ABSTRACT

AL-MUTAIRI, NAIF BEJAD. Adaptive Fuzzy Modulation for Networked PI Control

Systems. (Under the direction of Dr. Mo-Yuen Chow.)

Networks and their applications have been evolving substantially in the last two
decades. Network-based control systems, also called Networked Control Systems (NCS), are
one of the hottest topics in network-based applications. By networked control system we
mean controlling the system through the network, i.e., using networks for remote control and
automation.

One major concern of using networks in remote control and automation is the Quality
of Service (QoS) deterioration effects. These QoS deterioration effects such as: network-
induced time delays, bandwidth constraints, multiple-packet transmission, and dropping
network packets are serious tribulations. Without considering the effect of the QoS
deterioration the performance of the NCS closed-loop control system could be degraded and
even destabilized.

In this thesis, an adaptive fuzzy logic modulation scheme is proposed to compensate
for the network-induced time delays in the network-based PI control systems. This scheme is
based on modulating the control signal provided by the PI controller and applied to the
remote controller via the network. A network-based controlled DC motor is used in this

thesis to illustrate the effectiveness of the proposed scheme.
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Preface

Networks and their applications have been evolving substantially in the last two decades.
Network-based control systems, also called Networked Control Systems (NCS), are one of
the hottest topics in network-based applications. By networked control system we mean
controlling the system through the network, i.e., using networks for remote control and
automation.

One major concern of using networks in remote control and automation is the Quality
of Service (QoS) deterioration effects. These QoS deterioration effects such as: network-
induced time delays, bandwidth constraints, multiple-packet transmission, and dropping
network packets are serious tribulations. Without considering the effect of the QoS
deterioration the performance of the NCS closed-loop control system could be degraded and
even destabilized.

Disturbances and unanticipated events often occur in network-based applications. If
the network cannot provide the required QoS, the network-based control application may
have to lower its performance requirement; it may also use the assigned QoS to do its best to
maintain the application availability and stability. The approach in this thesis is to treat the
network QoS as a given condition and, to design control schemes that explicitly take the QoS
deterioration issues into account and at the same time improve the system performance and
stability of the networked control system.

From a control designer’s viewpoint, the plant of the network-based control system
includes not only the plant to be controlled but also the network that connects the system

components. The network part of the NCS is difficult to handle, because the network system

xviii



traffic is stochastic in nature, and nonlinear. Time varying behaviors are inherently included.
Currently, there is still no accurate mathematical model to describe the network-based
control system behavior.

In control systems, despite the introduction of many sophisticated control theories and
techniques, the majority of industrial processes nowadays are still regulated by Proportional-
Integral (PI) controllers. Realistically, in order to switch to network-based control
applications it is of interest to discuss, study, and analyze the effect of using networks on PI
closed-loop control systems. At the same time, we need to design and develop a compensator
for the network-induced effects on the network-based PI control systems. Most of the current
available control techniques generally focus on conventional control techniques. In order to
consider the uncertainty of communication delays, computational intelligent approaches such
as: fuzzy logic, neural networks, and genetic algorithms may possibly be useful for network-
based control in some cases. Fuzzy logic control has been used for control plants where the
plant modeling is difficult and, when conventional control methods have shown limited
success. Fuzzy logic controllers usually work well in an environment with a large uncertainty
and unknown variation in plant parameters and structure. Fuzzy logic is used when an
accurate mathematical model of the controlled system is not available, and when human
experts are available to provide linguistic fuzzy control rules or linguistic fuzzy descriptions
about the system.

In this thesis, an adaptive fuzzy logic modulation scheme is proposed to compensate
for the network-induced time delays in the network-based PI control systems. This scheme is
based on modulating the control signal provided by the PI controller and applied to the
remote controller via the network. A network-based controlled DC motor is used in this
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thesis to illustrate the effectiveness of the proposed scheme. The organization of the thesis is
as follows:

Chapter 1 introduces the networked control systems. Two types of networked control
systems applications are presented with examples: NCS time-delay sensitive applications,
and NCS time-delay insensitive applications. An investigation on the effect of such QoS
variations on the closed-loop system performance of the NCS, and on the stability region of
the closed-loop NCS is presented. Mathematical formulation of the NCS problem is also
derived.

Chapter 2 presents an extensive literature review on the current network-based
control techniques.

Chapter 3 uses a network-based controlled DC motor for motion control purpose as a
time-delay sensitive networked control system application. It illustrates the adverse effects of
using a network in the closed-loop control system and its use in demonstrating and measuring
the effectiveness of the proposed controller using fuzzy logic, so it may compensate for the
network-induced time delay effects.

Chapter 4 proposes an intelligent controller using fuzzy logic on top of a PI gain to
adaptively compensate for the network-induced time delay in a time-delay sensitive
networked control system application. Nonetheless, with this proposed fuzzy logic
compensator, we will not need to completely redesign the existing PI controller; we will
simply modulate the PI controller action with the output of the intelligent fuzzy logic
controller to compensate for the network-induced time delay effects in the network-based
control systems. A partial adaptation scheme for this fuzzy logic modulator is also proposed
to tune the consequent parameters.
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Chapter 5 proposes a full Adaptive Fuzzy Modulation (AFM) and compare it with
two other tuning methods proposed in chapter 4 to compensate for the network-induced time
delays in networked PI control systems. In this full AFM, not only are the consequent
parameters be tuned adaptively, but also the membership functions parameters in the
antecedent part are tuned adaptively.

Chapter 6 considers the problem of stabilizing the networked control system using PI
controller with fuzzy logic modulation. Using a version of the Hermite-Biehler Theorem
applicable to quasipolynomials, a complete analytical characterization of all stabilizing fuzzy

logic modulator parameter values to stabilize the networked PI control system are provided.
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1 Introduction

Networks and their applications have been evolving substantially in the last two
decades [1]. In this chapter, an introduction to the networked control systems is presented.
Two types of networked control system applications are presented with examples: NCS time-
delay sensitive applications, and NCS time-delay insensitive applications. In NCS time-delay
sensitive applications, the time is critical, i.e., if the delay-time exceeds the critical time limit,
the networked control plant can be either damaged, or degradation in performance is
obtained. While in NCS time-delay insensitive applications, a task or a program runs based
on time, but its deadline is not critical to the overall system performance.

One major concern of using networks in remote control and automation is the QoS
variations effects such as network-induced time delays, bandwidth constraints, multiple-
packet transmission, and dropping network packets. These QoS variations can degrade the
performance of the closed-loop control systems designed without considering its effect and
can even destabilize the closed-loop control system. An investigation of the effect of such
QoS variations on the closed-loop system performance of the NCS, and the effect of the QoS
variations on the stability region of the closed-loop NCS are presented. Mathematical

formulation of the NCS problem is also derived.

1.1 Network-based control

1.1.1 General Aspects

Using a local area network-based control architecture has many advantages than a

traditional point-to-point design including low cost of installation, ease of maintenance,
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greater flexibility [2, 3]. For these reasons, the network-based control architecture is already
used in many applications, for example in automobiles [4] and aircraft [5, 6]. Ethernet was
not designed to deliver the determinism required to handle real-time network traffic. But
high-speed Ethernet, especially with switching [7], can provide large throughput that is
desirable for the real-time applications. Combine it with Internet protocol (IP); this
architecture becomes a highly desirable candidate for real-time network-based control
applications [7-9].

Switches can greatly reduce collision. A switch divides the network into multiple
collision domains. Traffic arriving at the switch is sent only to one domain intended to
receive the transmission. Thus the switch isolates traffic. The only contention is when
multiple messages arrive at the switch intended for the same node; most switches support
store-and-forward hardware to handle these cases. Because this is done in hardware, it takes
only a few time slots.

There are compelling reasons to use the Internet Protocol network (IP network) for
real-time control systems [10]. IP is truly the language of the information age, reaching into
every area of modern life. Designs incorporating IP networking will be able to take
advantage of this connectivity by monitoring and debugging systems remotely, collecting
usage statistics, and notifying service personnel of impending failures. IP-based designs will

allow more efficient deployment of resources, better service, and lower cost.

1.1.2 Why move to network-based control

The first and most obvious reason is to save wiring when interconnecting multiple

devices. Large factory automation and process control applications use industrial networks



(fieldbuses) extensively. The elimination of large, unwieldy bundles of cables and the
associated mess is an obvious advantage as shown in Fig. 1-1. Networking allows us to
connect hundreds of devices to a single trunk line instead of using hundreds of individual
wires. As systems grow past the threshold of 100 I/O points, the added expense of network
hardware is offset by saving in wiring time. These benefits grow exponentially with the size
of the system [11]. Network-based control systems have a higher component cost, but they

save on wiring, labor, and wiring error.

Figure 1-1 On the left is a control panel for a point-to-point wired automation system. On the right is a
system that is wired with DeviceNet. Notice the dramatic reduction of wires and the physical
simplification of the system.

The modularity of a networked system as shown in Fig. 1-2 is another major
advantage. Connectivity is achieved through software, so taking a large system apart, putting
it on a truck, and reassembling it somewhere else is much easier. The modularity brings

interesting possibilities to machine design.
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Figure 1-2 Networked systems can be reconfigured in software, rather than physically changed.

In addition to the wiring saving and modularity, there are four major reasons to move

to network-based control:

1y

2)

3)

4)

Diagnostics: A networked device often can tell us if it is malfunctioning, or if
something’s about to go wrong. This information can be of great help. It is even
more valuable if the information can be accessed remotely via the Internet.
Self-Configuration: Machines controllers can automatically detect which modular
components are connected to the network and determine what software
configuration to load. This feature reduces hours or even days off the delivery and
setup time of a large system.

IP network Infrastructure is already built: The existing IP-based designs will allow
more efficient deployment of resources, better service, and lower cost. Making IP
networks excellent candidates for exchanging control signals and/or sensor signals
from central controller to remote controller, and vice versa.

Globalization of IP networks: IP networks are reaching into every area of modern

life. Designs incorporating IP networking will be able to take advantage of this



connectivity by monitoring and debugging systems remotely, collecting usage

statistics, and notifying service personnel of impending failures.

1.2 Fundamental issues in network-based control systems

1.2.1 General Aspects

The intersection of the communication network in the feedback control loops makes
the analysis and design of a network-based control system complex [12]. Conventional
control theories with many ideal assumptions, such as synchronized control and nondelayed
sensing and actuation, must be reevaluated before they can be applied to network-based
control systems. Specially, the following issues need to be addressed: the first issue is the
network-induced time delay (sensor to controller delay and controller to actuator delay) that
occurs while exchanging data among devices connected to the shared medium such as IP
network. This delay, either constant or time varying, can degrade the performance of the
closed-loop control systems designed without considering the effect of delay and can even
destabilize the closed-loop control system. Next, the network can be viewed as a web of
unreliable transmission paths. Some packets not only suffer transmission delay but, even
worse, can be lost during transmission. Thus, how such packet dropouts affect the
performance of a network-based control system is an issue that must be considered. Another
issue is that plant outputs may be transmitted using multiple network packets (so-called
multiple-packet transmission), due to the bandwidth and packet size constraints of the
network. Because of the arbitration of the network medium with other nodes on the network,

chances are that all/part/none of the packets could arrive by the time of control calculation.



There are two main approaches for accommodating all of these issues in network-
based control system design. One way is to design the control system without regard to the
packet delay and loss but design a communication protocol that minimizes the likelihood of
these events. For example, various congestion control and avoidance algorithms have been
proposed [13, 14] to gain better performance when the network traffic is above the limit that
the networks can handle. The other approach is to treat the network protocol and traffic as
given conditions and design control strategies that explicitly take the above mentioned issues
into account. For example, to handle time delay, one might formulate control strategies based
on the study of delay-differential equations [15]. In this thesis, an adaptive fuzzy logic
modulation scheme is proposed to compensate for the network-induced time delay in the
network-based PI control systems. This scheme is based on modulating the control signal

provided by the PI controller and applied to the remote controller via the network.

1.2.2 Network-induced delay

The network-induced delay in network-based control systems occurs when sensors,
actuators, and controllers exchange data across the network. This delay can degrade the
performance of closed-loop control systems designed without considering it and can even
destabilize the closed-loop control system. Depending on the medium access control (MAC)
protocol of the control network, network-induced delay can be constant, time varying, or
even random. MAC protocols generally fall into two categories: random access and
scheduling [16]. Carrier sense multiple access (CSMA) is most often used in random access
networks, whereas token passing (TP) and time division multiple access (TDMA) are

commonly employed in scheduling networks. Control networks using CSMA protocols



include DeviceNet [17] and Ethernet [18]. Fig. 1-3 illustrates various possible situations for
this type of network.

Fig. 1-3 depicts two nodes continually transmitting messages (with respect to a fixed
time line). A node on a CSMA network monitors the network before each transmission.
When the network is idle, it begins transmissions immediately, as shown in Case 1 of Fig. 1-
3. Otherwise it waits until the network is not busy. When two or more nodes try to transmit
simultaneously, a collision occurs.

Case 2:
When a collision occurs
on DeviceNet, one with
higher priority transmits,
and transmission of the
lower priority message is
terminated and will be
retried when the network
is idle b

Case 1:
No collision
occurs

Case 3:
When a collision occurs
on Ethernet, both back

off and transmit again

Node i Y
kh (k+Dh

Node j
kh (k+1)h (k+2)h

Figure 1-3 Timing diagram for two nodes on a random access network.
The way to resolve the collision is protocol dependent. DeviceNet, which is a
controller area network (CAN), uses CSMA with a bitwise arbitration (CSMA/BA) protocol.
Since CAN message are prioritized, the message with highest priority is transmitted without

interruption when a collision occurs, and transmission of the lower priority message is

terminated and will be retried when the network is idle, as shown in Case 2 of Fig. 1-3.



Ethernet employs a CSMA with collision detection (CSMA/CD) protocol. When
there is a collision, all of the affected nodes will back off, wait a random time (usually
decided by the binary exponential backoff algorithm [18]), and retransmit, as shown in Case
3 in Fig. 1-3. Packets in these types of networks are affected by random delays, and the
worst-case transmission time of packets is unbounded. Therefore, CSMA networks are
generally considered nondeterministic. However, if network messages are prioritized, higher
priority message have a better chance of timely transmission.

The TP protocol appears in token bus (IEEE Standard 802.4), token ring (IEEE
Standard 802.5) [18], and the fiber distributed data interface (FDDI) MAC [19] architectures;
TDMA is used in FireWire [20]. A timing diagram for this type of network is shown in Fig.
1-4. These protocols eliminate the connection for the shared network medium by allowing
each node on the network to transmit according to a predetermined schedule. In a token bus,
the token is passed around a logical ring, whereas in a token ring, it is passed around a

physical ring.

waiting for Token
or Time Slot

Signal Ready

‘Al

il

kh (k+1)h (k+2)h

Signal Sent

Node i

Figure 1-4 Timing diagram for an arbitrary node on a scheduling network.

In scheduling networks, it is possible to arrange for periodic transmission of

messages. For example, FireWire has a transmission cycle (125 usec) divided into small

time slots, where each transaction is guaranteed a time slot to transmit in every cycle. Packet



transmission delays on scheduling networks occur while waiting for the token or time slot.

They can be made both bounded and constant by transmitting packets periodically.

