dynamics is intro-
duced and the problem statement is presented. In section III, the main results are presented
for the case when the system dynamics are known. In section IV, a model free Q-learning
approach is proposed to solve the optimization problem forward-in-time, online, when the
system dynamics are uncertain. Section V presents an optimal adaptive event-triggered
distributed controller for interconnected system using the proposed method. Finally, sim-
ulation results are provided to show the effectiveness of the controller designed in section
VI. Conclusions follow in section VII.

In this paper, ‘R denotes the set of all real numbers; N denotes the set of all natural
numbers. Euclidean norm is used for vectors and Frobenius norm is used for matrices.The
next section presents a brief background on the system dynamics and recall some of the

results on ISS and optimal control.

2. BACKGROUND AND PROBLEM STATEMENT

2.1 System Description

Consider the dynamical system represented by

#(r) = Ax(¢) + Bu(t),, x(0) = xo (D)
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where x € R” is the state vector of the system; u : R" — R™ is the control input,
A:R" - R" B:R" - R™ are linear maps representing internal dynamics and input

gain matrix. The control signal for the system (1) is of the form
u(r) = Kx(r) (2)

where K is a linear map.

In the event-triggered control framework, the feedback information is utilized only
at certain discrete event-based sampling instants to update the control action. To represent
these event-triggering instants, define a sequence of time instants {# }rc(ony € #, such that
0 =1 <1t < .. Using a ZOH, the control input will be held at the actuator such that
u(x(t)) = u(x(t)) where in x(¢r) = x(tx), YVt € [tx, tx+1). Hence, the control signals are
piecewise continuous.

To determine the event-triggering rule, define the (measurement error) event-
triggering error as the difference between the actual state measured and the states available

at the controller

e(t) = x(t) = x(t), V1 € [tx, t11)- 3)

It can be observed that at the sampling instants e;(z) = 0.

Assumption 1: The time required to read the state from the sensors and compute the
control signal and update the actuators is considered negligible. Next, the optimal design
of the sequence {#;}, and the optimal control (2) co-design problem is defined.

2.2 Problem Statement

Consider the controllable linear time-invariant continuous-time system represented
by (1). Let the control policy (2) be implemented with event-triggered feedback. Then, the

system dynamics (1) can be re-written as
x(t) = Ax + Bu(x). 4)
Define the performance measure for (1) to be

IEOI* = xT()Qx(2) + u” (H)Ru(r) (5)
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Fig. 5.1. Networked control system and event-triggered feedback.

where Q is a positive semidefinite and R being a positive definite matrices respectively.

A block diagram of the control architecture for event-triggered implementation of
feedback control is given in the Fig. 5.1. The event-triggering mechanism determines the
time-instants to close the feedback loop so that the latest state vector is used to generate
the control signal. The gain and the control policy in (2) are generated by solving a
minimization problem associated with the performance measure (5) whereas the event-
execution rule determines the sampling instant sequence by designing an upper bound for

the measurement error (3) based on the stability of the controller system.

In this paper, the objective is to develop an optimal state 4ASfeedback control policy
which minimizes (5) while simultaneously minimizing the number of events and meeting
the performance of the system (5).

Remark 1: To determine the event-triggering instants, the state vector is sampled as
a function of the event-triggering error by using the stability criterion [20]. Alternatively,
in the inter-event period, Lyapunov function is utilized explicitly to determine the event-
triggering instants [24]. Nevertheless, in general, stability of the system is considered to
determine the event-triggering instants. The block diagram in Fig. 5.1 is a synchronous
triggering scheme wherein the occurrence of an event closes the switch on either sides
of the controller. Asynchronous event-triggering schemes require two event-triggering

mechanisms one for each switch.
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In the next section, a zero-sum game based control scheme is presented which
satisfies the objectives defined in this section. The resulting synchronous event-triggering
mechanism increases the time between successive events while the optimal control policy

ensures system performance.

3. PROPOSED SOLUTION

In this section, the control input and the measurement error due to event-triggered
feedback will be considered as two non-cooperative players applied to the system. A
cost function is defined as a function of system state vector, control input vector and
the measurement error. It will be demonstrated that the objectives listed in the previous
section will be achieved by determining a saddle point solution to the optimization problem
associated with the cost function. The maximizing measurement error will act as the
threshold to generate events while the optimal control policy will be applied to the system
with the feedback generated at these events. Existence of such saddle point solution to
the min-max optimization problem depends on some fundamental properties of the system
which are presented in Lemma 1.

Utilizing the system dynamics (4) and the definition of the measurement error (3),

we can rewrite the dynamics as
Xx(t) = Ax + Bu + Dn (6)

where n = Ke, D = B. Now, define the infinite horizon cost function using the performance

measure (5) as

JCxnu) = / 2P = o2nTnldr. ™
t

where o > 0 represents the attenuation constant. The objective is to find an optimal

saddle-point solution (u#*, %) so that the optimal value function satisfies

V*(x(¢)) = min max J(u, n) = max min J(u, n). (8)
u n n u
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Using the infinitesimal version of the cost function (7) and the system dynamics (6), the

Hamiltonian function can be defined as
H=x"0x+u"Ru-oc’n"n+ VI[Ax + Bu(t) + Dn(1)] 9)

where V, = dV/dx, V(x) is the value function defined by using the integral in (7). The

optimal policies are obtained as

1
u(x,Vy) = —ER_lBTV; (10)

E3 1 * % %
oo Vi) = 5DV =" (%, V) (11)

where V7 is the gradient of the optimal value function with respect to the states. Substituting
the optimal policies in the Hamiltonian results in the continuous-time game algebraic Riccati
equation (GARE).

Lemma 1:([3, 10]) Consider the infinite horizon cost function (7) and the linear
system dynamics (6). Let the pair A, B be controllable and the pair A, C be observable, with
Q = CTC. Then, there exists a positive definite solution P* for the GARE when o > o,
where o is the Ho, gain of the system. Moreover, the optimal cost function is quadratic
and satisfies V*(xg) = xg P*xy.

Remark 2: Note that if there is a positive definite solution to the GARE, then the
optimal cost function is finite and the control policy asymptotically stabilizes the system.
The proof for Lemma 1 can be found in [2].

Lemma 2: Consider the infinite horizon cost function (7) and the linear time-
invariant system dynamics (6). Let P* > 0 be the positive definite solution for the GARE,

then the optimal policy given by
1
u(x, P*) = K*x(t) = —ER'lBTP*x(t) (12)

generates an ISS Lyapunov function for (6) with respect to the measurement error e(?).

Proof: See Appendix.
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Remark 3: The smooth function L(x) satisfy, x” Apin(P*)x < xT P*x < x7 Apax(P*)x,
where Apyin(.)andApma«(.) represent the minimum and maximum singular values of the ma-
trix (.). Further, from the proof of Lemma 2, we have ||x|| > v ||e|| implies L, < 0, where
v =||P*DK]|| / ||6xm|| Oxm is a constant defined in the proof of Lemma 2 using QandR.

Next, the main results of this section are presented.

Theorem 1: Consider the infinite horizon cost function (7) and the linear time-
invariant system dynamics (6). Let P* > 0 be the positive definite solution for the GARE,
then the optimal policy given by (12) be applied to the system with the following event-

triggering condition given by
InOI < Im* Ol 1 € [tk k1), Yk € N. (13)

Then, the closed-loop system is asymptotically stable when Q, R, o~ are selected such that

1 * 2
6x,m > FP D-. (14—)
In addition, a positive minimum inter-event time, 7, exists, such that
1 |DK™||
T> og( lle*]| + 1). (15)
| DKl X

where e*(t) = K*n*(t), K™ is the generalized inverse of K* in (12) and X,, > 0 is a positive
scalar value.

Proof: See Appendix.

Remark 4: The matrix K* may not have an inverse as it may not be a square matrix.
The generalized inverse of K* is used in (15) to quantify the minimum inter-event time and
it is not used to derive the control policy or event-triggering condition.

Remark 5: The proposed event-trigger condition (13) allows the measurement
error to grow until the system performance defined by the performance measure (5) is not
deteriorated. This increases the inter-event time based on the relation between inter-event
time and event-triggering threshold derived in the proof of Theorem 1. In comparison to
the literature, the proposed design optimizes the system performance while reducing the

frequency of feedback instants and controller implementation.
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Remark 6: 1f the system dynamics are re-written as x(t) = Ax + Bu + Dn, with
D = BK and n € R". The cost function (7) can be used to formulate a maximization
problem such that the optimal cost V*(x(¢)) = max J(e) and the event-triggering condition
can be defined as ||e(r)|| < |[7"(¢)||. In this formulation, at each sampling instant, the
control gain, K is fixed and a maximum threshold, n*, for the event-triggering error, is
determined. In contrast, the proposed min-max based optimization scheme determines the
optimal control policy and the event-triggering condition, simultaneously.

Remark 7: The expression for the inter-event time derived in the proof of Theorem
1 can be used to find the successive event-triggering instants and can be used to develop
an optimal self-triggering control scheme. Such a scheme does not require checking the
event-triggering condition (13) continuously as the time instants {#;} are pre-computed.

In the next section, the system matrices A, B will be considered uncertain and
an optimal adaptive event-triggered control design using hybrid Q-learning approach is

presented.