1.2.3 Single-packet versus multiple-packet transmission

Conventional sampled-data systems assume that plant outputs and control inputs are
delivered at the same time, which may not be true for network-based control systems with
multiple-packet transmissions. Due to network-induced delays, the controller may not be able
to receive all of the plant output updates at the time of the control calculation.

Single-packet transmission means that sensor or actuator data are lumped together
into one network-packet and transmitted at the same time, where as in multiple-packet
transmission, sensor or actuator data are transmitted in separate network packets [12], and
they may not arrive at the controller and plant simultaneously. One reason for multiple-
packet transmission is that packet-switched networks can carry only limited information in a
single packet due to packet size constraints. Thus, large amounts of data must be broken into
multiple packets to be transmitted. The other reason is that sensors and actuators in a
network-based control system are often distributed over a large physical area, and it is
impossible to put the data into one network packet.

Different networks are suitable for different types of transmissions. Ethernet,
originally designed for transmitting information such as data files, can hold a maximum of
1500 bytes of data in a single packet [18]. Hence, it is more efficient to lump the sensor data
into one packet and transmit it together as single-packet transmission. On the other hand,

DeviceNet, featuring frequent transmission of small-size control data, has a maximum 8-byte



data field in each packet; thus, sensor data often must be shuttled in different packets on

DeviceNet.

1.2.4 Dropping network packets

Network packets drops occasionally happen on a network-based control system when
there are node failures or message collisions. Although most network protocols are equipped
with transmission-retry mechanisms, they can retransmit only for a limited time. After this
time has expired, the packets are dropped. Furthermore, for real-time feedback control data
such as sensor measurements and calculated control signals, it may be advantageous to
discard the old, untransmitted message and transmit a new packet if it becomes available. In

this way, the controller always receives fresh data for control calculation.

1.3 Network-based control applications

Network-based control applications can be classified into two categories: time-delay

sensitive applications, and time-delay insensitive applications.

1.3.1 Time-delay sensitive applications

In this type of applications, the time is critical, i.e., if the delay-time exceeds the
critical time limit, the plant or the device can be either damaged, or degradation in

performance is obtained.

1.3.1.1 Internet-Based Real-Time Control Engineering Laboratory

The virtual laboratory concept [21, 22] allows students continuous access to their

hypothetical experimental setups and is rapidly becoming feasible due to progress in Internet-
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based networking technology. In a typical virtual laboratory educational paradigm, the
experiments are emulated via a fast processor, and the students retrieve the experimental data
over a computer network. In this paradigm, since the students need not be exposed to the
actual experimental setups, the virtual laboratories can remain continuously accessible. Some
of the advantages of using virtual laboratory paradigm are to minimize the cost to setup such
a laboratory since it requires only a robust communications network, there is no need to
purchase instruments typically used in the actual setups, and the maintenance is substantially

lower.

1.3.1.2 Unmanned vehicles

Unmanned vehicles [23, 24] have generated much interest in recent years due to their
great promise for performing repetitive, dangerous, and information-gathering tasks in

hazardous or remote environments such as space, air, water, and ground.

Figure 1-5 Unmanned vehicle.

1.3.1.3 Voice and Video over networks

A major market trend today is the integration of voice and data communications into

one single network. There are two main reasons for this trend: to eliminate the higher cost of
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operating and maintaining two separate networks, and to support new multimedia
applications, which typically allow users to talk and exchange data and images in one single
session [25, 26]. Recent advances in computing technology, compression technology, high-
bandwidth storage devices, and high-speed networks have made it feasible to provide real-
time multimedia services over the Internet. Real-time multimedia, as the name implies, has
timing constraints. For example, audio and video data must be played continuously. If the
data do not arrive in time, the play process will pause, which is annoying to human ears and

eyes.

1.3.2 Time-delay insensitive applications

In this type of applications, a task or a program runs based on time, but its deadline is

not critical, e.g., e-mail, ftp, DNS, and http [27].

1.4 Network-based control: Mathematical formulation.

Although using networks in control system applications enhances the flexibility of
integrated sensors, actuators, and controllers, network-induced delays could degrade the
dynamic performance or even destabilize the real-time network-based control systems [28,
29]. In the following sections we will first define the types of delays in the network-based
control system, then investigate the effect of such network-induced time delays on the
closed-loop performance, and the effect of the network-induced time delays on the stability
region of the closed-loop network-based control systems. Finally, we will formulate

mathematically the network-based control problem.
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1.4.1 Delays in network-based control systems

Due to data transmissions and controller processing, there would be communication
delays in a discrete-time network-based control loop in addition to a delay from a sampling
period 7. Major types of these communication delays, along with a block diagram of a

discrete-time model are depicted in Fig. 1-6.

r(k k) E u(kT —1}° t
( > Controller | T} u( ):‘ T E ( : )‘ Plant y() >
y (kT - ) 5 () X
=T - Z0H
Network

Figure 1-6. Block diagram of a discrete-time model of a network-based control system
where,

y(t) : Continuous system output

r (k) =r (kT ) : Discrete reference signal

>

u (k)

y(k)2 y(kT) : Discrete system output.

u (kT ) : Discrete control signal

The timing diagram of delay generations is shown in Fig. 1-7.
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Figure 1-7 Timing diagram of delay generations.
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Three types of delays in Fig. 1-6,7, t;°, 1", and 1, are described as follows.

1.4.1.1 Sensor-to-controller delay, t;°

This delay is generated when a sensor transmits a measurement to a controller. The

sensor-to-controller delay at time index & is computed by:
T =t~ (1.1)
where ¢ and ¢ are the time instants at which the controller starts to compute the control

signal based on the received measured signal, and the sensor starts to measure the system
output, respectively. The sensor-to-controller delay also includes the transportation delay

between sensor and controller described by:
T =t -t (1.2)
where ¢, is the time instant when the sensor starts to transmit the measured output.
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1.4.1.2 Computational delay, 1,

Computational delay is the time referred for a controller to compute a control signal

based on the received measurement. This delay is described by:
=t —t (1.3)
where ¢ is the time instant when the controller finishes computing a control signal. The

computational delay can be considered as a kind of transmission delay.

1.4.1.3 Controller-to-actuator delay, t,°

This delay occurs when a controller sends a control signal to an actuator. The

controller-to-actuator delay is defined as:
o =g g (1.4)
kT Yk k .
where ¢ is the time instant that the actuator receives the control signal and starts to operate.

Since an actuator normally starts to perform its task immediately after it receives the control

signal, the controller-to-actuator delay can be thought of as a transportation delay in this case.

The sum of the delays in (1.1), (1.3), and (1.4), is referred to as the control delay t,
[30]. The difference between the sampling time of sensor and the sampling time of controller
is called the time skew A, [1]. Some network-based control techniques [30-33] assume that
the sampling time 7' is greater than t,. However, this is not always the case. The delay T,

can exceed 7 in some techniques. Although different publications may use different

definitions or notations of these three delays, the main concept remains the same.
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1.4.2 Effects of delays on network-based control systems

The general effects of network-induced delays on a closed-loop control systems [34-

36] could be listed as follows:

1.4.2.1 Degrade System Performance

Generally, delays can affect the magnitude of the transient behaviors in a control
system. This degrades the overall system performance. This effect can result in the increasing
of both overshoot and settling time. An example of this case is given as a delayed feedback
loop in Fig. 1-8. Comparing the step response of the system without delay (i.e., T =0) in Fig.
1-9(a), and the step response of the system with the delay t1=0.2s in Fig. 1-9(b), the system

with the delay obviously has the higher overshoot and the longer settling time.

r(k) RNy . 30 ONN
+ s(s+3)(s+6) g

7 4 A/D |=

Figure 1-8 A feedback loop for demonstrating the effect of poor system response.

0.8

0.6

04

(@) (b)
Figure 1-9 Step response of the system in Fig 1-9, (a) without delay, (b) with delay.
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1.4.2.2 Decreased Stability Region

Delays can reduce the stability margin of a system and cause the system to become
unstable. A basic example is too long a sampling time 7. Choosing too long a sampling time
can move system poles out of the unit circle, and the system then becomes unstable. An

example of this case can be demonstrated by using a sampled-data closed-loop system [37] in

Fig. 1-10.
Z.0.H Plant
s+1 g

Figure 1-10 An example of a sampled-data closed-loop control system.

The closed-loop transfer function of this system obtained using z-transform is:

B 10(1—e*T)
M(z)= z—(11e7 -10) (1)

If the sampling time 7 is set to 0.13 (sec), the closed-loop system is stable because the
pole is inside the unit circle as shown in Fig. 1-11 (a). On the contrary, the system is no
longer stable if 7'is of 0.215 (sec) as depicted in Fig. 1-11 (b) since the pole is out of the unit

circle.
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Figure 1-11 Pole locations of the system in Fig. 1-11, (a) 7=0.13, (b) 7=0.215.

Because network-based control systems usually involve delays, stability analysis is
one of the most important concerns in the analysis and control of network-based systems.
Most network-based control techniques have been developed along with an analysis of
stability. Nevertheless, the analysis method is usually specific to the control technique used
and may not be applicable to other control techniques due to different network setups and

mathematical formulations.

1.4.3 Formulating network-based control systems with the network-
induced time delay
There are many ways to design and implement a network-based control system. One
may choose between different networks (e.g., Internet, FieldBus, CAN, etc.), protocols (e.g.,

IP, ATM, Token ring, etc.), computation power, intelligence, and control algorithms. A

general block diagram of the network-based control system [38] is shown in Fig. 1-12.
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Figure 1-12 An overall real-time network-based control system.

The network-based control system can be categorized into three units: Distributed remote

unit, communication network, and central Controller.

1.4.3.1 Remote System and Remote Controller

Each distributed remote controller can be assumed to have enough computing power
to do relatively simple pre-programmed control — such as converting the control signal
received from the central controller via network into a PWM signal to derive a DC motor (the
remote process). Each remote controller can send local measurements, such as motor current,
speed, temperature, and local environment information, back to the central controller via a
network.

Each remote process has its own system dynamics that can be described by the state

space description [39] shown in (1.6),

XR: R(XRapRauRat)' (16)
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Xr1 Pri

where the state vector X, =| ~ |e X", the state space; p,=| |eR’ are the system
‘an p Rq
Up
parameters; the input vector u, =| = |eU’, the input space; ¢ € R* is the time parameter;
uRr

and f, e R" is the state transfer function of the remote plant:

1.4.3.2 Communication network

The Quality of Service provided by the network as a function of time is denoted as

QoS(t). There are different ways to define Quality of Service for an end-to-end user profile,
which is the central controller to the remote controller. Three of the most popular QoS

measures are defined as follows:

1) QoS : denotes the central controller to remote controller network throughput; it is
used to indicate how fast the signal can be sampled and sent as a packet through the
network.

2) QoS,: denotes the central controller to remote controller network average delay; it
is used to indicate, on the average, how long of a delay is expected to deliver a
packet from central controller-to-remote controller.

3) QoS,: denotes the central controller to remote controller network delay variance; it

is used to indicate variance in delay time between packets.
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1.4.3.3 Central Controller

The central controller can be a highly sophisticated controller that requires lots of
computing power and memory that is not suitable at the remote site. The central controller is
powerful and can provide advanced real-time control laws to all remote units, including fault
diagnosis and accommodation control, network traffic condition monitoring and adaptation

to the quality of service, QoS(t), provided by the network. The central controller will
provide the control signal u.(¢) to each of the remote systems.

The control signal is assumed to be the result of optimizing a cost function C, for

example: The plant output error, e(k)=r(k)— y(k), which is the difference between the

reference signal, »(k), and the remote unit plant output, y(k), is used as cost function C,
L
C=) e(k) (1.7)
k=0

where L is the appropriate time index such that the tracking has arrived at steady state. Then
the control signal provided by the central controller is given by:
u.(t) =min C(X,,"). (1.8)
Let z© be a time delay operator, and let QoS(¢) be provided by the network. We

define:

u, () =uc(z™,008(1)), (1.9)

Ye() =yg(z7,008(1)), (1.10)
where 7, is the time delay in transmitting a signal from the central site to the remote site,

and 7, is the time delay in transmitting a signal from the remote site to the central site.
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The time delay z ° and QoS(¢) are functions of network variables such as the type
and number of signals to be transmitted, the network traffic congestion condition, the

network throughput, the network protocol used, the network management/policy used, and

the controller processing time.
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2 Current Control Techniques

2.1 General aspects

Due to the communication delay concerns, the techniques used to control network-
based systems have to maintain the performance and stability of the systems when the
network conditions changed. Several methods have been formulated based on multiple types
of network behaviors and configurations in conjunction with several ways to treat delay
problems in network-based control systems [40, 41].

A widely used fundamental idea to formulate many network-based control methods is
to use state augmentation. This approach has been used in discrete-time systems with
constant delays for several years [42]. Several researchers use the state augmentation
approach as the first step to developing their own techniques [1, 31, 32, 43, 44]. The main
concept of state augmentation is to derive additional state-space equations to cooperate with
the original state-space equations of a system as described in the following mathematical

formulation.
x=f(x,u,),xeR",ueR” (2.1)
v=g(x,u,v,),veR’ (2.2)
where X is the state vector of the original system, u is the system input vector, 7 is time, v is
the augmented state vector, and f (-) and g(-) are the functions representing the dynamics

of the system and augmented states, respectively.

The combination of (2.1) and (2.2) forms the new state-space equation as:
s=f,(s,u,z),s e R" (2.3)
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X
where s z{ }, and f, (-) is the augmented dynamics equations of original and additional
v

states. The augmented state vector v can be obtained in different ways depending on different
aspects of the network-based control systems. The idea of state augmentation is quite simple.
However, the number of additional states is typically proportional to the number of original
states, inputs, and delay time. This method therefore can substantially increase the system
complexity, especially for high-dimensional systems, even though the formulation is
mathematically correct. An example of this approach on a linear system will be shown in
section 2.1.1. In addition to the state augmentation approach, several other techniques have
been developed to handle network delays [30-32, 45].
Several assumptions have been made in the previously mentioned approaches in order

to develop generic network-based control methods. Some of these assumptions are:

1) Network transmissions are error-free, i.e., no message is lost.

2) Every data message always has the same constant length.

3) The time skew A, is constant.

4) The computational delay t; is constant and is much less than the sampling period 7 .

5) Network traffic cannot be overloaded.
6) Single-packet transmission.

Some of these assumptions, such as 1), are obviously not practical. Hence, some
control methods utilizing unrealistic assumptions may not be applicable for real-world
applications. Nevertheless, several important phenomena can be observed, and many ideas
can be obtained from simulations and experimental setups under these assumptions. These

benefits are substantially useful for future developments.
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Relaxation of some assumptions has been reported in some control techniques [46,
47]. On the other hand, some techniques may require additional assumptions [30-32, 48] such
as the sum of sensor-to-controller delay and controller-to-actuator delay is less than the

sc

sampling period (i.e., T, + 71" <T).

2.1.1 State augmentation: Example

Time delays are common in mathematical models of industrial processes. The theory
of continuous-time systems with time delays is complicated because the systems are infinite-
dimensional.

It is, however, easy to sample systems with time delays because the control signal is
constant between sampling instants, which makes the sample-data system finite-dimensional.
Let the system be described by

x(t) = Ax(¢)+ Bu(t —r7) (2.4)
It is assumed initially that = </, where 4 is the sampling time. The control signal u(z) and

the delayed control signal u(¢ —7) are shown in Fig. 2-1.
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u(t)

Delayed
signal

» T -

>

kh—h kh kh+h kh+2h

Figure 2-1 The relationship among u(¢) , the delayed signal u(¢ —7), and the sampling time / .