4. CONTROLLER DESIGN Q-LEARNING

The saddle point solution for the proposed min-max problem formulated for the
event-triggered control design can be learned online, forward-in-time using model free
Q-learning approach. This also relaxes the requirement of accurate knowledge of matrices
A, B in the system dynamics. A block diagram of the proposed learning scheme is given in
Fig. 5.2. It can be observed that in order to learn the optimal control policy and the optimal
event-triggering threshold, two Q-function estimators are required one at the controller and

the other at the event-triggering mechanism.
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Fig. 5.2. Adaptive optimal event sampled control system.
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First, the Q-function is formulated and to formulate the Q-function, consider the

optimal cost function in quadratic form as
V(x(1)) = x (1) Px(2).
Taking the time-derivative of (16) and using the system dynamics (6), we have
V = xTPAx + x"PBu + x"PDn + xT AT Px
+u' BTPx + n" DT Px.
Using the infinitesimal version of the cost function (7), we get
V= —xTQx —u' Ru + 0'277T77.
Using (18) in (17) and adding (16) on both sides yields
V = xT"PAx + xT PBu + x"PDn + xT AT Px+
u' BTPx + " DTPx + xTQx + u' Ru — o>y n + x" Px.
Using (19), the action-dependent value function or the Q-function can be defined as

O(x,u,m) =

T
x(t)| |ATP+PA+Q+ PPBPD | |x(t)

u(t) B'P R 0 ||u()
n(?) D'p 0 —o?| [n(1)
GV GYHGYe

0=2"1)GZ(t) = Z"(t) |G GreGre | Z(t)

G G Gee

= 0"¢(1)

(16)

(A7)

(18)

(19)

(20)

1)
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2n+m)(m+2n+1) 1
where 6 € R 2 is the G matrix parameters represented in vector form, ¢(¢) €

2n+m)(m+2n+1)
2 *1 is the kronecker product given by [xT ()ul (1)n” (1)] ® [xT (t)u” (t)nT ()]

The unknown parameter, 6 can be estimated adaptively when the matrix G in (21) is
uncertain. To derive an update equation, consider the time derivative of the optimal value
function

V* = VT[Ax(t) + Bu*(t) + Dn*(1)]. (22)

Using the definition of the optimal policies (10) an (11)
V* = VT Ax(t) = 20T (t)Ru* () + 20" T (t)n*(1). (23)

From GARE, we have

1 % — * 1 * * *
~Q(x) + ZVXTBR 'BTv: - mvxTDTDVx = VT Ax. (24)
Using (24) in (23) to get
V* = 22u T ()Ru*(t) + 20T ()n*(¢) — xT Qx 25)
+3x"P*BR™'BTP*x — -5x" P* DT DP*x
With the definitions (10) and (11), (25) is simplified as
V* = —xTQx —uwT ()Ru*(t) + o> (1)n*(¢). (26)
Integrating both sides of (26), in the interval [#, f¢+1), reveals
Vi(ter1) = Vi(te) =
(27)

Tk+1
/ (-xTQx — wTRu* + o*n* Ty dr.
Ik

The Bellman equation is a fixed point equation with the optimal value function being
the fixed point solution. Therefore, if the optimal value function and control policies in (27)

are replaced by the estimated quantities, there would be an error, referred to as the Bellman

or temporal difference error.
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Define the estimate of the optimal value function as V. Now, replacing the optimal

value function in (27) with the estimated optimal value function reveals [10]

Tr+1
Er(t) = / (x"Ox + u' Ru — o*n'n)dr
Ik (28)

+ V(ten) - V(tx)

where Ej 4 is the Bellman residual error/ temporal difference error calculated at the occur-

rence of k + 1 event. Define the estimated parameter vector § and the estimated Q-function
O(x,u.e) = ZL()G(1)Z(1) = 6T ¢(1). (29)

The forcing function for the parameter update equation is obtained as
Ep1(t) = /O ' (xTOx + u' Ru — o*n"'n)dr + 6T A¢(AT) (30)

where A@(AT) = ¢(tr+1) — ¢(tx) and Ej,1(2) is the residual error calculated at the event-
sampling instant #;,. Define parameter estimation error as 6 = 0 — 0. Then one step cost
calculated using (27) with the target parameters 6 and the one step cost calculated using

(30) with the estimated parameter 0, reveals
= Ex1(1) = 6" ()AG(AT) - 6" () AG(AT)
. (31)

= 6" (NAG(AT)

Theorem 2: Consider the infinite horizon cost function (7) and the linear time-
invariant system dynamics (6). Let 6 be the time-invariant, bounded, target parameter
vector and A(0) be an initial estimated parameter vector defined in a compact set. Select the

control policy

u(r) = —%R_I(A?‘”(t)x(t), (32)

to be applied on the system with G*” being the estimated submatrix in (21). Let the

event-triggering condition be satisfying

InOI < 5@, ¢ € [tk k1), Yk € N. (33)
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where 17 = %rzGAe"(t)x(t), G is the estimate of the matrix G in (21). Consider the

Q-function parameter adaptation rule given by
[A@(AT)]
(1+ [Ag(AT)] [AG(AT)])

Then, the state vector and the parameter estimation error converges asymptotically to

0= -a

SEL (1), YE=0,1,.. (34)

zero with the event-triggering instants k — oo, provided the design parameters a, Q, R, o
are chosen such that the following inequalities hold: &, > 2K3,, ¢ > LIIR|I* where
p = (1+[Ap(AD)"[AGAT)))? |IK*|| < Kur, 6, = [Q + §P*BR™'B"P* — 5 P* DD P*],
a > 0 is the learning step, Kj; > 0 is a constant.

Proof: See Appendix.

Remark 8: The Bellman error, Ey is calculated at every event-triggering instant,
tx and the parameters are updated continuously using (34) both at the event sampling and
inter-event intervals. The update rule utilizes the new information obtained at the event-
triggering instant to calculate the Bellman error, E(¢) and the updates in the inter-event
period, [fx,tx+1) tries to reduce the Bellman error calculated at the last event-triggering
instant, #;. In contrast to the traditional policy-iteration [10, 19] scheme, the parameter
tuning proposed in (34) is a hybrid learning scheme [16] which can be implemented online.

In the next section, the hybrid Q-learning zeroAASsum game theoretic formulation

is extended to the distributed control of interconnected systems and the decentralized event-

triggering conditions are presented.

S. EVENT-TRIGGERED DISTRIBUTED CONTROL

Consider an inter-connected system operating in continuous time with N intercon-

nected subsystems, each of the form

N
5i(1) = Aixi(1) + Buaa(t) + ) Ayx; (1), x(0) = xio (35)

j=1
J#i
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where x;, X; € R"*! are the states and state derivatives of the i’ subsystem; u; € R, A; €
R B e RMXMi - are the control inputs, internal dynamics and control gain matrices of
the i"" subsystem, and A;; € R"*" represents the interconnection between the i’ and ;"

subsystems. The overall system description is given by

x(t) = Ax(t) + Bu(t)x(0) = x (36)
where x € R, u € R", B € R™" A € Ry = [ul, ,ul]", A = (Aij)ij=1.n, Aii =
A;, B = diag|Bj, ., By].

Assumption 2: The overall system described by (36) is controllable and all the states
are measurable. The subsystems share their state information through a lossless network.
Further, the order of the subsystems is known.

Lemma 3: Consider the subsystem (35) of the interconnected system (36). The
control policy which stabilizes (36) renders the individual subsystems asymptotically stable.

Proof: See Appendix.

A distributed control law can be obtained if a centralized optimal controller is
designed for the overall system, which is not feasible and hence, the Q-function is estimated
at each subsystem to obtain a distributed control law at each subsystem, thereby minimizing
the Hamiltonian and cost function of the overall subsystem. A hybrid Q-learning scheme
which incorporates random delays and packet losses for distributed control is presented in
[16]. The event-triggering mechanism, however, is designed using the Lyapunov function.
In contrast, the control scheme proposed in this paper can be used to obtain an optimal
adaptive even-triggering and distributed control co-design. To avoid redundancy only the
main result is introduced next.

Corollary: Consider the infinite horizon cost function (7) and the linear time-
invariant system dynamics (35). Let 6 be the time-invariant, bounded, target parameter

vector for the Q-function estimator. Let the control policy

ui(t) = —%R;léw(t)x(t), (37)
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be applied to the subsystems and let the decentralized event-triggering condition satisfies

le:@)ll < |lef@)||, ¢ € [t ti1), Yk €N (38)

where R = diag(R;), e* = [¢}" ;" .. eil ] = K*(r). Let the Q-function parameters at

each subsystem be updated using
[Ap(AT)]
(1 + [A@(AT)] [AG(AT)])

Then, the state vector and the parameter estimation error converges asymptotically to

0=-a ET (1), Vk=0,1,.. (39)

2
zero with the event-triggering instants k — oo, provided the following inequalities hold:
8y > 2Ky, % > 1|IRI? where p = (1 +[A$AD)]"[AGAT)]) IK*|l < Ky, 6 = [Q +
$P*BR™'BTP* — L P*DDTP*].

Proof: In order to complete this proof, Theorem 2 and the results of Lemma 4
are utilized to show that the subsystems states and the parameter estimation error at each

subsystem converges to zero asymptotically.

In the next section, simulation results are provided to verify the theoretical claims.

6. SIMULATION RESULTS

Example 1: For the simulation results, first, consider the unstable linear batch reactor
dynamics in continuous-time as

1.38 -0.21 6.71 -5.67 0 O

-0.581-4.29 0 0.67 5.67 0

X = X+ u
1.067 4.27 —6.65 5.89 1.13-3.1
0.048 4.27 1.34 -2.10 1.13 0

T,T

1"andu = [u 145 ]7. To verify the advantages of the proposed method, we

with x = [x1x2x3x4
compare the results of our approach with that of an LQR controller with the event-triggering
condition of the form [20]. For the case of uncertain system dynamics, the proposed hybrid

Q-learning based approach is compared with the traditional event-triggered Q-learning

scheme [17, 23].
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State trajectories

Proposed design

— — —Event triggered LAR |}

1.5
Time in s

Fig. 5.3. Comparison of state trajectories.

Case 1: (Known system dynamics) The simulation analyses carried out with different

deign parameters and the values of the penalizing matrices Q, R are taken as 10/,0.21. The

value of ¢ is taken as 0.7. These values are chosen as they resulted in comparable control
effort and state trajectories.

Figs. 5.3 and 5.4 depict the convergence of the closed-loop system state vector, and
control input. The proposed method is contrasted with the event-triggered implementation

of LQR. The continuous time LQR is considered as a benchmark for the state and control
trajectories as well as the cumulative cost.

Control signals
1500 i
u, Proposed method
1000 .
—————— u, Event-triggered LQR
500 -I mememmm |
'-5' 03___ —--—._.#.I.
-500 ¢ : ; y :
0 0.2 0.4 0.6 0.8 1
Time in s

Fig. 5.4. Comparison of control signals.
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Fig. 5.5. Performance comparison of event-triggering mechanism (ETM).

The parameter o is varied to demonstrate the advantages of the proposed adaptive
optimal design with the traditional event-triggering approach and the results are summarized
in Table 5.1 for the case when the system dynamics are uncertain. Due the space considera-
tion, all the simulation figures are not included and the important results are summarized in
Table 5.1, where ET is expanded as event-triggered, P.M is expanded as proposed method,
IET is expanded as inter-event time.

Furthermore, the lower bound on the inter-event times is observed to be 0.001 s.
It is clear from Fig. 5.5 that the event-triggering threshold with the proposed approach is
considerably higher than the traditional approach. This in turn elongated the inter-event
time thus reducing the resource utilization which is one of the primary objectives of the
design. Fig. 5.6 shows the inter-event times. Due to the optimal choice of the control policy
and the threshold for the event triggering error, the inter-event time is optimized and it is
observed that this time can be designed to be larger with the proposed design for similar

design parameter value.
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Table 5.1. Analysis with event-triggering design parameter o .