Integration of (2.4) over one sampling period gives

kh+h
x(kh+h)=e"x(kh)+ | ™" Bu(s'—71)ds’'
,;[l (2.5)

= @ x(kh)+ T, u(kh)+ T, u(kh - h)

where

h-t T
O=e"T,= .[ e®ds B, T, = eA(h”)J.eAsds B (2.6)

0 0

A state-space model of (2.5) is given by

[mw+m}[® nHuM) }{m}
= +| 7 utkh) (2.7)
u(kh) 0 0||ukh-h)| |1

Notice that r extra state variables u(kh—h), which represent the past values of the control

signal, are augmented, where » is the number of inputs.

For longer time delay, 7 > &, if the time delay is represented by
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r=(d-1)+7 (2.8)
where d is an integer, the following equation is obtained:
x(kh+h) =@ x(kh)+ T u(kh—(d —1)h)+ T, u(kh—dh) (2.9)
where I'j and I, are given by (2.6) with 7 replaced by z’. Notice that if 7 >0, then d-r

extra state variables are used to describe the delay. From this example we see that using state
augmentation approach, the complexity of the system increases significantly and

proportionally to the dimension of states and inputs.

2.2 Augmented deterministic discrete-time model method

Halevi and Ray proposed a method to control network-based systems on a cyclic
service network in [1]. In this method, a controller and a sensor are the time-driven
components, whereas an actuator is the event-driven device. By time-driven device, input
receiving or output transmission is controlled by a sampling time, which could be represented
by a clock signal, while an event-driven device starts to process immediately at the arrival
time of a device input.

This approach can be applied on a linear plant described by the standard state-space
equations as:

x = Ax+Bu (2.10)
y=Cx (2.11)

where {A,B,C} are the realization of the system.

For network-based control, this linear plant can be converted to the discrete-time
equations [42] under the assumption that u is piecewise constant during each sampling time 7’

as follows.
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x(k+1)=®x(k)+Tu(k) (2.12)
y(k)=Cx(k) (2.13)
where ® =exp(AT), and F=I0Texp(As)dsB

A linear controller is used in this approach. In the case of a zero value set point, the

controller dynamics can be described by:
E(k+1)=Fg(k)-Gz(k),EeR” (2.14)
u(k) = HE (k) - Jz(k) (2.15)
where & is the controller state vector, z(k) is the most current available measurement at the
instant when u(k) is processed by the controller (i.e., z(k)=y(k—i),i={l,..., j}), and F,

G, H, and J are constant matrices describing the dynamics of the controller. The control
input u for the plant in (2.12) is the output of this controller.
The main method used to cope with communication delay problems in this approach

is to combine and to rearrange (2.12)-(2.15) into an augmented state-space equation in the
following form for at most (l + 1) different values of u in each sampling period 7.
X(k+1)=Q(k+1)X(k) (2.16)
where  X(k)=[x" (k),y" (k=1),....y” (k= j).&" (k).u" (k=1),u" (k=1)] s the
augmented state vector, and Q(k+1) is the augmented state transition matrix computed
from ®, T, C,F, G, H, and J.
For periodic delays, there exists a positive integer M such that t;,,, = t,°. Using this

property, the authors in [1] proved that the system in (2.16) is asymptotically stable if all
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M
| was

M
cigenvalues of Z}' = [Q(k+M — /) are contained within the unit circle. Z;' =2
Jj=1

also proved as a lemma.
Ray and Halevi also suggested a way to improve this network-based system by

appropriately selecting A, [46]. Choosing A, according to the probability distributions of
7" and 1" can reduce the probabilities of message rejection P, and vacant sampling P_.
Also, the appropriate A, can reduce the average transportation delay t,, where
1, =E [r‘,‘f + t;ﬁ“] , and can increase the stability margin. Thus, if the optimal time skew A, is
obtained, the performance of the system can be improved. The performance index used to
obtain the optimal A, in [46] is:

J=(1-a)¢(t,)+alP;ae[0,1] (2.17)

where P =P  if the sampling period of the sensor and controller are both equal to 7, and ¢

mr

is a function of 1, defined from various requirements (e.g., minimum average delay,

minimum vacant sampling, etc.).

The optimal A, for these goals can be obtained by using the sufficient conditions
0J/0A, =0, and 0°J/0A; >0 for a minimization requirement or 0°J/0A; <0 for a

maximization requirement. In some cases, the optimal A, can be considered directly from

the probability distribution of delays, and the probabilities of message rejection P, , and

vacant sampling P_. The scheme is also useful for random delay networks.

The structure of the augmented discrete-time approach is straightforward and easy to

understand for a network-based control system with periodic communication delays.

29



Moreover, this method can be modified to support non-identical sampling periods of a sensor
and a controller as mentioned in [49]. However, as a result of extensive state augmentation,
the complexity of the system increases significantly and proportionally to the dimension of

the states and inputs. More computational time is required as well.

2.3 Queuing methods

2.3.1 Deterministic predictor-based delay compensation method

Luck and Ray derived a delay compensation method for network-based control
systems with random delays in [43, 50]. The main idea of delay compensation is to utilize an
observer to estimate the plant states and a predictor to compute predictive control inputs
based on past output measurements. A block diagram of the delay compensation algorithm is

depicted in Fig. 2-2.

0, . .

Z(k x(k—6+12 . %(k+1) | controller |U(k+n)
»:I:I:DI Observer » Predictor »| (time-driven)

0
. A 2
A Network ¢

y(k) Sensor Actuator u(k) 9
4— 4—
(time-driven) Plant (time-driven) :I:I:I:II
n

Figure 2-2 Block diagram of deterministic predictor-based delay compensation method.

In order to keep track of past measurements, these data have to be stored in a FIFO
(First-In-First-Out) queue denoted as (O, at a controller. Another queue at an actuator denoted
as Q) is also used to store predictive control inputs from the controller. Thus, both sensor-to-

controller delay and controller-to-actuator delay are transformed to constant delays. Also,
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the network-based control system with random delay becomes time-invariant and is much
easier to control than random delay systems.
The delay compensation can be applied on a network-based control system, which

has the following dynamics.

x(k+1)= ®x(k)+Tu(k-¢,) (2.18)
y(k)=Cx(k) 2.19)

2(k) =y (k~4,) (2.20)
Z(k)={a(k).2(k1).... @.21)
u(k)=(2(k)) e.2)

where z(k) is the delayed output vectors, Z (k) is the set of past delayed outputs, and Y(+)

is the control law. The non-negative integers ¢ and ¢, are the number of delayed samples at
the system input and output vectors, respectively. The sizes of queues at the actuator and the

controller are determined from the upper bound of ¢ and ¢, denoted as p and 0,

respectively. Therefore, the first measurement in O, processed by the observer is y(k—@),

and the control input at the beginning of Q) has to be u(k+p)

The steps for applying the delay compensation algorithm are listed as follows:

1. Using the set of past measurements Z (k) in O», the observer estimates the plant state
X(k—0+1).

2. The predictor uses the estimated state to predict f((k + u) .
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3. The controller computes the predictive control input u(k+u) from f((k+},t), and

then stores this control input into Q.

Since the performance of the observer and the predictor are highly dependent on the

model certainty, the dynamic model of the plant has to be precise. A way to analyze the

model uncertainty is suggested in [43]. In addition to model uncertainty, this approach results

in unnecessarily long delays because of the queues used.

2.3.2 Probabilistic predictor-based delay compensation method

Chan and Ozgiiner developed another predictor-based method for network-based

control systems with random delays by using a probabilistic approach along with the

knowledge of the data lengths in a queue to improve the prediction [45]. A time-driven

sensor, a time-driven controller, and an event-driven actuator are used in this approach. This

method can be applied on network-based systems containing the discrete-time plant in (2.12)

-(2.13). In order to utilize the queue lengths, the plant has to be connected as illustrated in

Fig. 2-3.

—> I ——3 Predictor

(k) Controller “(k)

(time-driven)

Z
Y
=
S
=3

(I _Q_l ___________________________________________________
y(k
_:I:I:I:II ( ) ASensAor Plant Acma‘For P
(time-driven) (event-driven)
v

P

Figure 2-3 Block diagram of probabilistic predictor-based delay compensation method.
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The FIFO queue Q) at the sensor has a capacity of |, while the shift register O at the
predictor has only a unit length. The output measurement y (k) is stored in Q) to be sent to

0, when the network traffic is available based on the priorities of system components. The

number of data messages stored in Q; queue is defined as i. The output from Q> is denoted as
o(k).

At the k" sampling period, if the sensor cannot send y(k) before O, is read, co(k)
will be set to equal the previous measurement @(k—1). In other cases, @(k) can be
identical to any values in the set {y(k),y(k -1),....,y(k- p)} . However, the possible
choices of @ (k) can be reduced to only two values if i is known. By using a lemma stated in
[45], (k) is either y(k—i) or y(k—i+1). To satisfy this case, the value of i has to be
attached to every data message of y (k) for predictor processing when the message is sent.

Using the information of O, the predictor computes the estimated current state ﬁ(k)

by:
X(k)=P, (@ 0(k)+W,)+P, (®'o(k)+W,,) (2.23)
0, i=1
Wherew”_{[r or .. o°r|[u"(k-1) ' (k-2) ... u (k-i+1)] izl

The matrices P, and P, are weighting matrices. These two matrices are computed
from the probabilities of the occurrences of y(k—i ) and y(k—i +1) . This formula is based

on the assumption that the full state information is available (i.e., y(k)=x(k)). If the full

state information cannot be obtained, an observer can be applied in this case without major
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modification. With the predictive states, various control laws can be applied in conjunction
with this scheme. In this work [45], PID control performance was evaluated based on the
network delay assumptions. The PID controller in this illustration was applied on a vehicle
speed control system. With the predictor, this feedback controller behaved closely to the no-
delay case. However, since this approach is not a control algorithm by itself, the stability test
has to be evaluated with a controller algorithm. Its vigorous proof was not shown in this
work.

Even prediction can be improved by this method. Unnecessary delays from queues

still remain as in the case in the previous approach. Also, this method can be applied only on

sensor-to-controller transmissions since the effects of controller-to-actuator delay t," are

neglected.

2.4 Optimal stochastic control method

Nilsson and Wittenmark published an optimal stochastic control approach for control
of a system plant over a random delay network in [30]. The effects of communication delays
in network-based systems were treated as an LQG (Linear-Quadratic-Gaussian) problem.
This approach uses an event-driven controller, an event-driven actuator, and a time-driven
sensor. In addition to the general assumptions in section 2.1, the following assumptions are
required.

1) The sum of sensor-to-controller delay and controller-to-actuator delay is less than the

S

sampling period (i.e., T, + 71" <T).

2) The controller delay t; is included in 1}°.
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3) The information of all past delays (i.e., {tff,rf",. cs T T, ,tf“,...,r;‘il} ) is known.

A linear plant and a linear controller are used in this method. The dynamic of a linear

plant derived from the continuous plant in (2.10)-(2.11) is described by:

x(k+1)=®x(k)+T, (7, )u(k)+T, (7, )u(k-1)+v(k) (2.24)
y(k)=Cx(k)+w(k) (2.25)
where T, :[rff,r;"]T
® =exp(AT)

To(r)=[; " " exp(AC)cB

T
r(t,)= L exp (AL )dCB
The stochastic processes V(k) and w(k) are uncorrelated Gaussian white noises with

zero mean and covariance matrices. These equations are modified from the constant delay
system in [42]. The goal of the optimal stochastic control approach is to minimize the

following cost function in the case of available full state information.

J(k)=E[x'( N)QNX(N)]+Eg[zzmTQ[zgﬂ (2.26)

Here, Q, and Q are weighting matrices.

Based on this cost function, the authors in [30] derived a control law for optimal state

feedback by using dynamic programming, which is conceptually described as:

u(k)z—L(k,rk)[ x(k) } 2.27)
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where L(k,7,) is a function of k and T, . The delays are assumed to be independent in this

case. If the full state information is not available, optimal estimators such as the Kalman

filter can be applied for (2.27). Nevertheless, this case requires the past information of plant
output and input (i.e., {y(O),...,y(k),u(O),...,u(k—l)} in conjunction with the past

information of the delays.

In addition, the authors in [30] derived a modified version of this control law to use

with the delays modeled by using the Markov Chains in [47]. In this case, L (k, ‘rk) in (2.27)

will be replaced by L (k, T, 7 ), which is a function of &, 7, , and 7, , where 7, is a state of a

Markov chain. The methods to cope with sampling period jittering, vacant sampling, and
multiple delays in single plant output vectors are also briefly discussed. The stability of this
system for both independent delays and delays modeled by Markov chains are also given
along with this work by using stochastic stability analysis.

Based on the cost function in (2.26), this approach has been shown to have better
performance than the deterministic predictor-based method since the delay problems are
solved by not using queues. However, the drawback is a large requirement of controller
memory to store a large amount of past information from the initial point. Also, since this
approach is based mainly on assumption 1), this approach may not be effective for a system

with fast response time.

2.5 Perturbation method

The perturbation method was introduced by Walsh, Beldiman, and Bushnell [44, 48,

51]. A time-driven sensor, an event-driven controller, and an event-driven actuator are
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utilized as the basic system components in this method. Only data messages from a sensor
can be transmitted through a network. A control loop in this method consists of a nonlinear
controller and a nonlinear plant. However, the similar analysis and derivations used in this
approach can be also applied on linear systems as described in [48]. Fig. 2-4 shows the block

diagram of this system.

y (k ) .| Controller

" (event-driven)

F—-—-—-=-—-

y(k) Sensor Actuator | Y (k)

(time-driven) (event-driven) A

Figure 2-4 Block diagram of a system in the perturbation method.

This approach can be applied on both cyclic service and random access types of
networks. However, these networks are restricted to be priority-based networks. This means
the networks can assign different priorities to data transmissions of system components.
These priorities are encoded in a data frame of each message. The number of encoded
priorities depends on different protocols. For example, the data frames of CAN 1.0 and CAN
2.0 protocols use 11 and 29 bits, respectively, in their arbitration fields to encode the
priorities of system components as shown in Fig. 2-5. Thus, there can be 2''=2048 and 2%=
536870912 priorities in CAN 1.0 and CAN 2.0 networks, respectively. The higher number of

bits used in a frame, the more priority levels can be encoded.
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2112048

Arbitration Field

@

29-bit —>

- - 2%=536870912
Arbitration Field

)

Figure 2-5 Arbitration field in the frame formats of: (a). CAN 1.0. (b). CAN 2.0.

These priorities can be either fixed or changeable. Fixed and changeable priority
scheduling algorithms are denoted as static and dynamic scheduling, respectively. In
addition, the authors proposed a novel protocol of dynamic scheduling called Try-Once-
Discard (TOD), and compared this protocol with generic static and dynamic scheduling. In
the TOD protocol, the priorities of sensor transmissions are determined from the error
between the previous and the current data messages. When the sensor with the highest
priority transmits a message, messages from other sensors are discarded.

Unlike the previous methods, the key concept of the perturbation method is to
formulate communication delay effects in network-based systems as a perturbation of a
continuous-time system under the assumption of no observation noise. This case requires a
very small sampling period so that a continuous-time model can approximate a network-
based system.