‘ Avg. IET in s ‘ Cumulative cost ‘ Number of events

|ETLQR | PM | ETLQR | PM |ETLQR| PM

o |
- |
| 0.55 | 0.0585 | 0.0857 | 9.96E+03 | 1.38E+04 | 127 | 87 |
| 0.7 | 0.0602 | 0.0906 | 1.12E+04 | 7.38E+03 | 123 | 82 |
| 0.75 | 0.0615 | 0.0934 | 1.06E+04 | 6.70E+03 | 121 | 79 |
| 0.85| 0.0619 | 0.1 | 1.33E+04 | 6.09E+03 | 119 | 74 |
| 0.95 | 0.0589 | 0.1015 | 1.72E+04 | 5.99E+03 | 127 | 73 |

Example 2: (Load frequency control of three area power system) The states of
a three-area power system model at each subsystem under consideration are - frequency
change, incremental change in output power of the generator, change in governor valve
position, incremental change in integral control, tie-line power deviation. For the detailed
dynamics considered refer to Alrifai et al. 2011.

The controller design parameters are chosen as R;= 0.1,Q; = 0.4, o; = 0.65 and the
parameter tuning rule with g = 45. All the system states are regulated using the proposed

controller. The convergence of the state trajectories can be seen in Fig. 5.7.

Inter-event time
0.4

W Proposed design
%K Euent triggered LGR

Timeins

Time ins

Fig. 5.6. Comparison of inter-event times.
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State trajectory

Proposed method
= = = LQR (Continous feedback)

0 1 2 3 4 5
Timeins

Fig. 5.7. Comparison of state trajectories.

Distributed controllers are designed at each subsystem and decentralized event-
triggering mechanism is developed for every subsystem based on the proposed adaptive
optimal design. For comparison, the traditional continuous feedback based LQR design is
utilized. The parameter o is varied to demonstrate the advantages of the proposed design

with the traditional event-triggering approach and the results are summarized in Table 5.3.

It can be observed that the event-triggered implementation of the control policy and
the continuous feedback LQR results in an asymptotically stable system. The piecewise
continuous control input obtained with the proposed design and the continuous feedback
control policy recorded in Fig. 5.8. The control effort for both the controllers is quite

similar for all the three subsystems.

Table 5.2. Continuous time LQR controller.

‘ Linear quadratic regulator - Continuous time ‘

\ Cumulative cost \ Number of events \

| 1015169 | 5000 |
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Fig. 5.8. Comparison of control inputs.
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The parameter o is varied and the resulting performance of the system in terms

of cumulative cost, number of events, and the inter-event time are recorded in the Table

5.3, which clearly depicts the advantage of the proposed design. Also, comparing the

cumulative cost with continuous control implementation in Table 5.2, it can be observed

that for a comparative cost, the number events generated by the proposed method is 110

which is fractional and the control effort from Fig.5.8 demonstrates the advantage of the

proposed method. The additional term in the cost function, which maximizes the event-

triggering threshold provides an explicit relationship between event-triggering and system

performance and hence, optimizes both of them.

Table 5.3. Analysis of decentralized optimal distributed control scheme.

| | Avg. IETins | Cumulative cost | Number of events |
| |ETLQR | PM | ETLQR | PM |ETLQR| PM |
| 0.35 | 0.0576 | 0.0981 | 217.5966 | 151.4405 | 130 | 76 |
| 04 | 0.0512 | 0.0729 | 230.5441 | 1443559 | 146 | 96 |
| 0.46 | 0.0567 | 0.0776 | 275.7723 | 126436 | 128 | 95 |
| 0.52| 0.0516 | 0.0591 | 234.7836 | 115.1525 | 143 | 121 |
| 0.6 | 0.0604 | 0.0699 | 394.1401 | 109.8525 | 124 | 104 |
| 0.65 | 0.0669 | 0.0647 | 861.1497 | 106.1883 | 110 | 115 |
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7. CONCLUSIONS

This paper proposes a novel approach for simultaneously optimizing both the event-
triggering sampling instants and state feedback controller using zero-sum game formulation.
The proposed design scheme provides a tractable trade-off between the frequency of events
and the system performance cost by utilizing the min-max optimization of the cost function.
The inter-event time interval increases with the proposed event-triggering condition which
considerably reduces the communication cost when compared to the traditional event-
triggering schemes. The model-free Q-learning scheme generates the optimal control policy
and the event-triggering condition even when the system dynamics are uncertain. Finally,
the decentralized event-triggering condition enables distributed control of interconnected

systems confirming the generic nature of the proposed design.
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APPENDIX

Proof of Lemma 2
Choose the positive definite Lyapunov function L(x) = %V*(x). The time derivative
along the system dynamics can be obtained as
L(x) = L) =V 5 = [V Ax + V¥ Bu + V" D] (40)
Add and subtract V;T Bu* + V;T Dn* to get

Ly@) = [V:" Ax + V" Bu* + V' Dp*]

. ) (41)
+Vi Bu—u*)+V: D(n—n)
From (9), with (u*, n*, V*), we have H(x,u*,n*) = 0 and
—x'Qx —uwTRu* + o*n*Ty* = V:T[Ax + Bu* + Dn*]. (42)
Using (42) in (41) results in
L(t) = —xT0x — wTRu* + o’ Ty*
! . (43)

+V B(u —u*) + V' Dy - 1)
Using the definition, n* = #DTP*X, and substituting (12) in (43), we get L,(t) = —Q(x) —
wT Ru* — o> n*Tn* + 202" . By using the definition of optimal policy (10), and (11), we
have

Le(t) = —xT6,x + xTP*Dn (44)
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where 6, = [Q + }TP*BR_lBTP* + ﬁP*DDTP*]. Applying norm operator to (44) reveals
Lo(1) < =Semllx]” + 1P*DK]| 1]l [le]l (45)
Proof of Theorem 1:
With the Lyapunov function candidate chosen similar to that in Lemma 2, from (44),
we have
Ly(t) = =x"6.x + x' P*Dy. (46)
Applying norm operator and using the event-triggering condition (13)
Lo(t) < =Gumllx I + I1P*DI 1x]] 17"l (47)
Using the definition of n* from (11), we get
i 1 * 2 2
Li(1) £ =(6xm — 5 IP" DI x|l (48)
200
Now to derive the positive inter-event time, use (3) and taking the time-derivate reveals
é(t) = X(t) — (1), 1 € [tg, trs1). (49)
Taking the norm operator and substituting the system dynamics reveals
eIl = [lX@Il = [|Ax + Bu” + Dn|| . (50)
From (48), since the states are asymptotically converging to zero, there exists a positive
constant X,, > O such that ||A + BK™|| ||x|]| < X,,. Using this relation in (50) yields
el < IDK" [ llell + Xon. (5D
Integrating using the comparison lemma [21], reveals
Xm__ IDK*[(1-1)
le@)Il < 7= (e! V1), 12 (52)
IDK~||
Substitute t = f41 to obtain the minimum positive inter-event time

I IDK*||
(tk+1 = t)min > log(
# T min = s R  X,

lle*|| + 1). (53)

Proof of Theorem 2:

Consider the Lyapunov candidate

L(x,0) = Ly(t) + Lo(2) (54)
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where L,(t) = %xTP*x. The derivative of the Lyapunov candidate is given by

L(x,0) = L(t) + Ly(2).
Consider the first term and using the system dynamics to get
L) =V %=V Ax + V¥ Bu+V? Dn.
Add and subtract V; "Bu + Vi g Dn* to get
Ly(t) = [V Ax + V2 Bu* + V' Dn*]

+VE Bu—u*) + V' D(n - n*)
Using the Hamiltonian (GARE), H(x, u*, %), we have

—0(x) —uwTRu* + o*n*Tny* = V:T[Ax + Bu* + Dif*].

Substituting (58) in (57)
L, =-0x)-uTRu" + o’y n* + V;TBM(})
v Bu* — v Dy '
Adding and subtracting V;T Bu*(x) in (59), we get
Ly(t) = -0(x) —uwTRu* + o*n*Tn* — V;TDU*

+V Blu(X) — u*(X)] + Vi Blu* (%) — u*(x)]

(55)

(56)

(57)

(58)

(59)

(60)

Now, define ii = u*(X)—u(%), and using the definition (32) and (10), we have ii = 1R"1G*"x.

Substitute i in (59) to get
Li(t) = —=0(x) — wT Ru* + o Typ* — V;TDU*
+2u TRGH % + V' Blu* (%) — u*(x)]
Using the definition of n*, we get the Lyapunov time-derivate
Le(t) = -0(x) — wTRu* + o*n*Ty* — 2u’TRGH' %
Applying the norm operator (61) can be bounded as

Lo(1) < =5,l|x|* +2

u R Jlo* ]

(61)

(62)
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where 6, = [Q + %P*BR‘IBTP* - ﬁP*DDTP*]. Using the YoungdAZs inequality [16],

we get

uT

Lo(t) < =6 l1x|? + 2w T|] + %||R||2||G~“V}||2.

G*'x|| < ||6apaT)|

Finally, application of the norm operator and using the fact that |

b

reveals

. - 1 ~
Ly(0) < =@ = 2Kl + S IRIP|Gao(aT)” (63)

Now, using (34), the estimation error dynamics is revealed as 9(r) = <9(t) and
[A¢(AT)]

1+ ([AG(AT)] [AG(AT)])
Let Ly(t) = %675, using (64) and (31), the Lyapunov time derivative is obtained as

6T A¢(AT)[AP(AT)] 6

P=a

SEL (). (64)

Ly(t) = —« . 5 (65)
(1 + [AG(AT)]" [AG(AT)])
Using (63) and (65) in (55), we get
. _ 1 -
L) < =@ = KipllP = = SIRIDaagan)]f (66)

where p = (1 + [A¢(AT)|T[AG(AT)])%.

Proof of Lemma 3:

The optimal control input for the overall system is stabilizing. Therefore, the
closed-loop system matrix (A — BK*) is Hurwitz. The Lyapunov equation is given by
(A— BK*)'P + P(A — BK*) = —Q, has a positive definite solution Q. The matrix Q can
be chosen diagonal. Consider the Lyapunov function candidate L(z) = x”(¢t)Px(t), with P
being a positive definite matrix of appropriate dimension. The first derivative, along the

overall system dynamics (36) can be expressed as
L(t) = iT(0)Px(1) + xT (1) Px(¢)

= x"()[(A = BK)'P + P (A - BK)]x(t) = —x" (1)Qx(¢).
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Since, Q is a diagonal matrix, the first difference in terms of the subsystem state vector can

be expressed as
, N = N )
Loy==-), 5000 <= Gl <0
where Gmin is the minimum singular value of Q;. This implies the subsystem (35) is

asymptotic stable.
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V. APPROXIMATE OPTIMAL EVENT-TRIGGERED CONTROL OF
NONLINEAR SYSTEMS

ABSTRACT

In this paper, a novel approach is proposed for a nonlinear dynamical system using zero-
sum game theory to optimize simultaneously both the event-triggering sampling instants and
state feedback control policy. In the proposed scheme, the nonlinear control policy and the
event-triggering sampling errors are considered as two non-cooperative players and a min-
max optimization is devised to determine the optimal control policy and an event-triggering
condition such that a balance between the frequency of feedback and system performance
is achieved. First, a solution to this optimization problem is developed by assuming the
system dynamics of the nonlinear system are known. Subsequently, an artificial neural
network (NN) is employed to learn an approximate solution to the Hamilton-Jacobi-Isaacs
(HJI) equation, in a forward-in-time and online manner, using a hybrid learning scheme.
Next, NN identifiers are introduced to relax the requirement of the complete nonlinear
dynamics and a model free approximate optimal event-triggered control scheme is proposed.
Finally, the proposed approach is extended to the distributed approximate optimal control of
nonlinear interconnected systems. The local ultimate boundedness of the resulting closed-
loop nonlinear system is demonstrated. By using a numerical example, the performance of

the near optimal design is evaluated through simulation studies.
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1. INTRODUCTION

Traditional feedback controllers use instantaneous sensor measurements from the
system as feedback signals to update the control input. With the advent of networked control
systems (NCS), the feedback-loop in the modern control systems is closed via a commu-
nication network. The traditional feedback approach with a fixed sensor sampling rate is
found to be expensive for the NCS due to communication overhead. Event-based sampling
[1]-[3] and control, on the other hand, is increasingly gaining prominence among control
researchers because of its computational and communication resource saving capability. In
an event sampled framework, the sensor measurements are sampled based on certain state
dependent criteria referred to as event-triggering condition. The controller is executed only
at these aperiodic sampling instants. The event-triggering condition, in general, is designed
by taking into account the stability, and, hence, proven to be advantageous [3] over its
periodic counterpart.

For an event-triggered control, the system is required to be input-to-state stable
(ISS) with respect to the measurement error. The event sampling instants are designed to
reduce the frequency of feedback instants while guaranteeing the system stability. Here, the
inter-event time intervals need to be lower bounded by non-zero positive constant to avoid
accumulation point and zeno-behavior [3]. In line with these requirements, in the literature,
two approaches are proposed for event-triggered control.

In the first approach, the sensor measurements and the control input are held between
two consecutive events at the controller and actuator by using a zero order hold (ZOH),
respectively. In contrast, the second approach uses a model of the system at the controller
to provide the feedback information between event sampling instants [4]. A comprehensive
survey on different event-triggered control approaches and their benefits are presented in
[5]-[7]. It should be noted that the majority of the event-triggered techniques [1]-[4] are
designed for stabilization without any performance criterion under the assumption that the

system dynamics are known.
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Optimal control [8], on the other hand, not only stabilizes the system but also
optimizes the performance based on a performance function. Optimal control of nonlinear
dynamic systems in continuous-time is a challenging problem due to the difficulty involved
in obtaining a closed-form solution or value function to the Hamilton-Jacobi-Bellman
equation. Adaptive dynamic programming (ADP) techniques [9]-[16], are used to solve the
optimal control of such nonlinear systems online by finding an approximated value function.

Among the earlier works on ADP-based optimal control [12]-[14], the reinforcement
learning technique using dynamic programming is combined with the adaptive control
theory and a neural network (NN) based framework, to generate an online yet approximate
solution to the optimal control without needing the knowledge of system dynamics. Later,
online policy iteration schemes [15] are introduced to obtain the solution of HIB equation
and attain optimality. In addition, an alternate single NN-based ADP approach is presented
in [11] for an affine nonlinear continuous-time system without using an iterative technique.
The NN weights are tuned online and periodically to achieve near optimality.

Recently, event-triggered optimal controllers are developed for a nonlinear system
using NN based online approximators in [9],[ 10] wherein the event-triggering instants are
designed to maintain system stability alone. In contrast, the authors in [17]-[18] proposed
an optimal event-triggering mechanism by formulating a cost function that penalizes the
number of events for a linear system with known dynamics.

In summary, the optimal event-triggering instants and controller design are, in gen-
eral, considered as mutually exclusive problems. To the best knowledge of the authors, a
simultaneous optimal co-design of the controller and the event-triggering sampling mech-
anism is not attempted in the literature for nonlinear systems with known and uncertain
system dynamics. The benefit of such a control scheme lies in the fact that the control
inputs to the system explicitly take into account the effects of aperiodic event sampled feed-
back and hence, the system performance is optimized. Moreover, the design parameters

can be chosen directly to meet a predefined performance measure.
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Motivated by the above facts, in this paper, a novel approximate optimal event-
triggered control design scheme for nonlinear continuous-time systems is presented. First,
the design of both control policy and the event-triggering mechanism is formulated as a
two-player zero-sum game with known system dynamics. Here, a novel cost function is
introduced as a function of state vector, control policy and the measurement/event-triggering
error. The control policy and the measurement error due to event-triggered feedback will
be considered as two non-cooperative players. The saddle point solution to this min-max
problem results in the minimization of the control policy while maximizing the measurement
error.

The resulting measurement error from this min max optimization problem is utilized
as the dynamic threshold in an event-trigger condition to determine the sampling instants.
Since the control policy explicitly accounts for the worst-case event-triggering error, the
stability and the performance of the system is preserved. Moreover, since the inter-event
time is directly proportional to the event-triggering error and utilizing the maximum event
trigger error as a dynamic threshold results in optimizing the inter-event time. This net result
is an optimal event-triggered controller which explicitly takes into account both generation
of event-triggered sampling instants and control policy.

Next, an approximate solution to the simultaneous optimization of event sampling
instants and control co-design problem is proposed when the system internal dynamics
are considered uncertain. Here an artificial neural network (NN) is employed to learn
the approximate optimal value function and to determine the optimal control policy while
maximizing the event-triggering intervals in a forward-in-time manner by using a hybrid
learning scheme [10]. Next, NN identifiers are introduced to relax the requirement of
accurate knowledge of the internal dynamics and the input gain function to obtain the

saddle point solution for the min-max optimization problem online. The Lyapunov stability
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analysis is used to guarantee local ultimate boundedness of the state vector and the NN
weight estimation errors. Finally, the proposed approximate optimal event-triggered control
scheme is extended for distributed control of interconnected system.

The contributions of the paper include: 1) a novel optimal event sampling instant
and controller co-design using zero-sum game formulation for affine nonlinear systems; 2)
development of an online NN learning scheme for generating optimal control and event-
triggering policies when the system dynamics are uncertain; 3) extension of the approximate
optimal event-triggered design to the distributed control of interconnected systems; 4)
derivation of inter-event time or event triggered sampling instants for the cases of known
and uncertain system dynamics; 5) Lyapunov stability analysis and verification of the
proposed design using numerical examples via simulation.

The paper is organized as follows. In Section II, the system nonlinear system
dynamics are introduced and the problem statement is presented. In Section III, the main
results are presented for the case when the system dynamics are known. In Section IV, a NN
based hybrid learning approach is proposed to solve the optimization problem forward-in-
time, online, when the system internal dynamics are uncertain and the NN identifier based
design is introduced to relax the requirement of both the internal dynamics and input gain
function. In Section V, the extension of this approach to the distributed approximate optimal
control of interconnected system is presented. Finally, simulation results are provided to
show the effectiveness of the controller designed in Section VI. Conclusions follow in
Section VII.

In this paper, R denotes the set of all real numbers; denotes the set of all natural
numbers. Euclidean norm is used for vectors and Frobenius norm [27]-[28] is used for
matrices.The next section presents a brief background on the system dynamics and the

problem statement.
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2. BACKGROUND AND PROBLEM STATEMENT

2.1 System Description

Consider the nonlinear dynamical system represented by

x(t) = f(x) + g(x)u(2),x(0) = xo (1)
where x € Q c R" is the state vector of the system, Q is a compact set in the n-dimensional
Euclidean space; u(t) is the control input, f : Q — R" andg : Q — R™ are nonlinear
maps representing internal dynamics and input gain function. The function f satisfies
f(0) = 0 and the function ||g(x)|| = 0 if and only if x = 0. The control input for (1) is of

the form

u(t) = p(x(1)) 2)

where u : Q, — R™ is a nonlinear map satisfying ¢(0) = 0 and Q,, is a compact subset of
Q.

In the traditional periodic/continuous feedback framework, the control policy, y, is
continuously implemented using the current feedback signal x(¢). In contrast, in the event-
triggered control framework x(t) is available only at certain aperiodic event-based sampling
instants. These time instants can be represented using the sequence {#; }xeqon} € ¢, such
that 0 = 79 < #; < ... The control policy will be held at the actuator using a zero-order hold
circuit and satisfies u(z) = u(x(t)) wherein x(¢) = x(t;), Vt € [k, tx+1). Hence, the control
signals are piecewise continuous.

The discrete aperiodic sampling instants can be determined dynamically by using
an event-triggering mechanism. Note that due to the difference between x(¢) and x(), there

will be an event-triggering error (or measurement error), which is defined as

e(t) = x(t) - x(1), Vi € [t, ter1)- 3)
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At the sampling instants, the error (3) is reset to zero or e(f;) = 0. Define the difference

between continuously updated control (2) and the event sampled control policy as

(1) = u(x(1)) — u(x(1)). 4)

In the rest of the paper 77 in (4) is referred as control sampling error policy.

Assumption 1: The computational delay is considered negligible and the sensors are
assumed to be noise free.

Remark 1: For a linear system, the control policy is represented as u(t) = Dx(t),
where D is a control gain matrix. Due to the linearity, (4) will be a represented as
n(t) = De(t) for a linear system. However, because of the nonlinear policy (2), a linear
relationship between 7(7) and the event-triggering error does not exist. Therefore, for
simplicity, the difference in the event-sampled control and continuous control policy, 7(z),
is defined as control sampling error policy.

Next, the problem of designing an event-triggering condition to determine {#;} and
the optimal control policy (2) co-design are defined.

2.2 Problem Statement

Consider the nonlinear dynamical system given by (1). Let the control policy (2)
be implemented with event-triggered feedback. Then, the system dynamics (1) can be

re-written as

X(1) = f(x) + g(x)u(x). (5)
Define the performance measure for the system (1) to be

IZOI = Q(x() + u” () Ru(?) (©)
where Q is a positive definite function satisfying Q(0) = 0 and R is a positive definite

matrix. The functions Q, R penalize the states and the control policy, respectively.
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Fig. 6.1. Networked control system and event-triggered feedback.