The dynamics of the network-based system are represented by:
x(1)=1(t,x(z),e(1)) (2.28)
where x(7)= [xi (¢),x; (t)]r is the partitioned vector containing the plant state vector

X, (¢) and the controller state vector x, (). The function f(+) is a nonlinear function.
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The output of the plant is y(¢) defined in (2.11). The most updated output received

by the controller is denoted as:
y(6)2y(t-1) (2.29)
where 1 indicates the sensor-to-controller delay of (2.29). The different between y(¢) and
y (t) is formulated as an error of the network-based system described as:
e(r)=y(¢)-¥(¢) (2.30)
The dynamic of e(t) can also be represented by a nonlinear equation, which is a
function of 7,x(¢), and e(7)as follows.
e(1)=g(t,x(t).e()) (2.31)
The main idea of all derivations in this work [44, 48, 51] is to model e( t) as a special
type of vanishing perturbation [52]. In this case, if e(¢)=0, then y(¢)=y(¢). Also, from the

control design, the Lyapunov function V(t, x) of this case has the following properties.

& X[ <V (%) < o[ (2.32)
oV oV
E+§f(t’ x,O) < —c ||x||2 (2.33)
oV
‘g <e,x] (2.34)
x| <e; <oo (2.35)

where c¢,c,,c;,c, and ¢, are positive constants. If c¢; - oo, the system is globally

exponentially stable.
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This concept was used to derive a delay bound p such that the network-based system

remains stable if sensor-to-controller delay is less than this bound (i.e., ™ <p). The bound

p is denoted as the Maximum Allowable Transfer Interval (MATI). Also, the authors proved

e(t)

scheduling algorithms including TOD are used in this network-based control scheme. The

that the bound of error e(7),

, could be also computed from p if static or dynamic

bound He(t)” can be different depending on how many priorities are encoded. For other

various encoding schemes such as logarithm encoding, the methods to compute He(t)”

derived by using the same concept were described in [53]. The exponential stability of the
network-based systems with a static scheduling algorithm and with TOD was proved by

considering p . This case assumes that many priorities can be encoded in data frames such

that these priorities can be approximated as continuous priorities. As such, the frame format

of CAN 2.0 can be used. Stability cannot be always guaranteed if priorities cannot be

approximated as mentioned. Nevertheless, in this case, the plant states x, (t) can be designed

to locate in a bound for a specific condition.
A major advantage of the perturbation method is that it can be applied on a nonlinear
system. However, this approach is not applicable to a system containing controller-to-

actuator delay.

2.6 Sampling time scheduling method

Hong introduced the sampling time scheduling method in [31]. The fundamental
concept of this approach is to appropriately select a long enough sampling period for a

discrete-time network-based system such that communication delays do not affect the control
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performance, and the system remains stable. In this case, the control delay t, in a discrete-

time control loop must be assumed to be less than the sampling period 7T of the loop. The
control loop consists of a time-driven sensor and controller, and an event-driven actuator.
This method can be applied on cyclic service networks, in which all system component
connections on the network are known in advance. This approach does not only solve the
periodic delay problems, but can also increase network utilization in the case where there are
multiple control loops on the same network.

Hong mentioned that for a discrete-time system in (2.12)-(2.13), the effect of

communication varying-delay is exerted by the interval [kT ,(k+1)T ) rather than by the

time-varying delay occurring in the same interval. Thus, if the worst case of delays of
network transmissions can be found, and this delay does not exceed the sampling period 7,
the network-based control system will operate in the same way as a generic discrete-time
system. Nevertheless, the sampling time 7 cannot be greater than a maximal allowable bound

¢@. The bound ¢ is defined as the longest possible sampling period of the system, of which

the system is still stable. Different control loops on the same network can have different

bounds. This concept is similar to the delay bound p in the previous method, but it is used

for different purposes. The method suggested by Hong can only be used in case the system in
(2.12)-(2.13) is a one-dimensional system. General frequency-domain analysis can be used to

find ¢ and to check system stability in this case. The algorithm of this method is based on

the window concept illustrated in Fig. 2-6.
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Message 1 Message 2 Message r

L o

v

Figure 2-6 Window of data transmissions in a sampling period 7.

where L and o are the transmission periods of a pure data message and message overhead,
respectively, 7; is the sampling period of the system, which has the smallest allowable delay
bound compared to other control loops on the same network, and » is the number of data
messages that can be served by the network on the medium during the worst case of network
transmissions. The maximal delay bound of this system is denoted as ¢,. The number of

control loops on the network is defined as M, an example is shown in Fig. 2-7.

Controller Controller Controller
Tq‘ ‘ Rq Tq‘ ‘ Rq TqH Rq
Network
Tq Rq Tq Rq Tq Rq
Sensor Actuator Sensor Actuator v Sensor Actuator
Plant Plant Plant
Control Control N Control
Loop 1 Loop 2 Loop M
Tq: Tramsmission queue. Rq: Reciver queue.

Figure 2-7 Network-based control system with M control loops.

The author proved that the sampling time 7, could be computed by:

o +L

=73

(2.36)

In order to assign sampling periods to other control loops (i.e., the 2™ to M™ control

systems) on the same network by the scheduling algorithm, these control loops have to be
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indexed in an ascendant order from the sizes of their maximal allowable delay bounds. The
maximum allowable delay bounds of the 2™ to M™ loops are denoted as 9, to ¢,,

respectively. Using this index, the sampling time of the 2" to M™ control loops was proved as

expressed as:

T,=kT, Vie{2,3,.,M) (2.37)
k, :A(MJ (2.38)
27,

where a = A(b) indicates that a =2",v, €{0,1,2,...}, which is the “closest” to but does not

exceed b.
In a special case, in which the number of all system components and other resources
connected on the same network is less than 7, the sampling time period of all control loops

has to be determined by:

goi_(]I _L)

T =
2

, Vie{l,2,...,M} (2.39)

It was also proved that the network utilization is optimum if
22% =r (2.40)
Even this algorithm can be applied only on a single-dimensional system, the concept
of maximal allowable bound itself can also be used for a multi-dimensional system. Using
this concept, Kim, Kwon, and Park developed another algorithm for the multi-dimensional
cases in [32, 33]. In their approach, the delay bound of each system is obtained from different
stability criteria. The dynamics of such a multi-dimensional system on the network is briefly

expressed as follows.
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x(7) = Ax(t)+A1x(t—r“)+ A2x(t—t” —1:”)+ A3x(t—r“’ —t") (2.41)
where x(t) = [XT (t) X (t)]T , X, (t) is the plant state vector, Xx, (t) is the controller state

vector, ™ 1°, and T are sensor-to-controller, computational, and controller-to-actuator

delays denoted for continuous-time models, respectively. The matrices A, A,, A,, and A,

are calculated from the realizations of the plant and controller. Two existing asymptotically
stable criteria based on the Lyapunov function can be used to find the maximal allowable
delay of this system [54-56]. The first stability criterion is used to guarantee that a system
can have a very large delay bound. If this criterion is not satisfied, another criterion will be
used to find a limited delay bound. The sampling times of multi-dimensional systems on a
network can be obtained by using a more complicated algorithm with these two stability
criteria. However, the main idea of the algorithm is similar to the one-dimensional case.

With this approach, not only the delay problem can be solved, but also network
utilization can be assigned appropriately for control loops and other resources connected to

the same network. However, since the sampling times of control loops are multiples of 7],

the sampling time delays may be longer than necessary similar to the queuing methods
mentioned in Section 2.3.

2.7 End-user gain adaptation method

Chow and Tipsuwan have proposed a method of using gain adaptation to compensate

for the Quality of Service QoS variations and deterioration in the network-based control

systems [38, 57]. In this method, the controller can monitor the network’s QoS via
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appropriate middleware, and then the controller parameters are adapted to provide the best

control performance with the given QoS .
The authors have used two QoS measures to define QoS for an end-to-end user
profile. The first measure is QoS,, which is the point-to-point (central controller to the

remote controller) network throughput; it is used to indicate how fast the signal can be

sampled and sent as a packet through the network. The second measure is QoS,, which is the

point-to-point maximal delay bound of the largest packet; it is used to indicate how long it
takes to deliver a packet from the central controller to the remote controller. In this work
they use a periodic sampling time, /4, which satisfies the following criterion:

h>To+Tpe +T +Tpp (2.42)
where 7,- and 7p; are the central controller processing time and remote controller
processing time, respectively; 7, is the delay time to transmit the control signal u,. from the
central controller to the remote controller; 7. is the delay time to transmit the measured

signal y, from the remote controller to the central controller. This criterion is used to

guarantee that packet transfers between the central and remote controllers can be processed

in a sampling period. Delay times 7. and 7, are estimated by computing delays such as

transmission delay and propagation delay.
Both numerical and experimental simulations are presented to illustrate the effects of

QoS variation on network-based control system. A peer-to-peer network-based DC motor
control system is used to experimentally demonstrate the effects of QoS variation on a

network-based control system. The actual system setup is shown in Fig. 2-8.
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Figure 2-8 Block diagram of a peer-to-peer network-based DC motor control system.

The cost function used in adapting the controller parameter in order to compensate for

the QoS variation is given by:

N
C= %Zh(k) — (k)| (2.43)
k=1

where N is the appropriate time index such that the tracking has arrived at steady state, »(k)
and y(k) are the reference and output signals at time k. The cost function C considers how

far the transient and steady state system response is from the reference signal.
In this method, the authors use a look-up table technique to perform the searching and
to show the feasibility of the proposed proactive gain adaptation algorithm with respect to

network QoS . The cost values are stored in a table with respect to network throughput,
delay, variation, and controller parameters. Using the monitored network QoS , they search
for the best K, and K; from the stored table that can provide the optimal cost. Linear

interpolation is used when the exact entry cannot be found from the table with the given

inputs.
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2.8 Conclusion

From the presented network-based control techniques, it is noticeable that these
techniques can have their own advantages and disadvantages. In order to apply one of these
techniques, designers have to consider both the network and the control algorithms.
Nevertheless, none of these techniques is perfect because many unrealistic assumptions are
extensively used. Network-based control needs much research and improvement in order to
be used for practical applications. Furthermore, as a result of fast growing network
technologies, the improvement and development of network-based control would be
substantially useful in the future.

Currently available control techniques generally focus on conventional control
techniques. In order to consider the uncertainty of communication delays, computational
intelligent approaches such as fuzzy logic, neural networks, and genetic algorithm could be

useful for network-based control.
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3 Network-Based Controlled DC Motor

In this chapter, we will use a network-based controlled DC motor for motion control
purpose as a time-delay sensitive networked control system application. It illustrates the
adverse effects of using an network in the closed-loop control system and its use in
demonstrating and measuring the effectiveness of the proposed controller using fuzzy logic,

so it may compensate for the network-induced time delay effects.

3.1 DC motor as a network-based time-delay sensitive control
application

A common actuator found in many industrial control applications such as unmanned
vehicles, robotics, etc, is the DC motor, which is a popular device for actuation and

propulsion systems.

Figure 3-1 DC motor

As stated above, since many control applications use DC motors as a drive force, the
DC motor is a good choice when we want to study and control network-based PI control
systems. Also, the DC motor is a good example for time-delay sensitive applications [58]; the

adverse effect of long time delay on the DC motor system performance and stability are
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stated as follows: when the DC motor turns ON, the controller will rapidly increase the input
voltage for the output speed to track the required reference speed in an acceptable rise time,
settling time criteria. But as the output speed approaches the required reference speed, the
controller will reduce the input voltage since the error signal between the reference speed and
DC motor speed is reduced. When network is used in the network-based closed-loop DC
motor control, the input voltage command from the controller to the DC motor will be
delayed due to network-induced time-delay. If this delay is long enough, the DC motor will
still run on the non-reduced input voltage, which causes high overshoot response and may

lead to burning the DC motor.

3.2 DC motor system dynamics

The DC motor is a power actuator device that delivers to a load [59]. The DC motor
circuit diagram is shown in Fig. 3-2.

Fixed
field

]; =Ki(1

T~ nertia J
u(t) =e, + -
-

—| e=K,® 1)

Figure 3-2 DC motor circuit diagram.

This section describes the dynamics of the DC motor used in this thesis as a network-
based time-delay sensitive application. The loop equation for the electrical circuit of DC
motor with a driven load is:

di
)= :L a
u(r)=e, ’y

+Ri,+K,w 3.1
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The mechanical torque balance based on Newton’s law is:

chl—erBa)Jr]}:Te:Kia (3.2)
t

where u =e, is the armature winding input voltage; L is the armature winding inductance;
i, 1is the armature winding current; R is the armature winding resistance; J is the system
moment of inertia; B is the system damping coefficient; K and K, are the torque constant
and the back emf constant, respectively; 7, is the load torque; and @ is the rotor angular
speed. The parameters of the DC motor used in this thesis are:

Table 3-1 DC motor parameters.

J Inertia 3.53125e-6 Nm-sec
L Inductance 2.88e-3 mH

R Terminal Resistance 6.43 Q

B Damping Coefficient 0.1e-3 Nm

K Torque Constant 2.55e-3 Nm/A

K, Back emf Constant 0.255e-3 V/(rad/sec)

X i
By letting x:{ l}:{”}, the electro-mechanical dynamics of the DC motor can be
X, @

described by the following state-space description [60]:

) -= = 1
) X, dt L L -
X= = = X+| L |u 33
L‘j do K B 0 G
dt J J
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y:[O l]x (3.4)
assuming 7, =0, which is equivalent to the general state space description in (2.10) and

2.11).

3.3 Evaluation performance criteria for control systems

Four different control schemes will be designed in this thesis for controlling the speed
of the DC motor; the first one is a nominal PI control design without considering network-
induced time-delay effects, the second is a network-based PI controller with direct PI
parameters adaptation. In an attempt to compensate for the network-induced time delay
effect, the third is a network-based PI controller with partially adapted fuzzy modulator to
compensate for the network-induced time delay, and the fourth is a network-based PI
controller with a fully adapted fuzzy modulator to compensate for the network-induced time-
delay.

In order to compare these control schemes, we define the following five evaluation

performance criteria [61]:

3.3.1 Rise time, ¢,

The rise time is the time required for the DC motor speed to rise from 10% to 90%

of its steady-state value.

3.3.2 Delay time, ¢,

The delay time is the time required for the DC motor speed to reach half the steady-

state value the very first time.
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3.3.3 Settling time, ¢,

The settling time is the time required for the DC motor speed curve to reach and stay
within range about the final value of size specified by the absolute percentage of the steady-

state value (usually 2% or 5%).

3.3.4 Maximum (percent) overshoot, V/,

The maximum overshoot is the maximum peak value of the DC motor speed curve
measured from unity. If the final steady-state value of the DC motor speed differs from unity,

then it is common to use the maximum percent overshoot. It is defined by

o(t,) - o(x)

x100% 3.5
() (3.5)

Maximum percent overshoot =

where @(#) is the DC motor speed, 7, is the time required for the DC motor speed to reach

the first peak of the overshoot. Rise time, delay time, settling time, and maximum (percent)
overshoot are all shown in Fig. 3-3, which is a typical step response of a second order linear

time-invariant system.

Step Response
T

tolerance
2% or 5%

T T
T Allowable
M

Amplitude

o
~
=
o
®
2k
3
2
2

Figure 3-3 Typical step response of a second order linear time-invariant system.
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3.3.5 Summation of squared error, C

The plant output error, e(k)=r(k)—w(k), which is the difference between the
reference speed signal, r(k), and the output speed of the DC motor, @(¢), is used as an

evaluation criterion C.
L
C=) e(k) (3.6)
k=0

where L is the appropriate time index such that the tracking has arrived at steady state.

3.4 DC motor speed control design

In order to start designing a controller for the DC motor, some specifications need to
be firstly set on the industrial control application (e.g., unmanned vehicles) that uses the DC
motor as an actuator. So by first setting desired specifications on that industrial control

application. Then we can design our DC motor controller accordingly.

3.4.1 Design requirements

One of the important industrial control applications is the unmanned vehicle. For the
unmanned vehicle, one of the main objectives is to accurately control the speed of the vehicle
wheels. Each wheel control is assumed identical. The goal is to obtain a fast response with a
rapid rise time and settling time to a step reference command while not exceeding an
overshoot of 5% to avoid having an accident with another vehicle on the road, and at the
same time smooth movement is achieved at the desired speed. A simple model of the wheel

control for an unmanned vehicle [59] is shown in Fig. 3-4.
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Figure 3-4 Model of the wheel control of an unmanned vehicle.

Our uncompensated DC motor can rotate at 3.96 rad/sec with an input voltage of 1
Volt as shown in Fig. 3-5. Since the most basic requirement of a DC motor is that it should
rotate at the desired speed, the steady-state error of the DC motor speed should be smaller
than 1% . The other performance requirement is that the motor will accelerate to its steady-
state speed quickly after it is turned on. In this case we want it to have a 2% settling time of
less than 30 msec. Since a speed faster than the requirement may damage the motor, we also

want to have a rise time of less than 20 msec, and an overshoot smaller than 2% .

Open-Loop Step Response
T

Amplitude

| | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (sec)

Figure 3-5 Open-loop unit-step response.

3.4.2 PI control design

It is well known that, despite the advent of many sophisticated control theories and

techniques, the great majority of industrial processes nowadays are still regulated by
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Proportional-Integral (PI) controllers [62]. In this section we will design a PI controller to

control the speed of the DC motor. The open-loop transfer function of the DC motor G,.(s)

can be derived from (3.3)-(3.4) and using the DC motor parameters in Table 3-1, it is given

by:

Gy (s)=C(sI-A)"'B
B 2.507%10°
s +22615+6.329%10*

_2.507x10°
(s+2233)(s +28.35)

(3.7)

The uncompensated closed-loop system is shown in Fig. 3-6.

r DC (0]
+ motor

Figure 3-6 Uncompensated closed-loop system.
The step response of the uncompensated DC motor subject to tracking a reference speed

signal (r) of 50 (rad/sec) is shown in Fig. 3-7.

Uncompensated Closed-Loop Step Response
40 T T T

T
p—

351

30+
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20+
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15
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0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (sec)

Figure 3-7 Step response of the uncompensated DC motor
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By calculating the performance measures defined in section 3.3, we get:

t. =14.8msec, f, =5.2msec, ¢, = 26.8 msec

3.8
M, = NIA, e, =10.1024rad/sec, and C =1.8262¢+004 (38)

In order to eliminate the steady-state error, e, =10.1024 rad/sec, we add a PI controller in

the forward path of the closed-loop system as shown in Fig. 3-8.

r PI DC @
+ Controller MOTOR

Figure 3-8 DC motor with PI controller

The transfer function of the PI controller is:

G, (s)= (Kp +ﬁj =K, 2 (3.9)
S

where K, and K; are the proportional gain and integral gain of the PI controller,

respectively.

We notice that using a PI controller we add an open-loop pole at the origin to increase
the system type from zero to one, in order to eliminate the steady-state error due to step
input. To improve the steady-state error without affecting the transient response, we need to
place the zero of PI controller near to the pole at the origin, so that the angular contribution
of the PI controller zero and PI controller pole cancel out [37]. Since the ratio of lengths from
the PI controller pole and the PI controller zeros is approximately unity, thus we have

improved the steady-state error without appreciably affecting the transient response.
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Different (K K i) pairs can be found based on the above method such as (1,28.4),

) K .
(1.5,42.5), (2,56.7), etc. The key idea is that the zero of the PI controller at K—’ is placed

»
near the dominant pole of the open-loop transfer function of the DC motor such that PI
controller zero can cancel the effect of dominant open-loop pole in the forward transfer
function. Also, the zero at 28.35 is “close” to open-loop pole at zero compared to distance

between the zero at 28.35 and the open-loop pole at 2233.

For illustration, (K K l.) = (1.5,42.5) is used as a nominal PI controller parameters

pair through this thesis. The forward transfer function G,,(s)G,.(s) is:

376106.1947 (s +28.33)

GPI(S)GDC(S): S(S+2233)(S+2835)

(3.10)

Notice that the PI controller zero at 28.33 is close to the open-loop pole at 28.35 in order to
cancel the effect of dominant open-loop pole in the forward transfer function. The transfer

function from output speed Q(s) to reference speed R(s) i.e., the closed-loop DC motor

system with PI controller transfer function is:

R(s) 376106.1947 (s +28.33) Q(s)
_» »
(5+2049) (s +183.6) (s +28.33)

The step response of the closed-loop DC motor system with PI controller subject to tracking

a 50 rad/sec reference speed signal is shown in Fig. 3-9.
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Figure 3-9 Step response of DC motor with PI controller.

From Fig. 3-9, we see how the PI controller set the steady-state error to zero, and at the same
time, an accepted transient response [63] that met the desired specifications on the DC motor

1s obtained:

t. =12.34msec, ¢, =4.29msec, ¢, = 21.52msec,

3.11
M, =0%,e, =Orad/sec, and C=9.2361e+003 -11)

3.5 Network-based controlled DC motor: Configuration

In this section, we will form the network-based controlled DC motor by connecting the
PI controller and the DC motor via a network, i.e., control the DC motor through the
network.

As described in Chapter 1, the network-based control system consists of three units:
distributed remote unit (Remote controller + DC motor), central controller (PI controller),

and communication network as shown in Fig. 3-10.
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Figure 3-10 Network-based PI control system.

A general block diagram of the network-based controlled DC motor is shown in Fig. 3-11.

DC Yr ('f)>

motor

r (t ) e(t ) Pl
4:®—> Controller

Network

Figure 3-11 General block diagram of the network-based controlled DC motor.

The remote controller in the remote unit is assumed to simply convert the control voltage

signal from the central controller u.(¢) into a PWM signal to drive the DC motor. The
remote controller value u,(¢) can be mathematically expressed as:

() = e (1 - 7,) (3.12)
where 7, is the delay time to transmit the control signal u. from the central controller to the
remote controller. The remote controller also sends the monitored signal y,(¢) of the remote

system back to the central controller, y.(¢), and these two signals are related as:

Ye(t) =y(t—17¢) (3.13)
where 7, is the delay time to transmit the measured signal y, from the remote controller to

the central controller.
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The central controller uses a PI control algorithm to compute the control signal
required for the remote unit to track a step reference signal based on monitoring the system

signals sent from the remote system via the network. The PI controller used has the form:

u ()= K e(t)+ K, [ e(t) dt (3.14)
where K is the proportional gain; K, is the integral gain; e(r)=r(t)— y(¢) is the error
signal; r(¢) is the reference signal for the system to track, and y(z) is the system output. In
our case, y(¢) = w(t), the DC motor speed, and u(z) is the input voltage to the DC motor.

Fig. 3-12 shows the timing diagram of delays 7. and 7,, assuming that the

processing time in the central controller and remote controller is very small compared to the

delays 7. and 7, so it can be ignored.

Signal
A
y(k) y(kT —7.)
[ ) [ )
u(k) u(kT.— ;)
[ )
---— | | » Time
e T
e r e
kT (k+1)T

Figure 3-12 Timing diagram of delay generations.

3.6 Network-based controlled DC motor: Modeling using
SIMULINK

The SIMULINK model used in modeling and simulating network-based controlled DC

motor [38, 57] is shown in Fig. 3-13.
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Figure 3-13 SIMULINK blocks for network-based controlled DC modeling.

Network Channel (Server to Client) model and (Client to Server) model are shown in more

detail in Fig. 3-14.

Random# u
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Random# w

(b)

Delay w

Figure 3-14 Network channels: (a) Server to Client model, (b) Client to Server model.

As shown in Fig. 3-14, a gaussian random number (u,o7) is used to represent the

network-induced time delays, where x and o are the mean and variance of the network-

induced random time delay.
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3.7 Network-based controlled DC motor: Simulation

Using the SIMULINK blocks in Fig 3-13, and simulating for 0.3 seconds, we get the
step response of the network-based controlled DC motor subject to tracking a reference speed
of 50 (rad/sec) and using PI controller parameters (KP,K i) :(1.5, 42.5). Fig. 3-16 depicts

the Step response of the network-based controlled DC motor, with different random time

delays and a 1 (msec) sampling time.

120

1=0.001
1=0.002
1=0.003
1=0.004

L
0.25

Figure 3-15 Step response of the network-based controlled DC motor with different random time delays
and a 1 (msec) sampling time.

Fig. 3-15 shows that the network-induced time delay degrades the control-loop
system performance by increasing both settling time and overshoot, while for longer time
delay the network-based control system becomes unstable. In Fig. 3-15 and whenever 7 is

mentioned in this thesis, this implies 7. =7, =7.
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3.7.1 Effect of the network-induced time delays on the output of the

network-based controlled DC motor

In this section, we will investigate the effect of network-induced time delay on the
control-loop system performance mathematically. The differential equation of the remote
process

X =Fr (XgsPro g, 1) (3.15)
is used with the state-space description in (3.3)-(3.4) to give:

X, =Ax, +Bu.(t—7;)

(3.16)
e =Cxy
where
e(t) =r(t)—yr(t—17¢)
(3.17)
u ()= K e(t) + K, j e(t)dt
and solving for state trajectory, we get:
X () = [*Buc(s—7,)ds (3.18)

0

assuming that the initial condition x,(0)=0. Equations (3.16)-(3.18) show mathematically
how the network delays 7. and 7, affect the state trajectory and thus the output of the

controlled DC motor.
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3.7.2 Effect of the network-induced time delay, ., on the control signal
provided by the central controller

The control signal provided by the central controller and network-induced time delay

7., time to transmit the measured signal from the remote controller to the central controller,

are related via the following equation:
ue() =K, (r(0) =y (t= 7))+ K, [ (r(0) =y (e = 70)) dt (3.19)
Fig. 3-16 shows the norm of the control signal ||uc (t)|| versus different values of 7., where

||uc(t)|| is given by [64]:

e 0 = e 0], = [ > e G (3.20)

x10°

Figure 3-16 The relation between 7. and control signal u(?).

As shown in Fig. 3-16, the network delay 7. affects the network-based controlled DC motor
by increasing the value of the control signal u.(#) provided by the central controller, which

may lead to unstable closed-loop control systems.
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The explanation of having such a relation in Fig. 3-16 is as follows: The control

signal u.(¢) is dependent on the error signal e(t), which is dependent on the measured
output signal of the controlled DC motor y,(¢) coming from the remote site via the network.
So, at the beginning of the simulation, e(#) will be a large value, which leads to a large
control signal u.(¢). However, as y,(t) approaches r(¢), i.e., e(¢) = 0, there is a time delay
7. for the central controller to realize that the control signal should be decreased. Within this
delay time period, u.(¢) will keep increasing, which will cause y,(¢) to increase to a higher
value. Thus, e(¢) will be higher than before which leads u.(¢) to resume increasing. This

time-delay effect may lead to an unstable closed-loop system response as shown in Fig. 3-15.

The stated case is shown in Fig. 3-17, with r(¢) =50 (rad/sec).
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Figure 3-17 Effect network-induced time delays on e(?) and u.(?).
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4 Adaptive Fuzzy Modulation for Networked Pl Control
Systems: Partial Adaptation

When using networks in control systems, a network-induced time delay is generated,
which has adverse effects on the network-based closed-loop control systems such as
performance degradation and destabilization as shown in the previous chapter. In this
chapter, we propose an intelligent controller using fuzzy logic on top of a PI gain to
adaptively compensate for the network-induced time delay in time-delay sensitive networked
control system applications. Actually with this proposed fuzzy logic modulator, the existing
PI controller will not be completely redesigned, but modulate the PI controller action with
the output of the intelligent fuzzy logic controller to compensate for the network-induced
time delay effects in the network-based control system. A partial adaptation scheme for this

fuzzy logic modulator is also proposed to tune the consequent parameters.

4.1 Direct PI controller parameters updating

In this section, three methods are presented for direct PI controller parameters tuning.
The first two tuning methods are on-line, while the third one is off-line selection of the PI
controller parameters. In the online tuning methods, PI controller parameters are tuned based
on minimizing instantaneous cost function and moving window cost function, respectively.
For the off-line selection process, a look-up table of PI controller parameters under different
QoS variations is used to select the “optimal” gains having the minimum value of a pre-

defined cost function.
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4.1.1 On-line tuning: Instantaneous cost function

In the on-line direct PI controller updating, the parameters are updated based on

minimizing the instantaneous performance measure J(k),

J(k)=e(k)? 4.1)
where J(k) places an instantaneous penalty on both long response time and poor
convergence. One method to minimize J(k) is to use gradient descent [65] to adjust the PI

controller parameters accordingly. The parameters are adjusted via steepest descent

algorithm:
oJ (k)
K (k+1)=K (k)-n———= 4.2
pk+D) =K, (k)-n oK, (4.2)
oJ (k)
K(k+1)=K,(k)-n—— 43
i(k+1) =K, (k)-n K (4.3)
where 7 is the rate of descent.
Using (3.9), and bilinear approximation [66]:
2z-1
=— , 4.4
* hz+1 (44
the digital PI controller used is described by the difference equation [67]:
u(k)y=u(k-1) +(Kp +K7’h) e(k)+ (—Kp +K7’h) e(k—1) 4.5)

where, u(k) is the control signal provided by the PI controller; e(k) is the plant error signal;
h is the sampling time; K, is the proportional gain of the PI controller, and K, is the

integral gain of the PI controller.

Using (4.1)-(4.5), the parameters are adjusted via steepest descent algorithm as follows:

67



e(k)? —e(k)e(k —1)
(2K, (k) + K, (k)h)

K, (k+1)=K, (k)—4n (4.6)

e(k)> +e(k)e(k -1)

Kk )= K, (k)= 2hr (2K, (k) + K, (k)h)

(4.7)

4.1.2 On-line tuning: Moving window cost function

In this section, another on-line direct PI controller parameters tuning method is
presented. This method is based on minimizing a cost function with a moving window. The

new cost function is given by:

J(k)y= Y e(i)’ (4.8)

i=k—-m
where m is the window size. Applying the gradient descent minimization algorithm to tune

the PI controller parameters, we get:

K,(k+1)=K,(k)- 477’:; (‘32(2 ;)eﬁ);(’(l_);)) (4.9)

K. (k+1) = K.(k) - 2hn; (e;[)( ;)eg);(’( l‘);)) (4.10)

With m =0 we return to the instantaneous cost function presented in Section 4.1.1

4.1.2.1 Heuristic PI control action

In this section we will show that by using on-line direct updating for the PI controller
parameters in the network-based control systems; we violate the heuristics of PI controller
action, and for the off-line direct tuning, we will show that the major drawback of this

approach is the weak definition of the searching region for (K ,,K,).
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From the equation of the digital PI controller in (4.5), we see that two values are
affecting the action of the PI controller besides the controller parameters and sampling time,
namely e(k) and e(k —1) . If we define:

Ae=e(k)—e(k—1) (4.11)
as the difference error signal, we can investigate four regions corresponding to values of

e and Ae, and derive the corresponding heuristic actions of the PI controller in these regions

[68]. The regions are defined in Table 4-1.