A block diagram representation of the control architecture for event-triggered imple-
mentation of state feedback control is given in Fig. 6.1. The event-triggering mechanism
monitors the sensor measurements and dynamically determines the time-instants {z;} to
close the feedback loop. Here, the control policy in (2) are generated by solving a mini-
mization problem associated with the performance measure (5) and the event-execution rule
to determine the sequence {7 } is obtained by designing an upper bound for the measurement
error (3) based on the stability of the controlled system.

In this paper, the objective is to develop an optimal control policy which mini-
mizes (6) while simultaneously maximizing inter event sampling interval and meeting the
performance given by (6).

Remark 2: To determine the event-triggering instants, the state vector is sampled
as a function of the event-triggering error by using the stability criterion [3]. For example,
consider the system (5); an ISS Lyapunov function, L(x) is chosen such that its time
derivative is represented as L = —a(||x||)+7(||e||), where @, ¥ are positive definite functions.
Using the Lyapunov time-derivative, the event-triggering condition is chosen as ||e|]| <
oy~ (@(]|x||)), for some positive constant o~. The bound on the event-triggering error
oy~ '(a(||x]|)) ensures that the negative term in the Lyapunov time derivative, L(¢) is
dominant and hence, ensures stable operation of the system. However, this does not provide

any information about the system performance during the inter-event period.
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In the next section, a zero-sum game based event-triggered control scheme is pre-
sented which satisfies the objectives defined in this section. The resulting event-triggering
mechanism increases the time between successive events while the optimal control policy

ensures satisfactory system performance.

3. PROPOSED METHODOLOGY

In this section, the control and the event trigger sampling interval policies will be
considered as two non-cooperative players applied to the system. A cost function is defined
as a function of system state vector, control input vector and the sampling error policy. It
will be demonstrated that the objectives listed in Section 2 will be achieved by determining
a saddle point solution to the optimization problem associated with the cost function subject
to the dynamic constraint (5).

The maximizing solution to the optimization problem will act as the threshold to
generate events while the optimal minimizing control policy will be applied to the system
with the feedback generated at these event-triggered sampling instants. Existence of such
saddle point solution to the min-max optimization problem depends on certain properties
of the system which are discussed in Remark 3 [8],[26].

Utilizing the system dynamics (5) and the definition of the sampling error policy

(4), we can rewrite the system dynamics (5) by adding and subtracting u(x(t)) as

X(1) = f(x) + g(x)u(x(1)) + h(x)n(r) (7)
where i(x) = g(x) and n(¢) is defined as in (4). Now define the infinite horizon cost function

using the performance measure (6) as

sna = [N - o nldr. ®)
t
where o > 0 represents the attenuation constant. The objective is to find an optimal

saddle-point solution (u#*, %) so that the optimal value function satisfies

V*(x(¢)) = min max J(u, n) = max min J(u, 7). 9)
u n n u
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Using the infinitesimal version of the cost function (8) and the system dynamics (7), the

Hamiltonian function can be defined as
H(x,u,n) = Q(x) + u' Ru—on'n + VI [f + gu(t) + hn(t)] (10)

where V, = 0V /dx with V(x) being the value-function defined using the integral expression

in (8). The optimal policies are obtained as [25]-[26]
1
u(x,Vy) = —ER_lgT(x)V; (11)

* 1 3k k k
TY(X, Vx) = T‘QhT(x)Vx =n ()C, Vx) (12)

where V7 is the gradient of the optimal value function along the state trajectory. Substituting
optimal policies in the Hamiltonian will result in the continuous-time Hamilton-Jacobi-
Isaacs (HJI) equation

H=Q0(x)+V7Tf- %V;TgR_l gV év;ThhTVj. (13)
Assumption 2: The control policies are Lipschitz continuous over compact sets and satisfy
||u(f) - u(x)” < L, ||e|| where L, > 0 being the Lipschitz constant [27].

Remark 3: Consider the infinite horizon cost function (8) and the nonlinear sys-
tem dynamics (7). Let the system be reachable and zero-state observable with Q(x) =
C(x)" C(x), with a nonlinear map C. Then, there exists a minimum positive definite solu-
tion for the Hamilton Jacobi Isaacs (HJI) equation ([26],[8]) when o= > o, where o™ is the
H, gain of the system.

Remark 4: Note that if there is a positive definite solution to the HJI equation, then
the optimal cost function is finite and the control policy asymptotically stabilizes the system.
Further, the optimal policies (11) and (12) are functions of the optimal value function V*.
To determine the optimal value function, solution to the HJI equation is required which is
non-trivial. Therefore, function approximators are utilized to generate an estimated optimal

value function which is utilized in the optimal policies.
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Remark 5: 1f the dynamics f, g are linear maps represented by A, B, respectively,
the HJI equation becomes the game algebraic Riccati equation (GARE) [8]. The optimal
value function, V*(x), for the GARE exists if the system is controllable and the (A, vQ) is
observable. The optimal value function then is given by V*(x) = x”(¢)P*x(t), where P* is
the positive definite solution to GARE.

Lemma 1: Consider the infinite horizon cost function (8) and the nonlinear input
affine system dynamics (7). Let be the positive definite solution for the HJI equation (13),
then the optimal policy

u(x) = ~5 R V0 (14)

generates a local ISS Lyapunov function for (7) with respect to the measurement error e(?).
Proof: See Appendix.
Remark 6: The smooth function L(x) = V*(x) satisfies, a(V*(x)) < V*(x) <

a(V*(x)), where @ and @ represent the positive definite functions. Further, from the proof

of Lemma 1, we have ||x|| > ¥ ||e|| implies L, < 0, where v = ||L,L,hl|| /||6x,m s Ox.ms Ly
are positive constants defined in the proof of Lemma 1 using Q and R. Thus, it can be
concluded that L(x) is a local ISS Lyapunov function [27].

Next, the main results of this section are presented.

Theorem 1 (Case of Known System Dynamics): Consider the infinite horizon cost
function (8) and the affine nonlinear system dynamics (7). Let be the positive definite

solution for the HJI equation (13), and the optimal policy given by (14) be applied to the

system with the following event-triggering condition given by

7" @l

u

el < t € [tk tks1), Yk € {0, N}. (15)

Then, the closed-loop system is asymptotically stable when Q, R, o are selected such that
Oxm > 0, where 0, 5, is a function of Q, R, . In addition, a positive minimum inter-event

time, 7,,, exists such that

hL
tog( 1L

T > el +1) (16)
nZ iy ey, el
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where X, is a positive constant defined in the proof.

Proof: See Appendix.

Remark 7: The proposed event-trigger condition (15) allows the measurement error
to increase until the system performance defined by (6) is not deteriorated. This increases
the inter-event time (Proof of Theorem 1).

Remark 8: The expression for the inter-event sampling interval obtained in the
proof of Theorem 1 can be utilized to generate events automatically without using the
event-triggering mechanism. Such a scheme is known as self-triggering scheme and it
obviates the computation required by the event-triggering mechanism to determine .

Remark 9: Note that the proposed event-triggering condition (15) is a function of
n*(¢). In contrast to the traditional event-triggering conditions [3], the event-triggering error
in the proposed scheme is bounded by the worst-case difference between the continuous
and event-sampled control policy n*. Thus, the inter-event sampling time obtained using
the proposed condition (15) specifies the maximum time for which the control policy is not
required to be updated with the latest sensor feedback information. Also, note that all the
signals required to check the event-triggering condition (x(t), x(tx ), n*) are available at the
event-triggering mechanism.

In the next section, an optimal adaptive event-triggered control design using NN

based hybrid learning approach is presented.

4. NEURAL NETWORK CONTROLLER DESIGN

The control policy and the event-triggering condition require the optimal value
function which is incidentally the solution to the HJI equation. The HJI equation does not
have a closed-form solution [12],[15]. Therefore, numerical solutions are constructed by
using reinforcement learning techniques [24] and approximate optimal control solutions are
obtained. The saddle point solution for the proposed min-max problem formulated for the

event-triggered control design can be learned online, in a forward-in-time manner using a
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Fig. 6.2. Approximate optimal event sampled control system.

NN based value function approximator. First, a solution is proposed to relax the requirement
of accurate knowledge of the system internal dynamics f(x). Then an NN identifier based
design is introduced to relax the accurate knowledge of both f(x) and g(x).

4.1 Case Of Known Control Coefficient Matrix

A block diagram of the proposed learning scheme is given in Fig. 6.2. It can be
observed that in order to learn the optimal control policy and the event-triggering threshold,
two value-function approximators (VFA) are required one at the controller and the other at
the event-triggering mechanism. Both the value-function approximators learn the optimal
value function corresponding to the HJI equation (13) and the initial values for the both the

NN weights are same.

Using the infinitesimal version of the cost function (8), we have
V =-0(x)—u'Ru+c’n'y (17)
Integrating both sides of (17) in the interval [#, tx+1), reveals

V(te) = Vi(te) = / (—Q(x) — u" Ru + o*n" n)dr. (18)

179
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Equation (18) is called the Bellman equation [15]. The Bellman equation is a fixed point
equation with the optimal value function being the fixed point solution. Therefore, if the
optimal value function and control policies in (18) are replaced by the estimated quantities,
there would be an error, referred to as the Bellman error/temporal difference (TD) error
[10], [24].

Define the estimate of the optimal value function as V. Now replacing the optimal

value function in (18) with the estimated optimal value function reveals [11]

Xia1(t) = / T Qx i Ru— e + V() - V(e (19)
Ik
where x4 is the Bellman residual error/ temporal difference error calculated at the occur-
rence of k + 1 event.
Assuming that the solution to the HJI equation is a smooth function, the approxi-
mation of the optimal value function can be represented in parametric form using artificial

neural networks as

V*(x) = W p(w! x) + £(x) (20)

where W is the target NN weights, ¢(x) is the smooth activation function satisfying ¢(0) = 0,
&(x) is the reconstruction error and w is the weights of the first layer which are randomly
chosen, held constant to form a stochastic basis and will not be explicitly written henceforth
[28].

Assumption 3: The target weight vector W € Qp < RNeX! satisfies the bound
IW|| < Wy. Let the number of hidden layer neurons be denoted as N,. The set of
activation functions [¢1 ¢ ... ¢y, ]" form a basis on the compact set Q with ||¢(x)|| < N,.
The reconstruction error satisfies ||e(x)|| < epy.

Next, define the estimated NN weights, W and the estimated approximate optimal
value function

V(x) = We(x) (21)



171

Substituting the estimate of the approximated optimal value function from (21) in (19)
yields

T
et (0) = / (0() + u” Ru— o2 n)dr + W A(r) 22)
0

where A@(t) = @(tr+1) — ¢(tx) and xi+1(¢) is the residual error calculated at the event-

sampling instant #;41. Similarly, using (20) in (18) yields

WTA¢(T) + Ae(t) = / o (-0(x) — u’ Ru + 0'217T77)dr (23)
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where Ae(1) = e(x(tes1)) — e(x(tx)). Define weight estimation error as W = W — W. Then,

substituting for the right hand side of (23) in (22) to get
—xk+1(t) = WHDAG(T) = W (A7) + Ae = W (D)AP(7) + Ae. (24)

Equation (24) provides the relationship between TD error and the weight estimation error.
With this relationship, the main results for this section are presented in the following
theorem.

Theorem 2 (Case of Known Control Coefficient Matrix): Consider the infinite
horizon cost function (8) and the nonlinear input affine system dynamics (7). Let W be a
bounded and constant target NN weights for the value function approximator and W(0) be
the initial estimated NN weights defined in a compact set Q. Let the control policy given
by

u(x) = —%R”gT(x)Vx, (25)

be applied to the system with V, being the gradient of the value function (21) with respect
to the state vector. Choose an initial stabilizing control policy such that the resulting cost is

finite. Further, let the event-triggering condition satisfying

7A@l
L

u

eIl <

H te [tka tk+1)’ Vk € {OaN}a (26)
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be used where 17 = %rth(x)Vx(t). Consider the value-function NN weight adaptation rule

given by
_ [A¢(0)]
W= (1A [A(0)]) QX"() 27
[A¢(r)]

T
! 2 ref(s at .
(2126 a0~ (tk), t € (tks trr1)

Then, the state vector and the NN weight estimation error converges locally and be-
comes ultimately bounded with the event-triggering instants k — oo, provided the de-
sign parameters a, Q, R, o are chosen provided: §, > 2L2, % > %||R||2 where p =
(1 + [AG(AT)T[AG(AT)])?, b, = [Q(x) + uT Ru* — o*5*Tyy], where a > 0, is the learning
step. The bounds are defined as 2g2 Vs +a? s , where ||g(x)|| < gm, ||[Ve|l < Vey,
llell < ey with Vey, gy, ey are positive constants.

Proof: See Appendix.

Remark 10: In contrast to the traditional policy-iteration scheme [24], the parameter
tuning proposed in (27) is a hybrid learning scheme [10] which can be implemented online.
The HIJI residual error, yi, is calculated at every event-triggering instant, t;, and the
parameters are updated continuously using (27) both at the event sampling and inter-event
intervals. The update rule utilizes the new information obtained at the event-triggering
instant to calculate the Bellman error, y;(¢), and the updates in the inter-event period,
[#k, tx+1) tries to reduce the HIJI residual error calculated at the last event-triggering instant,
tx. It is demonstrated in [10] that such a hybrid learning scheme improves the learning
efficiency in the event-triggered feedback framework.

Remark 11: If the system dynamics are linear, the solution to the GARE is required
instead of the solution to the HJI equation. Therefore, the approximation to the solution for
the GARE can be represented as V*(x) = W ¢(x), where ¢(x) being a regression function
obtained by using the Kronecker product of x” (f) ® x(¢) and W is obtained by representing

the matrix P* in a vector form [8].
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Remark 12: Note that the bounds are obtained in Theorem 2 as a function of the NN
reconstruction error. It has been demonstrated that as the number of hidden layer neurons
are increased the reconstruction error converges to zero [28]. In this special case, by
appropriate design of the NN approximator, the state vector and the NN weight estimation
error converge to zero asymptotically.

4.2 Unknown Control Coefficient Matrix Using Identifier

Note that the control policy (25) and the event-triggering condition (26) still require
the knowledge of the nonlinear function g(x). To relax this requirement, consider the NN

identifier as

A

X = f(X) +8(D)u(r) — Ax(1) (28)

where f, g are the approximated functions of the nonlinear dynamics f,g. The forcing
function, ¥ = x—X, is the state estimation error, and A > 0 is a linear map which stabilizes the
NN identifier during the learning phase. Using NN approximation, the parametric equations
for the nonlinear functions in (28) are g(e) = Wyl (®) + &4(e), f(o) = Wilr(e) + £f(e)
where W, denotes the target NN weights, £, denotes the bounded NN activation functions
and &, denotes the bounded reconstruction errors. Using the estimate of the NN weights,
W., define f(e) = ngf(.) and g(e) = ngg(O). Now to analyze the stability of (28), using
(28) and (1), the dynamic equation describing the evolution of the state estimation error,
X(t) is revealed as

X=Wrly + Wely = Wilp + [Wly + Wedo— 29

Wololu + gou + £ + AX
with & = 4(x) — &(R), We = W, — W.. The local bounded regulation of X(r), W ()
is observed when (29) is injected with a non-zero bounded input e(#) and this result is

summarized next.
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Lemma 2: ([9][10]) Consider the identifier dynamics (28). Using the estimation
error, X(t), as a forcing function, define NN weight tuning using the Levenberg-Marquardt

scheme with sigma modification term to avoid parameter drift as
~T =T
A aplrx A 2 agloux -
Wi=——"——=—kWy, Wy = 5 5 — KkgW, (30)
g + 1€

where af, a,, K¢, Kg, Cf, €4 are positive design constants. The error dynamics using (30) are

obtained as
L —aplpET e —agLeuiT R
Wf = + Kfo, Wg = N + KgWg. 3D
e + € o + [l

If u(z) is stabilizing, then there exists a., ks, A; > 0 such that (29) and (31) are stable and

#(t), W4(2) are locally ultimately bounded. The bounds are functions of the reconstruction
error and the sigma modification gain «,.

Proof: See Appendix.

Remark 13: Using the NN identifier, the approximate optimal event-based control
scheme can be developed by relaxing the requirement of the complete knowledge of the
nonlinear dynamics. The stabilization of control policy requirement is not needed in the
corollary.

Corollary 1: Consider the infinite horizon cost function (8) and the nonlinear input
affine system dynamics (7). Let W be the a constant target weight matrix for the value
function estimator and W(0) be the initial estimated weight matrix in Q. Use the NN
identifier (28) to obtain the approximation of the nonlinear system dynamics. Tune the NN

identifier using the weight update rule (30). Let the control policy given by
1 N
u(x) = =5 R OV, (32)

be asserted on the system with an initial stabilizing policy. Let the event-triggering condition

be

7@l
L

u

le@Il < o 1€ [t tisr), Vi € {0, N} (33)
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where 1} = #ET(x)Vx(t). Next, consider the value-function NN hybrid weight adaptation

rule given by
_ [A¢(7)]
W= (1+[Ag(0)]" [Ad(r)

[A0(0)] .
te), t € (ty, t .
(2126 a0~ (tk), t € (tks trr1)

sxp (), 1= 1;
D (34)

Then, the states of the system, NN identifier and the NN weight estimation errors converge
locally to a bound with the event-triggering instants k — oo.

Proof: See Appendix.

Remark 14: Using the NN identifier along with the value function approximator
provides an additional benefit when compared to the traditional actor-critic architecture
[14]-[15], which is an alternate approach to design approximate optimal controllers. The
advantage of this approach is that the NN identifier can be used for online exploration [10]
and the identifier state vector can be substituted for actual state vector to mimic a model-
based event-triggering scheme which reduces the effects of network delays and packet losses
[4]. Remark 15: Once the states reach their bounds, a dead-zone operator can be used to
stop the event-triggering mechanism to generate redundant events [9],[22].

In the next section, the hybrid-learning based zeroAASsum game theoretic formu-
lation is extended to the distributed control using decentralized event-triggering conditions

for interconnected systems.

5. EXTENSION TO DISTRIBUTED APPROXIMATE OPTIMAL CONTROL

Consider a nonlinear input-affine system composed of N interconnected subsystems,

each of the form

. N
Xi = filxi) + gilxui + 25y Aij(xi x7), xi(0) = Xio (35)

J#i
where x;(r) € Q; € R™*! represents the state vector of the i subsystem; x;(¢) its time

derivative; Q; is a compact set; u;(t) € R™ is the control input; f;, g;, are uncertain

nonlinear maps and A;; is the uncertain nonlinear interconnection between i'" and j'
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subsystem. Let x;o be the given initial subsystem state. Using the subsystem dynamics, the

augmented system dynamics can be represented as

X = f(x)+ g(x)u,x(0) = xg (36)
(36) where f = [(fi + XN, A1), (v + 205 An)TTE, x =[x, . xf]" € Q € R,
n=3N n,u=[ul, W] € R" m =3 m, g = diag([gi(x1)...gn(xn)]), Q is
obtained as a finite union of Q;.

Remark 16: ([10]) Using the performance measure for the augmented system (36),
the cost function for the individual subsystems can be represented using the relation V(x) =
Zl].\i ; Vi(x) and the resulting control policy u;(x) is a distributed control policy as it is defined
as a function of the local states and the states of the neighboring interconnected subsystems.

Assumption 3: The dynamics (35) and (36) are stabilizable with origin as the
equilibrium point. Full state measurements are available for control. The communication
network which facilitates information sharing among subsystems is lossless.

Corollary 2: Consider the infinite horizon cost function (8) and the nonlinear system
dynamics (36). Use the NN identifier at each subsystem defined by (28) and the identifier
NN weights be updated using (30). Let W; be the constant, bounded, target parameter vector

for the NN-function approximator at the i subsystem. Let the control policy
| TN
ui(t) = =5 [R7 ' &i(x)Vie0)), (37)
be applied to the subsystem, where R; is a positive definite matrix, V;, is the gradient of the

estimated optimal cost function of the i’ subsystem with respect to the states, x; and let the

decentralized event-triggering condition satisfies
| A
lles®ll < =l 1 € [tk tr11), Vi € {O,N} (33)
u;

where R = diag(R;), i = [ﬁlT ﬁg .. ﬁ{,]T, L,, > 0. Let the value-function NN weights at

each subsystem be updated using

[A¢I(T)] T _
) —di ] t ’ t= tk
W = l(1+[A¢[(T)]T[A¢i(-r)])2Xz,k( ) (39)

[A6(0)] r
— S(tr), t € (g, t i
R TR YR A Y
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where W; is the estimate of W;, ; is the learning rate and A¢; is defined similar to (34) at
the i’ subsystem. Then, the state vector and the parameter estimation error converges to an
ultimate bound which is a function of the reconstruction error, «, the sigma modification
term in the identifier weight tuning law, as the event-triggering instants k — oo.

Proof: The proof of this Corollary follows a similar line of argument as Theorem 2.
To avoid redundancy, the detailed derivations are omitted. In the next section, simulation

results are provided to verify the theoretical claims.