Table 4-1 List of the 4 regions corresponding to ¢ and Ae .

Ae | Negative Positive
e
Positive Region 1 Region 4
Negative Region 2 Region 3

In Region 1, where e is positive and Ae is negative, we need to increase the system output in

order to speed up the system, which corresponds to increasing both K, and X, . In Region 2,

both e and Ae are negative, and we need to decrease the system output to reduce the
overshoot, which corresponds to decreasing both K, and K;. In Region 3 where

e is negative and Ae is positive, we need to decrease the system output in order to reduce the

error between the reference signal and the system output since the system output is greater

than the reference signal, which corresponds to decreasing both K, and K;. Finally, in

Region 4, where both e and Ae are positive, we need to increase the system output in order
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to track the reference signal since the system output is less than the reference signal, which

corresponds to increasing both K, and K, . Table 4-2 summarizes the four regions mentioned

and the corresponding K, and K; updating.

Table 4-2 Summarization of the 4 regions and the corresponding Kp and K, updating.

Ae Negative Positive
e
Positive Region 1: Increase | Region 4: Increase
both K, and K. both K, and K.
Negative Region 2: Decrease | Region 3: Decrease

both K, and X;. both K, and X;.

4.1.2.2 Drawbacks on using on-line direct PI updating

aJ (k)
oK
At the minimum point, P 1=0,1ie.,
aJ (k)
oK,
e(k)’ = e(k)e(k —1) (4.12)
and e(k)’ = —e(k)e(k 1), 4.13)
= e(k)=—e(k-1)

Of course, both (4.12)-(4.13) are satisfied when e(k) =e(k—1) =0, i.e., at the steady

state. But due to network effects, where nonlinearity and time varying are inherently included
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in the closed-loop system, uncompensated network-based control systems usually have

oscillatory or near oscillatory behavior. If we look at (4.13), where the oscillation is

oJ (k)

occurring, at this instant, no updating will occur for K, since ——==0, while from (4.2)

,(4.6), K, will keep decreasing until we have a pure integrator, which cannot stabilize the
system [62]. Another drawback of using on-line direct PI parameters adaptation is illustrated

via the following counter example to show that using on-line direct PI adaptation violates the

heuristic actions of PI controllers.

4.1.2.2.1 Counterexample: violating heuristics of PI controller action
A DC motor with nominal PI controller parameters of (K,,K,)=(0.01,30), and

sampling time /4 =0.01 msec. is used as a counterexample to show that using on-line direct
PI adaptation violates the heuristic actions of PI controllers. From the error curve of step

response and the difference signal of the error curve shown in Fig. 4-1,
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(@) (b)
Figure 4-1 (a) Error curve of step response, (b) Difference of the error signal, Ae = e(k) —e(k —1).
(1): Region 1, (2): Region 2, (3): Region 3, (4): Region 4.
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we observe the following: If we check the adaptation laws for K, and K;, we see that (4.2)
and (4.6) does not satisfy the requirements on K, in Region 3 and Region 4, which violates

the heuristic actions of the PI controller in Region 3 and Region 4. From (4.3) and (4.7), we

see that K, always decreases in all regions which violates the heuristic actions of the PI
controller in Region 1 and Region 4. To show that, we plotted the quantities

——, and

&I (k) in Fig. 4-2.
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Figure 4-2 (a) Plot of , (b) Plot of ———, (1): Region 1, (2): Region 2, (3): Region 3, (4): Region 4.
oK oK.

8J (k)

It is clear from Fig. 4-2(a), that K does not changes its sign accordingly such that the
P

requirements on the updating of K, listed in Table 4-2 are satisfied. The on-line direct

updating on K, violates the requirements on K, in Region 3 and Region 4. On the other

8J (k)

hand, we see from Fig. 4-2(b) that K is always positive, which corresponds to updating
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K, with a smaller value. This violates the requirements on K, since we need to increase the
K. in Region 1 and Region 4. Thus this updating algorithm violates the purpose of using PI

controller.

4.1.3 Off-line Pl controller parameters selection
In [38, 57], an approach based on searching for the “optimal” (K ,,K,) pair given the

available network QoS is presented such that a pre-defined/pre-computed cost function is

minimized. Here in this section, we will use the same idea but with a modified cost function

given by:
J=4J,+(1-2)J, (4.14)
where
N M
> e(k)? D" Ae, (i)’
J,(K,.K)) :—HJTZOKP,K,»)‘ ) ,3,(K,,K) = —H;;(KP,K,«)‘ ) , (4.15)

and {Aeb (i)} = {Ae(k) | e(k)Ae(k) > 0}.
J, places a penalty on both response time and poor convergence; J, places an extra penalty

on overshoot, undershoot, and oscillatory behavior, and A is the weighting parameter
between the two sub-cost functions.

This cost function is used to pre-compute the gains and store them in a look-up table,

and then this look-up table is used to perform searching for the “optimal” (K,,K;) pair

corresponding to the minimum cost function value with respect to a given network QoS.
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One concern of this approach is the search region for (K,,K;). With a given search
region for (K ,K;), we may obtain a (K ,K;) pair corresponding to the local minimum of
the cost function in this region, but the (K, K,) pair is not necessary the global minimum we

are looking for as will illustrated in the following example.

4.1.3.1 Nlustration example: Searching region for (X,.X,)

With the searching region shown in Fig. 4-3(a), and incremental values of

AK, =AK, =0.01, the “optimal” (K ,,K;) pair corresponding to the minimum cost function
is (K,,K;)=(0.5,1). The step response of the network-based controlled DC motor subject to

tracking a reference signal of 50 (rad/sec) is shown in Fig. 4-3(b). A sampling time of 1

(msec), a gaussian random time delay of mean 5 (msec) and variance 1.6x107°, and 2 =0.5

are used.

Kp=0.5 Ki=1
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o
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0 1.0 Time (sec)

(@) (b)
Figure 4-3. (a) Searching region for (X ,K), (b) Step response of the network-based controlled DC

motor with off-line direct PI controller parameters tuning.
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As Fig. 4-3(b) shows, the step response takes a long time to settle to its steady state
value. With a bigger searching region shown in Fig. 4-4(a), and using incremental values of

AK, =AK; =0.1, the typical optimal (K ,K;) pair is (0.5,5). A better step response of the

network-based controlled DC motor subject to tracking a reference signal of 50 (rad/sec) is

obtained as shown in Fig. 4-4(b).

Kp,=0.5  Ki =5

(9]
» (rad/sec)
N
o

¢
N
=)

0 5 b 0 0.05 0.1 0.15 0.2 0.25
Time (sec)

(a) (b)
Figure 4-4. (a) Searching region for (X ,K), (b) Step response of the network-based controlled DC

motor with off-line direct PI controller parameters tuning.

As shown in this example, the off-line direct PI controller parameters selection process is

highly related to whether the searching region contains the optimal (K ,,K;) pair or not; also
the tuning algorithm is dependent on the incremental values of (K, K;) used in searching for

the optimal (K ,,K,) pair in the searching region such that we don’t jump over the optimal

pair due to a bad incremental value choice.

4.1.4 Conclusion

Based on the above discussion, we see that by using on-line direct updating for the PI

controller parameters in the network-based control systems; we violate the heuristics of PI
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controller action. The oscillation (near oscillation) behavior of the network-based controlled
plant cannot be compensated for using this direct updating scheme; thus the convergence of
the plant output cannot be achieved which leads to destabilizing the plant. For the off-line
direct tuning, the major drawback of this approach is the weak definition of the searching

region for (K ,,K,) as stated earlier.

All these drawbacks are good motivations to seek an alternate scheme/algorithm that
updates the PI controller parameters on-line such that they can compensate for the network-
induced time delay effects. From the controller designer viewpoint, the plant of the network-
based control system includes not only the plant to be controlled but also the network that
connects the system components. This network part of the plant is quite difficult to handle,
because the network system traffic is stochastic in nature, and nonlinear time varying
behaviors are inherently included. There is still no accurate mathematical model to describe
the network-based control systems behavior.

Fuzzy logic control [69] has been used for control of plants where the plant modeling
is difficult, and when conventional control methods have shown limited successes. Fuzzy
logic controllers usually work well in an environment with a large uncertainty and unknown
variation in plant parameters and structure, when an accurate mathematical model for the
system under control is not available, and when human experts are available to provide
linguistic fuzzy control rules or linguistic fuzzy descriptions about the system. Due to these
reasons, fuzzy logic control becomes a very attractive method for controller design in
network-based control systems. In this thesis, we will use a fuzzy logic controller to
modulate the PI controller output in order to compensate for the network-induced time

delays.
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4.2 Fuzzy logic modulator: Design

In this section, a fuzzy logic modulator for network-based PI controller is designed to
compensate for the network-induced time-delay effects in the network-based PI control
problem [70]. This approach is based on modulating the control signal provided by the PI
controller with a single parameter. The input to the fuzzy modulator is the error signal
between the reference signal and the plant output signal, and the output of the fuzzy
modulator is the modulation parameter used to compensate for the effect of the network-

induced time delay in the network-based PI control system.

4.2.1 Network-induced time-delay fuzzy compensation

Our objective is to compensate for the effect of the network-induced time-delay on
the network-based PI control without completely redesigning the controller. The approach
taken is to use fuzzy logic to modify the nominal PI controller output. A general block
diagram of the modified network-based control system is shown in Fig. 4-5. A network-
based controlled DC motor described in chapter 3 is used as an example to illustrate the

proposed fuzzy logic compensation technique.

u, (1)

u (1)
C
—) o E—) Remote DC

Communication Controller motor

yc(@®) network y§(t )

(Modified PI controller
with fuzzy modulation)

Remote Unit

Figure 4-5 A modified network-based PI control system with fuzzy modulation.
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In order to compensate and improve the performance of the nominal PI control under

different network delays, we introduce a parameter [ such that the new control signal
provided by the central controller is

uc(t) = Puy () (4.16)
where u.(¢) is the modulated value of the control signal provided by the PI controller with
parameter £ . In this work, a methodology based on fuzzification of the new parameter S is

presented in order to improve the performance of the network-based PI control. The block
diagram of the modified network-based PI control with fuzzy modulation applied to DC

motor is shown in Fig. 4-6.

| Fuzzy
Modulator
ﬁ i
r(t) e(t) PI Upy (1) Ue () DC y(t)‘
T + " Controller motor o

»(t—7.)

Figure 4-6 Network-based controlled DC motor with fuzzy modulation.

To see the effect of the new modulation parameter on the DC motor state trajectory, the
solution of the system described by

Xp(t)=AXy(1)+Bug(?) (4.17)
is

X, ()= IeA(H)B u.(s—17,)ds
" (4.18)
= ,BJ- e*Bu,, (s —1,)ds
0
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From (4.18), we see that £ has a direct relation to the state trajectories and thus the output of

the network-based controlled DC motor.

As stated earlier, the modulation parameter £ is given by:

p=h (e(t)) (4.19)
where h, is a nonlinear function that describes the input/output relation of the fuzzy

modulator, and

et)=r(t)~yp(t-17¢)

4.20
=r()=yc () (420

is the error signal.
Based on the observation of the DC motor performance w.r.t. the delays simulated in
section 3.7, the fuzzy modulator is composed of the following two rules:

if e is Small, then S = f,.

- (4.21)
if e 1s Large, then = £3,.

In the first rule, where e is Small, we need to modulate the control signal provided by the PI

controller up,(¢#) by parameter £ = S, in order to compensate for the network effect. In the
second rule, where e is Large, in this case, the modulator parameter S = £, will not be of
the same strength as in the first rule (i.e., £, > f3,) since e is Large in this case and the
system needs higher control signal value u,,(¢) to reduce the error signal.

In order to achieve these heuristics we set the following condition:
0< B <p,<1 (4.22)

where S, ,, are the consequent parameters corresponding to the modulation parameter £ .
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4.3 Fuzzy logic modulation: Membership functions tuning

Two membership functions associated with the input variable, e, to the fuzzy modulator are
used, namely Small, and Large. The membership functions for the error signal are defined
over the universe of discourse e € (—oo, r] , where r is the reference signal. The initial setting

for the membership functions used for the input variables e to the fuzzy modulator, and the

output variable S are shown in Fig. 4-7.

,ugke) u(p)
1 Hsmall (e) Hiarge (e) |
e B
0 0.4r 0.67 r 0 b B, 1

Figure 4-7 Initial setting for the membership functions associated with input variable ¢ and the output
variable [ .

The output of the fuzzy modulator £ is given by the central deffuzification rule [69,
717:

_ ﬂl:uSmall (e) + ﬂ2/uLarge (e)

(4.23)
Hgmall (e) + ﬂLarge (e)

B

where g, (€) and g4 ., (€) are the membership functions describe the input variable e.

As shown in (4.21), we use singleton membership functions in the consequent part of
the fuzzy rules, ie., f and S, are variables, the reason is that by using singleton
membership functions we reduced the computational time at the modulator, and simplified
the partial adaptation process since only two parameters need to be adapted.
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4.3.1 Pl parameterization

With this type of modulation, we moved from the nominal PI controller with fixed

parameters to a new type of PI controllers with variable parameters:

uc(t) = Puy, (1)
= B(K,e(0)+ K, [e(t)dr) (4.24)
= BK ,e(t)+ BK, [ e(t)dt

we thus use a new PI controller with variable parameters (8K ,, SK;) as a new proportional

gain and new integral gain pair, where the parameterization variable f=h, (e(t)) is the

output of the fuzzy modulator. It should be noticed that by decreasing gains of the PI
controller, a large settling time and rise time are obtained, which in some cases is
unacceptable, where a fast response with a rapid rise time and settling time to a step
reference command is required such as in unmanned vehicles. In order to properly tune the
fuzzy modulator parameters, an adaptation scheme that tunes the fuzzy logic modulator

parameters based on minimizing certain performance measure is needed.

4.3.2 Fuzzy logic modulation: Simulation

To demonstrate the effectiveness of this fuzzy modulator, we use an educated guess

approach to select S, and S,, while fixing the membership functions parameters as in the
initial setting shown in Fig. 4-7. In this case, we choose f, =0.10, 8, =0.12, and » =50

(rad/sec). The membership functions associated with the input variable e to the fuzzy

modulator and the output variable f are shown in Fig. 4-8.
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Figure 4-8 Membership functions associated with input variable ¢ and output variable [ .

In order to show the effectiveness of the proposed fuzzy modulator, two cases will be
examined: smaller time delay, and longer time delays. In smaller time delays, both

7. and 7, are less than the sampling time /. Let us set the sampling time of 10 (msec), and

set both time delays (r. and 7,) as a gaussian random number with mean value 6,7,8,9

(msec) and variance 1.6x107°. Fig. 4-9(a) shows a plot of the typical step response of the
network-based controlled DC motor subject to tracking a 50 (rad/sec) reference signal with a

nominal PI control (K ,, =1.5, and K;, = 42.5) modified by fuzzy modulator. For the longer
time delays, at least one or both 7. and 7, are longer than the sampling time /. Let us set

the sampling time of 10 (msec), and set both time delays (7. and 7,) as a gaussian random

number with mean value 11,12,13,14 (msec) with variance 1.6x107°. Fig. 4-9(b) shows a
plot of the typical step response of the network-based controlled DC motor subject to

tracking a 50 (rad/sec) reference signal with a nominal PI control (K, =1.5, and K;, =42.5)

modified by fuzzy modulator.
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Figure 4-9 Step response of the network-based controlled DC motor with fuzzy modulation, (a) Smaller
time delays, (b) Longer time delays.