6. SIMULATION RESULTS

For the simulation results, first, consider the unstable nonlinear dynamics in continuous-
time [11] as X = f(x) + g(x)u, with x = [x1x2]” and u = [u1u2]". The nonlinear dynamics
are x; = —(29x; + 87x1x§)/8 - (2x + 3x2xf)/4 +up and X = —(x + 3x1x§)/4 + 3uy.
To verify the advantages of the proposed method, the results of our approach is compared
with that of an event-triggered optimal approximate controller with the event-triggering
condition of the form [22].

For the case of uncertain system dynamics (f, g unknown), the proposed NN
approximate-learning based control approach is compared with the traditional event-triggered
NN approximate optimal control scheme (Sahoo et. al, [17]). The considered numerical
example is studied in H,, control schemes and the analytical solution to the HJI equation
(optimal value function) is calculated as V*(x) = xl2 + 2x§ + 3x1x2 [11],[15].

The simulation analyses carried out with different design parameters and the values
of the penalizing matrices Q, R are taken as 10/,0.21. The value of o is taken as 0.7. These

values are chosen as they resulted in comparable control effort and state trajectories. Both

the VFA NN weights are initialized with the same random values from the interval [-2,2].
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Fig. 6.3. Comparison of state trajectories x; and x;.

Fig. 6.3 depicts the convergence of the closed-loop system state vector, and Fig. 6.4
depicts the comparison plots of the control inputs. The proposed method is contrasted with
the event-triggered implementation of approximate optimal controller. It can be observed
that the state trajectories are satisfactory with similar control effort.

Further, the lower bound on the inter-event times is observed to be 1 ms. It is
clear from Fig. 6.5 that the event-triggering threshold with the proposed approach is
considerably higher than the traditional approach. This elongated the inter-event time,

reducing the resource utilization which is one of the primary objectives of the design. Fig.

6.5 shows the inter-event times.

Control policy 1

= = = Fvent-triggered optimal control scheme
1.5 . . ——

u,(®

2 3 4 5
Timeins

Fig. 6.4. Comparison of control policy u;.
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Table 6.1. Analysis of approximate optimal control scheme.

‘ ‘ Avg. IET in s ‘ Cumulative cost ‘ Events ‘
| 7 [ET-NN| PM | ET-NN | PM |ET-NN|PM|
| 0.90 | 0.0350 | 0. 0685|2.074e+5 | 1.442e+5| 290 |120|
10.925]0.0357 | 0.0675 |2.085¢+5|1.530e+5| 280 |130|
| 0.95 | 0.0362 | 0.0744 |2.100e+5 | 1.602e+5| 270 | 140
10.975]0.0369 | 0.0583 |2.110e+5 | 1.654e+5| 260 | 160 |
|1 |0.0604|0.0562 |2.114e+5|1.704e+5| 260 |170|

The comparison of inter-event time in Fig. 6.5 and the cumulative cost function in
Fig. 6.6 reveals the benefit of using the proposed scheme. It is observed that the average
inter-event time is increased considerably and the cumulative cost is reduced with the
proposed approach. Due to space consideration, all the simulation figures are not included
and the results are summarized in Table 6.1.

In Table 6.1, proposed method is abbreviated as PM, event-triggered NN based

approximate optimal control [17] is abbreviated as ET-NN.

7. CONCLUSIONS

This paper proposes a novel approach for simultaneously optimizing both the event-
triggering sampling instants and state feedback controller using zero-sum game formulation
for a class of nonlinear system. The proposed design scheme provides a tractable trade-off

between the frequency of events and the system performance cost by utilizing the min-

Event triggering threshold Inter-event time
10 o 0.2 N -
Proposed method £ +  Event-triggered optimal control scheme
S = = = Event-triggered optimal control scheme g 0.15 * Proposed method
2 = * SFRIAOIOOkoAoAokAoookok|
4 5 c 0.1 1
= )
e >
= 9
=
2
ol= = == =

0 0.2 0.4 0.6 0.8 1
Timeins Timeins

Fig. 6.5. Comparison of the performance of event-triggering mechanism.
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Ratio of cumulative cost for different initial conditions
1 ! ! ! !

Proposed learning/hybrid algorithm

0 100 200 300 400 500
Initial conditions

Fig. 6.6. Comparison of cumulative cost.

max optimization of the cost function. The inter-event time interval increases with the
proposed event-triggering condition which considerably reduces the communication cost
when compared to the traditional event-triggering schemes. The approximation based NN-
learning scheme generates the optimal control policy and the event-triggering condition
forward-in-time by obviating the curse-of-dimensionality. The NN identifiers relaxed the
requirement of the accurate knowledge of the system dynamics to implement the proposed

scheme.
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APPENDIX

Proof of Lemma 1:
Choose the positive definite Lyapunov function L,(x) = V*(x). The time derivative
along the system dynamics can be obtained as
I wl s s L
L(t)=V x=[V] f+V] gu+V_ hnl. (40)
Add and subtract V; Tgu* + Vi ! hn* to get

L) = [V F+V gu + V2 by

, , . 41)
+Vig(u—u®) + Vi h(n—1")
From (10), with (u*, 5%, V*), we have H(x,u",n*) = 0 and
—0(x) —uwTRu* + o Ty* = VI f + gu* + hn*]. (42)
Using the right hand side of (42) in (41) results in
L.(t) = -0(x) — T Ru* + o’y Tn*
(43)

+Vi g(u—u*) + Vi h(n — ).
Using the definition, n* = rithV)f, and substituting the control policy ™ from (14) in (43),
we get L (1) = —-0(x) — T Ru* — o?n*Tn* + 20°n*Ty. By using the definition of optimal
policies (11), and (12), we have
Lt) < —xT6,x+V:Thy (44)
where 0, > 0. Applying norm operator to (44) reveals
Lo(1) < =Sumllx|® + Ly Ly |IA]l 1]l [le]l (45)

where L,, L, are Lipschitz constants. From (45) it can be concluded that the closed-loop
system is input-to-state stable as Q, R, o are chosen as positive definite functions resulting

in oy, > 0.
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Proof of Theorem 1:
With the Lyapunov function candidate chosen similar to that in Lemma 2, from (44),

we have

Li@t)==xT6.x+V:Thn. (46)

Applying norm operator and using the event-triggering condition (15)

L) < =Sl + VTl I - (47)
Using the definition of ™ and (12), we get
. 1 “TH2
L(t) < =0xm — == IViT |l (48)
200

. . 2 . .
From the definition of d,, in (44), note that 6, , > %ﬂ| Ve T1|”. Now to derive the positive

inter-event time, use (3) and taking the time-derivative reveals
é(t) = x(t) = x(2), t € [tr, tes1)- (49)

Noting that x is a constant in the inter-event period, we have x = 0. Taking the norm

operator and substituting the system dynamics reveals
eIl = XN = ILf + gu” + hnll . (50)
From (48), there exists a X,,, > 0 such that || f + gu*|| < X,,. Using this relation in (50)

yields
eIl < lRLull llell + Xin. (51

Integrating using the comparison lemma [22], reveals
X
le@)Il < == (el Bl — 1) 1 > gy (52)
1ALyl
Substituting ¢ = ;.1 reveals the minimum positive inter-event time

ALyl

T e+ 1. (53)

( k+1 k)mm ||hlu|| g(
Proof of Theorem 2:

Consider the Lyapunov candidate

L(x,W) = Ly(t) + Ly(?) (54)
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where L,(t) = V*(x) and Ly (t) = %WTW. The derivative of the Lyapunov candidate is
given by

L(x,W) = L.(t) + Lyw(?). (55)

Consider the first term and using the system dynamics to get

. oI T o oI

Lt)=V x=[V] f+V] gu+V. hnl. (56)
Add and subtract V; "our + M " to get

L) = [V f+V gu* +V* hy]

, . . (57)
+Vy glu—u) + Vi h(n —n*)
Using the Hamiltonian (GARE), H(x, u*, %), we have
-0(x) —uwTRu* + 0'277*T77* = V;T[f + gu” + hn*]. (58)
Substituting (58) in (57)
Ly =-0x)—uwTRu* + c*nTn* + V;Tgu(f) 59)
Vi gut =V
Adding and subtracting V;T gu*(x) in (59), we get
L) = —0(x) — wTRu* + o>y Ty* - V*Thn*
o (60)

VT glu®) = ()] + V7 glu (3) — u ()]
Now, define it = u*(x)—u(x), using the definition (25) and (11), we have ii = —%R“g(})Va(%)—
TR 1g(X)Vg! (x)W. Substitute i in (60) to get

L.(t) = —0(x) — T Ru* + o’ Typ* — V;T hn*

2w TR+ V¥ g[u*(X) — u*(x)]
Using the definition of n*, we get the Lyapunov time-derivate

L(t) = -0(x) —uTRu* + o*n*"yy* — 2uT Rii (61)

Applying the norm operator in (61) to get

uT uT

Lo(r) < =6, |1x|1* +

ls@Ve@|| + || [[s)Ve" W] (62)
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where 6, = [Q + %P*BR‘IBTP* - ﬁP*DDTP*]. Using the Youngs inequality, we get

. - T2
Li(t) < =5, ||x|* + [Ju™”

T \CUCIL AN
Therefore, using the definition of u* , (64) is simplified as

L) < ~(6 — L2)IP + 363 [96" W + 363,743, (63)
Now consider the second term in the Lyapunov function. The estimation error dynamics is

revealed as é(t) = —é(t) and

. Ag(A
W=a [A¢(AT)] SXE (D). (64)

1+ ([A(AT)] [AG(AT)])

Let Ly(t) = AWTW, using (64) and (31), the Lyapunov time derivative is obtained as
- .
Lw(t) = —a/W A(/)(AT)[AQS;T) W+ A(Z] 65)
(1 + [Ad(AT)]" [Ad(AT)])
Using (63) and (65) in (55), we get
. _ . & - 2
L(t) < (6 - LD)|Ix|I* - (5 - S _ b|waer)|| 66)

+%g12wV8%4 + (1’2812‘/1
where p = (1 + [A¢(AT)]T[A¢(AT)])?. From (66), it can be seen that the state vector
and the NN weight estimation errors converge to their bounds in the inter-event period.
Thus, the closed loop system is input to state stable [27] in the presence of measurement
error and from the event-sampling condition, the measurement error remain bounded in the
inter-event period. Therefore, it can be concluded that the closed-loop system is ultimately
bounded similar to [22].

Alternatively, consider the event-triggering sampling instants. Choose the Lyapunov
candidate function (54). First, note that the Lyapunov function is continuous because of the
fact that the state vector and the weight estimation errors are continuous [29]. For the NN
based learning scheme, define the closed-loop state vector & = [x! WT]". From (66), £(t)
is converging to its ultimate bound in the inter-event period. Hence, there exists a positive
minimum inter event time (53) as long as the state vector and the weight estimation errors
are outside their ultimate bounds (In this case, the variable Xj; in equation (51) should

be modified as X,; + B, where B is the bound for the state vector derived in (66)). This
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implies that the sequence of discrete sampling instants do not have an accumulation point
[9],[22]-[23]. Therefore, it can be concluded that the set of points corresponding to the
event-triggering sampling instants {f;} is countable with Lebesgue measure of zero [2]-
[3],[29]. Thus, at the inter-event time interval and at the event-triggering sampling instants,
the time derivative of the Lyapunov function is less than zero and the closed-loop state &(¢)
locally converges to the ultimate bound defined in (66).

Proof of Lemma 2:

Consider the Lyapunov function candidate L;(%, Wf, Wg) = Ly + L; + Lg, with
Ly = ELTIx, Ly = %WfTWf + %(W}FW]-)Z, and L; = %WgTWg + %(WgTWg)z, where
e, I1, are positive constants of appropriate dimensions. Consider the first term in the
Lyapunov function. Taking the derivative and substituting the estimation error dynamics
(29) yields

Ly = i FTTUWplr + Wely = Wels + [Woly + Wl

—ngg]u +&oU + €5 + AX)

Ly = i X TAX + iy I TOW L + i ST W Ly — iy T IW
+ XTI Wy + Woly — Wolelu + i X H[equ + £5].
Apply the norm operator and by choosing the matrix A such that the minimum singular
value of A is given as —Apin(g) reveals
Le < ~(min(1119) = DI + 31l P10
4P NLes + equd + SITP L PW2, )1
P W PN + Sl 0 ]
L2 [P W |12l el + S0 g 1202 e .
Using the YoungaAZs inequality [29] and grouping similar terms yield
L < ~Cain(pat1@) = DI + STl + S + s

where

Nois = Sl IPITIP(2,, + €2, B2) + N [PITTIPN2,
N2 Bt PITTIP + W2, Nog B2 + W2, Nog).

ogu
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Now consider the second term in the Lyapunov candidate function. Taking the derivative

and using the weight estimation error dynamics (31) reveals

uZWfT.afg“fiT

- -

Ly= dx T oWk Wy
p4(WTWf)WTa'f§ffT o~ ~ A

it T aWEW )Wk Wy

Apply the norm operator and using the fact that the activation functions are bounded such
that ||Ze|| < Nye, reveals

Ly < ~ain(piar) = D[W|” = QonCptarcy) = 2|,

512 lPN2 g | + §laall* NGl |+ ol flc |

4 pall e W

< _(/lmin(/JZKf) - I)HVT/f”2 - (/lmin(/J4Kf) - 2)||Wf||4 + NosrB
where the bound 7, ¢ is defined as

togn = Sl s NG + latal s N3 + Sl W3y + glaalt W
and ||W,|| < Wey. Finally, consider the last term in the Lyapunov candidate function.

Taking the derivative and substituting the weight estimation error dynamics (31) yields

T
agloul

agLeuil
co+xT xulu

Lg = /13Wg(_ + KgWg) + HS(WgTWg)(W;(_Cg+ETquu + KgWg))

On simplification we get

. = 112 = 4
Lz < —(Amin(u3kg) — 1)”Wg|| — (Amin(pskg) — 2)||Wg|| * NoBg
1 2 2 1 4 452
Nog = 7 llu3ll"||ag|| Nog + gllusll”||eg || N.
with the bound  ° 22 ) ” g” og 84 4” g” 8 Combining all the terms Lya-
1 2 1 4
+ 11| W + sllusll 1]l Woun-
punov time derivative terms to obtain the first derivative of the Lyapunov function as

L < _(/lmin(lulﬁ) - %)”’ETHZ — (Amin(p2k5) = 1)”Wf“2
_(/lmin(/l4Kf) - ;L)||Wf||4 - (/lmi“('u3kg) - 1)||Wg||2

= 14
~(Amin(skg) = DIWel|" + 108
with 17,8 = NoBg + MosB + Mozp. This reveals that the identification and the NN weight

estimation errors of the identifiers at each subsystem is locally ultimately bounded.
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Proof of Corollary 1:

Similar to the proof of Theorem 2, we can consider two cases. First, consider the
inter-event triggering interval. Let the Lyapunov candidate function L. = L; + L where the
individual terms are defined as

Li(%, Wy, W) = Ly + L + Lg, L(x, W) = Li(t) + Lw(2).
Consider the second term. Taking the Lyapunov time-derivative and using the result from

Theorem 2, we have

L(t) = -0(x) —uTRu* + o Ty* — 2uT Rii

where : —%R‘lg(})Vs(}) - %R‘lg(})WpT(})W and § = g — ¢. Similar to the simplifi-
—3RTEDVYT (W + 3RTZD)VH ()W
cation procedure of the proof of Theorem 2, using the YoungdAZs inequality, we get
L) < 6~ DI = (2 = % - bW
ALY R L B E AR
where B is a bounded term which is a function of the reconstruction error due to the
NN approximation of the optimal value function and the nonlinear function g(x). Now
consider the first term Lyapunov function term corresponding to the NN identifier, using the
Lyapunov derivative and using the simplification procedure similar to the proof of Lemma
2, we get the time-derivative ;. Combining the derivatives of the Lyapunov function
corresponding to the system, identifiers, we get
Ly <6, - L)l - (2 - G = H|Wae)|
~(Amin( 1) = DIFT = inpi2rep) = D[
~Cmin(p2asr) = DI = QinCasig) = D[
~(Amin(HsKg) — %)||Wg||4 + Nop + %B(g}wVSIZW) + azaﬁ,[.
Finally, similar arguments at the end of Theorem 2 can be used to demonstrate that the
number of event-triggered sampling instants is countable and hence the closed-loop system

which includes the NN identifier and the NN value function approximator are locally

ultimately bounded for all time.
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SECTION

2. CONCLUSIONS AND FUTURE WORK

In this dissertation, event-sampled stochastic Q-learning and adaptive dynamic pro-
gramming techniques are developed for adaptive near optimal distributed control of linear
and a class of nonlinear interconnected systems. The event sampled approximation is used
to estimate the system dynamics, value function and optimal control input for uncertain
interconnected systems. The event sampled approximation property of the neural network
(NN) is revisited and the restrictive coupling between frequency of events and convergence
of learning scheme is relaxed by introducing a hybrid learning scheme. The aperiodic trans-
mission and controller execution instants are determined by designing novel event sampling
conditions which optimize the frequency of feedback instants and system performance. The
event sampling conditions orchestrated the sampling and transmission instants to achieve
the accuracy in estimation/approximation and control performance with effective resource

utilization.

2.1. CONCLUSIONS

In the first paper, an event driven hybrid Q-learning technique was developed to
design the optimal control policies. The designed event sampled optimal adaptive control
policies were able to regulate the system states with a reduced number of controller execu-
tions. Instead of generating more events to facilitate learning, the hybrid learning scheme
was able to accelerate the learning and improved the estimate of the optimal value function

during the learning phase which in turn improved the system performance.
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On the other hand, for the case of nonlinear interconnected systems, in Paper I, the
event sampled NN based approximation and hybrid weight update scheme approximated the
unknown optimal value functions with a small bounded error. These results are validated
with the numerical examples. The introduction of distributed observers to relax the need
for internal state measurements increases the computation when compared to state feedback
schemes whereas it is found to be more practical. However, the hybrid learning scheme
performed consistently better that the traditional TD learning. Further, it was observed that
the change in the NN weight initialization and learning gains for the weight update schemes
affect the number of controller update.

An event sampled near optimal adaptive regulator was proposed in Paper III for
uncertain nonlinear interconnected systems. The reinforcement learning frame work, to
solve the infinite horizon distributed optimal control problem in a forward in time manner,
is redesigned with event-sampled feedback information; leading to an event-driven hybrid
adaptive dynamic programming. Near optimality was achieved with complete unknown
system dynamics. The novel distributed NN identifier structure proposed to approximate
the system dynamics with intermittent update at the event sampled instants performed
satisfactorily. The aperiodic update scheme at the event sampled instants determined by
the adaptive event sampling condition drove the NN weight estimation errors within a
small bound. A novel event-sampled learning scheme was also developed to overcome the
drawbacks in the hybrid learning. To take advantage of the available inter-event time, an
exploration strategy using NN identifiers was proposed and it minimized the cost further,
off-setting the effects of initial NN weights at the expense of additional computations.

The fourth paper proposed a novel approach for simultaneously optimizing both the
event-triggering sampling instants and control policy using zero-sum game formulation.
The proposed design scheme provides a tractable trade-off between the frequency of events
and the system performance cost by utilizing the min-max optimization of the cost function.

The inter-event time interval increases with the proposed event-triggering condition which
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considerably reduces the communication cost when compared to the traditional event-
triggering schemes. This inter-event time expression can be used not only to find the
successive event-triggering instants but also to develop an optimal self-triggering control
scheme. The model-free hybrid Q-learning scheme extends these results when the linear
system dynamics are uncertain. Finally, the decentralized event-triggering condition enables
distributed control of interconnected systems confirming the generic nature of the proposed
design.

The fifth paper proposed a novel approach for simultaneously optimizing both
the event-triggering sampling instants and state feedback controller using zero-sum game
formulation for a class of nonlinear system. The inter-event time interval increases with the
proposed event-triggering condition which considerably reduces the communication cost
when compared to the traditional event-triggering schemes. The approximation based NN-
learning scheme generates the approximate optimal control policy and the event-triggering
condition forward-in-time by obviating the curse-of-dimensionality. The NN identifiers
relaxed the requirement of the accurate knowledge of the system dynamics to implement

the proposed scheme.

2.2, FUTURE WORK

As part of the future work, the controllers proposed for the interconnected systems
can be made immune to the cyber-attacks. This needs a redefinition of the performance
index by taking into account the effects of attack inputs which is not considered yet. This
will increase the reliability and resilience of the networked control systems. Extending
the ideas of distributed model-free control to develop controllers for large-scale networks
could be an area of future research. Since many practical systems can be modelled as
complex-networks composed of component subsystems, developing controllers for such

complex systems is a challenging problem.
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Exploration in the online reinforcement learning framework offers several chal-
lenges, especially in designing exploration policy for Markov decision processes with
higher dimensional state, action space. Further, the deep NN architecture for learning and
control of complex large-scale systems is a potential future direction of research. Due to the
approximation accuracy that can be achieved by the deep NNs, they offer a huge scope for
improvement in decision making processes involving complex tasks and in optimal control

of large-scale systems.
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