We see from Fig. 4-9 how the proposed PI controller with fuzzy modulator improves
the performance and tends the stability of the network-based controlled DC motor. Also we
can see how this approach can handle effectively the cases of smaller as well as longer
network-induced time delays. The reason behind that is the following: by
reducing/modulating the input voltage value, i.e., reducing the PI parameter gains, this
prevent the network-based controlled DC motor from going to unstable region, and at the
same time an acceptable step response is obtained.

The cost of this approach is the tuning process, i.e., an educated guess, which is a
time consuming process and does not guarantee the optimal setting for the consequent
parameters. This is a major motivation to seek an adaptation law/scheme that can tune the
membership functions parameters and consequent parameters such that a certain performance
index is minimized. In this section, only the educated guess approach is used for tuning the

consequent parameters while fixing the membership functions parameters as in the initial
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setting. In the next section, we will develop an adaptation law/scheme for the consequent

parameters tuning such that the certain performance measure is minimized.

4.4 Partial adaptation: consequent parameters tuning

In this section, three consequent parameters tuning methods are presented [72]. The
first two tuning methods are on-line, while the third one is off-line consequent parameters
selection. In the online tuning methods, consequent parameters are tuned based on
minimizing instantaneous cost function and moving window cost function, respectively. For
the off-line consequent parameters selection process, a look-up table of the consequent
parameters under different QoS variations is used to select the “optimal” (f,, 5,) pair having
the minimum value of a pre-defined/pre-computed cost function. The following approaches
present the case in which only the consequent parameters are to be tuned, while the
membership functions parameters of the input variable e are fixed with the initial setting
(this is the reason we named this approach as a fuzzy logic modulator with partial
adaptation). Adaptation on both membership functions parameters in the antecedent part of

the fuzzy rules and the consequent parameters will be presented in chapter 5.

4.4.1 On-line tuning: Instantaneous cost function

In the on-line partial AFM, the consequent parameters are updated based on

minimizing the instantaneous performance measure J(k),
J(k) = e(k)? (4.25)
where J(k) places an instantaneous penalty on both long response time and poor

convergence. The consequent parameters are adjusted via steepest descent algorithm:
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ﬂl(k+1) — ﬂl(k)+277[ e(k)/uSma]l(e(k))uPl(k) (426)

K,,(k)+w1(ﬂl () s (€00) 83 (g ()

ﬂz (k + 1) — ﬂz (k) + 277 ( e(k) :ULarge(e(k)) Upy (k) (4.27)

K, (K (Zk)”j(ﬁl(k)ﬂsmu(ew))wz(kmmgc(e(m))

where 7 is the rate of descent.

4.4.2 On-line tuning: Moving window cost function

Another consequent parameters on-line tuning method based on minimizing a cost

function with moving window is presented. The cost function is given by:

J(k)y= Y e(i)’ (4.28)

i=k—-m
where m is the window size. Applying the gradient descent minimization algorithm to tune

the consequent parameters, we get:

ﬁl (k+1) :ﬂl(k)'i'zn Z ( < i)h‘(l)/uSmall( ()) pi (i) (429)

K, i)+ il ](ﬁl(i)pSmau(e(i>)+ﬁz<immgc(e(i>))

i=k—m P 2

k+1)= k)+2 . €(i) Hparge (€()) py (1) 430
,Bz ( ) ﬁz ( ) ni:;rn (Kp (i)+Ki(21)hj(ﬂ1 (i)/lslnall(e(i))‘*'ﬂz (i)/lLarge(e(i))) ( )

4.4.3 Off-line consequent parameters selection

This section proposes a method of selecting the fuzzy modulation consequent
parameters based on searching for the minimum of a pre-defined/pre-computed cost function.
In order to select fuzzy membership functions parameters and consequent parameters, the
following cost function [67] is defined:

J=23, +(1-2)J, 4.31)
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where A 1s the weighting parameter between the two sub-cost functions J, and J,,

| ;e(k) ZAeb (i) .
o f2) = 19,88\, 1A P)= ||J2(ﬂ1,ﬂ2>|| (+32)

0<p <p,<1, and {Aeb (i)} ={Ae(k) | e(k)Ae(k) > 0}.
The algorithm is based on fixing the membership functions parameters of the input
variable e as in the initial setting shown in Fig. 4-7, and then using a look-up table to select

the proper S, and S, corresponding to the minimum cost function value. The flowchart of

the off-line consequent parameters selection process is shown in Fig. 4-10.

Use initial setting in Fig. 4-7 to tune the
membership function parameters.

v

Set S, =1.0,
and choose Af, 1 €[0,1]

-

y
Set B, =Ap

Run the network-based
controlled DC motor simulink
model, and record

ﬂl’ﬂZ’J(ﬂ];ﬂz) values

Y

Select the pair (f,, #,) corresponding to the
minimum value of cost function vector J.

Figure 4-10. Flowchart of the off-line consequent parameters selection process.
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In Fig. 4-10, Af is the increment value used for the variables S, and £, during the off-line
calculation. We should mention here that unlike the direct off-line PI controller parameters
selection process presented in section 4.1.3, the searching region for the optimal (f,, 5,) pair

is well defined as shown in Fig. 4-11.

P,

1.0

>,Bl

0 1.0

Figure 4-11. Searching region for the optimal (/3,, 3, ) pair in partial AFM.
Five cases corresponding to different values of weighting parameter A are illustrated. In all
cases, a sampling time of 1 (msec), a random network-induced time delay of mean 5 (msec)
and variance 1.6x107°, and an increment value AS=0.01 are used. Table 4-3 lists the
weighting parameter A and the corresponding optimal (f,, 5,) pair, while Fig. 4-12 depicts
a plot of the typical step response of the network-based controlled DC motor subject to

tracking a 50 (rad/sec) reference signal with a modified PI control (K, =1.5, and

K,, =42.5) with fuzzy modulator corresponding to different values of 4.
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Table 4-3. Different values of 4 and the corresponding optimal (3, 3,) pair

A (B, 1)
0 (0.21,0.24)
0.25 (0.24,0.29)
0.5 (0.24,0.30)
0.75 (0.25,0.30)
1 (0.26,0.30)
60
50| e _
40 — 1=0.00 i
— 1=0.25
s — 1=0.50
b — 2=0.75
E 30 -~ 3=1.00 1
20+ B
101 1
00 0.65 011 0.‘15 0.‘2 0.‘25 0.3
Time (sec)

Figure 4-12. Step response of the network-based controlled DC motor with fuzzy modulation
corresponding to different values of 1.
We can see by comparing step responses in Figs. 4-9 with Fig. 4-12, that the fuzzy
logic modulator with partial adaptation improves the transient response over the fuzzy logic
modulator with educated guess tuning. The transient response is improved by reducing both

rise time and settling time. For the percentage maximum overshoot, it is possible to improve
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it by putting more cost function weight on the overshoot, undershoot, and oscillatory

behaviors, (e.g., 4 =0, as shown in Fig. 4-12).

4.4.3.1 Compensation technique

The adaptive fuzzy logic compensator is described as follows: The controller
monitors the network QoS via appropriate middleware, and then adjusts the fuzzy logic
consequent parameters (f,,f,) to the consequent parameters pair corresponding to the

minimum cost function with a fixed initial membership functions parameters. Look-up table

technique is used to perform searching on the optimal consequent parameters (/5,,,). For
every (h,7) pair there is an optimal consequent parameters pair (f,,5,) corresponding to

the minimum cost function with a given A. Linear interpolation is needed when the exact

entry cannot be found from the table with the given inputs.

4.5 Simulation Results and Discussion

The network-based controlled DC motor system is simulated using MATLAB/
SIMULINK. The motor state space description in (3.3)-(3.4) is used as the plant, and is
controlled by the PI controller in (3.14). The network-induced time delays as described in

(3.12)-(3.13) are simulated using gaussian random number generators.

4.5.1 On-line tuning with instantaneous cost function
Using the adaptation laws in (4.6)-(4.7) to on-line tune (K ,,K;) pair, and adaptation

laws in (4.26)-(4.27) for on-line (f,,,) tuning, the typical step responses of the network-

based controlled DC motor are shown in Fig. 4-13.
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Figure 4-13. Step response of the network-based controlled DC motor with
on-line updating based on minimizing instantaneous cost function.

The simulation results clearly indicate the improvement in the step response
performance when we use the proposed partial AFM over the direct PI controller parameters
tuning. With the proposed partial AFM, we obtained faster settling time with no overshoot
and with zero steady state error. In Fig. 4-13, 14, 15, Region.1 and Region.2 describe

different reference signal (r), sampling time (%), and delay time (7 ) values used in the

simulation:
Region. 1: » =50(rad/sec), & =1(msec), and mean(7)=5 (msec).
Region. 2: » =20(rad/sec), & =3 (msec), and mean(7)=6 (msec).
4.5.2 On-line tuning with moving window cost function
With the adaptation laws for tuning (K p,Kl.) pair in (4.9)-(4.10), and adaptation laws

for tuning ( ,6’1,,82) pair in (4.29)-(4.30), the typical step responses of the network-based
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controlled DC motor with on-line updating based on minimizing the moving window cost

function with different window sizes are shown in Fig. 4-14.
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Figure 4-14. Step response of the network-based controlled DC motor with on-line updating
based on minimizing moving window cost function: (a) m=5, (b) m=10, (c) m=20.
With the proposed partial AFM, and among these step responses, the best step
response performance obtained is when window size m=5. By best step response
performance, we mean the fastest rise time, fastest settling time, and minimum overshoot. As

m increases, the step responses become worse (relative to m=35) in both adaptive
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controllers. This implies that window size selection plays an important role in this on-line

tuning algorithm that needs to be carefully chosen.

4.5.3 Off-line controller parameters selection

The adaptive controllers presented in Section 4.1.3 and 4.4.3 work as follows: The
controller monitors the network QoS via appropriate middleware, and then adjusts the
controller parameters (either PI controller parameters or fuzzy modulator consequent
parameters) to the pair corresponding to the minimum pre-defined/pre-computed cost
function. A look-up table technique is used to perform searching for the optimal controller
parameters. Linear interpolation is needed when the exact entry cannot be found from the
table with the given inputs. The typical step responses of the network-based controlled DC
motor are shown in Fig. 4-15. In order to select the PI controller parameters, we use the

following searching region: K, €(0.01,0.6) with AK, =0.01, and K, €(0.1,3) with

AK, =0.1, while for the AFM parameters selection, we apply the proposed off-line algorithm

in section 4.4.3 with A =0.01.
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Figure 4-15. Step response of the network-based controlled DC motor with off-line selection based on
minimizing pre-computed cost function.
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The simulation results clearly indicate the advantages and superb performance of
using partial AFM to stabilize the closed-loop system as well as to maintain the system

performance while the network QoS is varying.

4.6 Conclusion

In this chapter, we proposed the use of real-time PI gain adaptation to compensate for
the network effects in the NCS applications. We first showed an adaptation law to directly
tune the PI controller parameters, and then we proposed an intelligent controller using fuzzy
logic to compensate for the network-induced time delay in time-delay sensitive NCS
applications. A partial adaptation scheme for this fuzzy logic modulator is proposed to tune
the consequent parameters. This solved part of the adaptation problem associated with the
fuzzy logic modulator parameters tuning since only the consequent parameters are to be
tuned, while the membership functions parameters are fixed with the initial setting. In
Chapter 5, we will extend this idea to a fully adaptive AFM where both consequent

parameters and membership functions parameters in the antecedent part are adaptively tuned.
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5 Adaptive Fuzzy Modulation for networked Pl control
systems: Full Adaptation

In chapter 4 of this thesis, we on-line/off-line adapt the consequent parameters in the
fuzzy rules (i.e., (f,,/,) pair). In this chapter, both the consequent parameters and the

membership functions parameters in the antecedent parts of the fuzzy rules will be tuned
adaptively.

In this chapter, we propose a full adaptive fuzzy modulation and compare it with two
other tuning methods to compensate for the network-induced time delays in networked PI
control systems. In the first tuning method, we adaptively tune the PI controller parameters
directly. In the second tuning method, we use partial Adaptive Fuzzy Modulation (AFM),
i.e., tune the consequent parameters in the fuzzy rules only with fixed membership function
parameters in the antecedent part and fixed PI controller parameters to their nominal values.
In the full AFM, not only are the consequent parameters be tuned adaptively, but also the
membership functions parameters in the antecedent part are tuned adaptively. Numerical
simulation of a network-based controlled DC motor is used to illustrate the effectiveness of

the proposed full AFM over other controllers.

5.1 Full adaptation

In this section, three tuning methods for the adaptive fuzzy modulator parameters are
presented [73]. The first two tuning methods are on-line, while the third one is off-line AFM
parameters selection. In the online tuning methods, the AFM parameters are tuned based on

minimizing instantaneous cost function and moving window cost function, respectively. For
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the off-line AFM parameters selection process, a look-up table of the AFM parameters under
different QoS variations is used to select the “optimal” AFM parameters having the
minimum value of a pre-defined/pre-computed cost function. The parameters that need to be
tuned adaptively in the full adaptation process are the fuzzy membership functions

parameters in g, (€) and g4, (€), and the consequent parameters f; and S,. The

membership functions for the error signal are defined over the universe of discourse

ee(—oo,r], where r is the reference signal. The fuzzy membership functions with

adjustable parameters associated with the input variable e and the output variable S are

shown in Fig. 5-1.

u(e) “(p)
A

1 Hsman ( e) ﬂLargc ( e)

| | e(xr) B
0 7y 7 V2 a1 0 8 B 1

Figure 5-1. Membership functions associated with the input variable ¢, and the output variable /[ .

In [74, 75], some heuristic constraints on the membership functions were derived.
The heuristic constraints are:

C1. Existence of prototype point constraint, i.e.,
maX(luSmall (e)) =1, maX(/uLarge (e)) =1
C2. Convex Constraint: the membership functions g, (e) and £ ..., (e) satisfy the

convex constraint as shown in Fig. 5-1.

C3. Leftmost/Rightmost membership function constraint, i.e.,
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Hsman (0) = la luLarge (I") =1

C4. Overlap constraint: Usually the membership functions should overlap at least

25%. In order to achieve that, the following inequality should satisfy:

_ 7 +(722 _721)ac

1
12 _(712 _711)ac

> ¢ (5.1)

where ¢ >0.25 is the overlapping level value, and «, is the « -level cut value [71].

Some of these constraints are inherently satisfied (C1-C3) due to the chosen structure
of the membership functions in Fig. 5-1. In order to satisfy the above heuristic constraints on
the membership functions during the adaptation process, the following constraints on the
membership functions parameters in the antecedent part of the fuzzy rules and consequent
parameters should satisfy:

0<yy <V <Vrn<r,<l and

0<B <pB<l1 >2)

5.1.1 On-line tuning: Instantaneous cost function

In the on-line full AFM parameters tuning, the AFM parameters are updated based on
minimizing the instantaneous performance measure J(k),
J(k) = e(k)’ (5.3)
where J(k) places an instantaneous penalty on both response time and poor convergence.

The AFM parameters are adjusted via steepest descent algorithm:

Vulk+1) =y, (k)+2n )t (40) g A ) ()1 1))
a " (K, G+ 55228, ) g (€ )+ )ty (D) ) B (€0) 1 (e00)) (712 (K=, ) (5.4)

H(E(k)r(k)’yll(k)aylz(k))
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Vi(k+1) =y, (k) +27 ) b () iy Y A ()07 0))
. . (K G151 O ) g (0) . ) e (00) Y (€ 0) e () i ()70 () (5.5)

I (6(%10’711(](): Vi (k))

Pk +1) = 7, (k) + 21 8 4 0 BN 78]
2l 2 (Kp(k)+%w)(ﬂl(k)/lenz\ll(e(k))+ﬂ2(k)‘uLargc(e(k)))(ﬂsnm]l(e(k))+#Lnrgc(e(k)))(y22(k)_}/zl(k))z (5 6)

H(e(k/r(k) 2721 (k)a Y (k))

(k+1)=y. (k)+2 () Hgma (e(6)) 4, (0 (B, ()=, (0)) (120 ()=, )
V2 Y g (5, 0+ 5 (B, (g () () g (D) ) o () 1 (eC0)) (i (B, ) (5.7)

H (e(k)r(k)’yzl (k)’ 7/22 (k))

e(k) pga(e(k)) up, (k
ﬂl(k+1):ﬂl(k)+277 K(k)h( ) Hs (( )) (k) (5.8)
(Kp(k) 12 j(l/jl(k)”5|nall(€(k))+/j2(k)/uLurgc(e(k)))
e(k) szgc(e(k)) up (k)
Bk +1) = B,(k) + 27— (5.9)
(Kp(k)+ : 5 j(l/jl(k)”51nall(€(k))+/}2 (k)/llmge(e(k)))

where 7 is the rate of descent, and

1 X, Sx<Xx

H(x,x],xz):{o

5.10
otherwise ( )

5.1.2 On-line tuning: Moving window cost function

Another on-line tuning method for AFM parameters based on minimizing a cost

function with moving window is presented. The cost function is given by:

J(k)y= Y e(i)’ (5.11)

i=k—m
where m is the window size. Applying the gradient descent minimization algorithm to tune

the AFM parameters, we get:

Ki(i)h

k
(7)o (e(0)) 1y (DB, (D=3 (D) (700 (D=V/,)
k+D) =y, (k)+2 - -
kD =y, ni;m (K G+ 52, 0 g () 1) s () ) s (€D e (D)) 71 ()73, 1)) (5.12)

I (6(%'0') 71 (i)a 712(0)
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(1) Hyage (D)) 1 (B, (=B D) D70 (D)
K D+ )8 0 g (D) + s 1)t (€)Y i (€0)) e (e00)) (72 ()73, (D)’ (5.13)

Vin(k+1) =y, (k) + 27 Z

lkm

I (e(%(i) eT (i): Vi (l))

e(i) Hsman ‘7(1)) "P/(’)(ﬂz(’) P () ( /( Yy T2 (’))
(K O+ 8, 1) g (D)4 ) e () ) i (60)) e (00)) (72 (D70 (D) (5.14)

Yuk+1) =7, (k)+2n Z

i=k—-m

I (e(%(z‘) ’]/21(i)97/22(i))

e(i) gy, n("(i) Upy (i)(ﬂz(f) By ("))(yzw (")J(%‘))

k
7,(k+1) =y, (k)+2n z
i=k—m

K (D )(ﬂl(l)'u“ ”(e(l))+ﬂ2(l)#l- arge (“(')) )(“Snmn(E(i))JfﬂLnrgc(‘-’(i)))(7zz(i)—}/zl(i))z (5.15)
(Y 1y ¥ (0, ()
k
= e (i) g (€(D) up (i)
ﬁl (k + 1) = ﬂ1 (k) + 277[; K, ()it )(/J,(l)us (D) 4By (D) e (e(D)) ) (516)

(i) Hy g (€(D)) upy (i)
Pulht) = B0 +20 Y, o G-I

lkm

5.1.3 Off-line tuning: Using lookup table

This section proposes a method of selecting the fuzzy logic modulator parameters
based on searching for the minimum of a pre-defined/pre-computed cost function. In order to
select fuzzy logic modulator parameters, the following cost function [67] is defined:

J=2J,+(1-2)J, (5.18)

where A is the weighting parameter between the sub-cost functions J, and J,,

3. (p) ge(k) iAeb(i)z (5.19)
Y HJ I '

and p = [ﬂl:ﬂ2=711:712:721:722]= {Aeb(i)} = {Ae(k) |e(k)Ae(k) > 0}-
Thus, by full adaptation, we mean that tuning the fuzzy logic membership function

parameters in the antecedent part of the fuzzy rules (7,,,7,,,74,7 ), and the consequent
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parameters (/3,, 3,) such that the performance measure in (5.18) is minimized. The flowchart

of the off-line full AFM parameters selection process is shown in Fig. 5-2.

| choose AB, Ay, A€[0,1]/

Initialize the membership functions of the antecedent part

71 =02,7,=04,
¥, =0.6, 7, =0.8

[y
-

\
Given J'S  values, find the optimal (ﬁ] , ﬁz)
pair corresponding to the minimum value of the cost

function J
(Refer to Fig. 5-3)

v
Based on the optimal (/3,, /3, ) pair, find the
optimal 'S values in the first rule corresponding
to the minimum value of the cost function J

(Refer to Fig. 5-4)

v

Based on the optimal pair, and the
optimal 's valuesgnﬂﬁ;e'bfzzrs)t rule, find the
optimal 'S in the second rule corresponding to
the minimum value of the cost function

(Refer to Fig. 5-5)

(ﬂ] > ﬂz) is the optimal

consequent parameters pair.

Is there any
improvement in the
in. cost functio

J.

YES V115712572157 22 are the

optimal antecedent
membership functions
parameters

Figure 5-2. Flowchart of the off-line full AFM parameters selection process.

5.1.3.1 Optimal (S, 5,) pair selection process

This problem is similar to the partial adaptation problem proposed in chapter 4 of this
thesis with small modifications in the adaptation process. The off-line consequent parameters

selection process is shown in Fig. 5-3.
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Use the obtained 7 's values to tune the membership
functions in the antecedent part of the fuzzy rules.

Set: ,32 =1- A,B
v
Set ﬁl = Aﬁ
Y

Run the network-
based controlled DC
motor simulink
model, and record

b B3

v
' / ﬁ]:ﬂl+Aﬂ;

Select the pair(ﬂl ) ﬂz) corresponding to the minimum
value of cost function vector J

Y

Figure 5-3. Flowchart of the off-line (/3,, 5,) selection process.

In Fig. 5-3, Af i1s the increment value used for the variables S, and £, during the off-line

calculation.

5.1.3.2 Optimal Membership function parameters

The adaptation process to tune the fuzzy membership function parameters in the antecedent

part of the first fuzzy rule (i.e., (7/11, 7/12) pair) is shown in figure 5-4(a), while the adaptation

process to tune the fuzzy membership function parameters in the antecedent part of the

second fuzzy rule (i.e., (7,,,7,,) pair) is shown in figure 5-4(b).
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Use the obtained (ﬁ. B ﬁz ) to tune the
consequent parameters in the fuzzy rules.

v

Select the pair(;/na;/zl) corresponding to
the minimum value of cost function J

Set ¥, =7, —AY

(@
Figure 5-4. (a) Flowchart of the ( Vi }/12) adaptation process, (b) Flowchart of the ( Vo }/22) adaptation
process.

Set yy =yp—Ay

record

Run the network-based controlled
DC motor simulink model, and

Y Vasd

Set 7, =7, —Ay

Use the obtained (ﬂ| 5 ﬂz) and (}ﬂ 1 ,}/|3) to tune the
consequent parameters in the fuzzy rules and the membership
function parameters in the first fuzzy rule.

Set 75 =7 —Ay

Select the pair(7z| sV n ) corresponding to
the minimum value of cost function J r

,A}/

Set 7y =7n—Ay

Run the network-based controlled
DC motor simulink model, and
record 75,72,

Set 7y =7y —Ay

(b)

In figure 5-4, Ay is the increment value used for the membership functions parameters

during the off-line calculation. We should mention here that unlike the direct off-line PI

controller parameters selection process presented in section 4.1.3, all searching space for the

AFM parameters are bounded by (5.2) as shown in Fig. 5-5.

712

7/22

A

> 71

0 7

Yn 1

Y

1
Y2

i

A

By

Figure 5-5. Searching regions in the off-line AFM parameters tuning.
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5.2 Simulation results and discussion

The network-based controlled DC motor system is simulated using MATLAB/
SIMULINK. The motor state space description in (3.4)-(3.5) is used as the plant, and is
controlled by the PI controller in (3.15). The network-induced time delays as described in

(3.13)-(3.14) are simulated using gaussian random number generators.

5.2.1 On-line tuning with instantaneous cost function

Using the adaptation laws in (4.6)-(4.7) to on-line tune (K ,,K;) pair, and adaptation

laws in (5.4)-(5.9) for on-line AFM parameters tuning, the typical step responses of the
network-based controlled DC motor with on-line updating based on minimizing

instantaneous cost function are shown in Fig. 5-6.

120
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Figure 5-6. Step response of the network-based controlled DC motor with on-line updating based on
minimizing instantaneous cost function.
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Table. 5-1 summarizes the compute of the summation of squared error for all controllers.

Table 5-1 Comparison between full/partial AFM and direct PI tuning: On-line tuning with instantaneous

cost function.

> (k) (x10°)

k=0

Region.1 Region.2
Full Partial Direct Full Partial Direct
AFM | AFM PI AFM AFM PI
Sum. of squared error,
N 8.7019 | 8.7863 30.048 2.7992 | 3.5843 3.2419

The full AFM provides the minimum summation of squared error values in both regions. The

results are expected since with the full AFM we have more degrees of freedom in the

controller parameters to adjust them adaptively (the membership functions parameters are not

fixed as in partial AFM).

The initial and final membership functions used in the full AFM are shown in Fig. 5-

7(a), while the overlapping between the membership functions during the adaptation and

corresponding to ¢, =0.5 is plotted in Fig. 5-7(b).
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Figure 5-7. (a) Initial and final membership functions for full AFM, (b) Overlapping between
membership functions during the adaptation process.

As shown from Fig. 5-7(b), the overlapping constraint (C4) in section 5.1 is satisfied.

In Figs. 5-6,5-8 and 5-12, Region.1 and Region.2 describe different reference signal (r),

sampling time (%), and delay time (7) values used in the simulation:

Region. 1: » =50(rad/sec), & =1 (msec), and mean(7)=5 (msec).

Region. 2: r =80(rad/sec), h =3 (msec), and mean(7)=6 (msec).

5.2.2 On-line tuning with moving window cost function

With the adaptation laws in (4.9)-(4.10) to on-line tune (K ,,K,) pair, and adaptation

laws in (5.12)-(5.17) for on-line AFM parameters tuning, the typical step responses of the

network-based controlled DC motor with on-line updating based on minimizing the moving

window cost function with different window sizes are shown in Fig. 5-8.
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Figure 5-8. Step response of the network-based controlled DC motor with on-line updating
based on minimizing moving window cost function: (a) m=5, (b) m=10, (¢) m=20.

Table. 5-2 summarizes the computation of the summation of squared error for all controllers

corresponding to different values of m.
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Table 5-2 Comparison between full/partial AFM and direct PI tuning: On-line tuning with moving

window cost function.

Sum. of squared error, Region.1 Region.2
ie(k)z (x10')
k=0 Full Partial Direct Full Partial Direct
AFM | AFM PI AFM AFM PI
m=5 8.7331 | 9.0478 | 17.856 | 2.9686 | 4.1621 | 3.1344
m=10 8.7609 | 8.7841 14249 | 3.1766 | 4.6930 | 3.3047
m=20 8.5677 | 8.6289 | 12.2880 | 3.1235 | 5.7408 | 3.4062

From Table. 5-2, we noticed that the full AFM has the minimum summation of squared error

over other controllers in both Region.1 and Region.2.

The initial and final membership functions used in the full AFM corresponding to

m=5,10,20 are shown in Figs. 5-9(a), 5-10(a), 5-11(a), respectively. While the overlapping

between the membership functions during the adaptation and corresponding to ¢, = 0.5 with

m=5,10,20 are plotted in Figs. 5-9(b), 5-10(b), 5-11(b), respectively.
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Figure 5-9. For m=5, (a) Initial and final membership functions for full AFM, (b) Overlapping between
membership functions during the adaptation process.
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Figure 5-10. For m=10, (a) Initial and final membership functions for full AFM, (b) Overlapping between
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Figure 5-11. For m=20, (a) Initial and final membership functions for full AFM, (b) Overlapping between

membership functions during the adaptation process.

As shown in Figs. 5-10(b), 5-11(b), and 15-12(b), the overlapping between the membership

functions during the adaptation is satisfying condition C4 in section 5.1.

5.2.3 Off-line controller parameters selection

The adaptive controller presented in Section 5.1.3 is described as follows: The

controller monitors the network QoS via appropriate middleware, and then adjusts the fuzzy
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logic modulator parameters to the set of parameters corresponding to the minimum of a pre-
defined/pre-computed cost function. A look-up table technique is used to perform searching
on the optimal controller parameters. Linear interpolation is used when the exact entry cannot
be found from the table with the given inputs. The typical step responses of the network-
based controlled DC motor with off-line parameters selection are shown in Fig. 5-12. In
order to select the PI controller parameters, we use the following searching region:

K, €(0.01,0.6) with AK =0.01, and K, €(0.1,3) with AK,=0.1, while for the AFM

parameters selection, we apply the proposed off-line algorithm in section 5.1.3 with

Af=0.0land Ay =0.02.
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Figure 5-12. Step response of the network-based controlled DC motor with
off-line selection based on minimizing pre-computed cost function.

By computing the sub-cost function J, and J, for all controllers, the results are

shown in Table. 5-3.
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Table 5-3 Comparison between full/partial AFM and direct PI tuning: Off-line tuning.

Region.1 Region.2

Full Partial Direct Full Partial Direct

AFM | AFM PI AFM AFM PI

sub-cost function

v | 67439 | 68327 | 10334 | 41412 | 4794 | 5524
Jy = ety (x10")

k=0

Sub-cost function

u 2 0 0.0081 | 0.5468 0 0 0.0747
J, = Ae, (k)
k=1

The full AFM provides the minimum sub-cost functions values in both regions. The
initial and final membership functions used in the full AFM are shown in Fig. 5-13(a), while
the overlapping between the membership functions during the adaptation and corresponding

to a, =0.5 is plotted in Fig. 5-13(b).
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Figure 5-13. (a) Membership functions for full AFM in Region. 1 and 2, (b) Overlapping between
membership functions during the adaptation process.
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As shown from Fig. 5-13(b), the overlapping constraint (C4) in section 5.1 is

satisfied.

5.2.4 On-line AFM as a continuous gain scheduling

The basic idea of gain scheduling is to linearize the system at different operating
regions, then using linear control design approaches, certain controller parameters associated
with each operating region are pre-computed. In our AFM, we can consider the off-line AFM
selection process as a conventional gain scheduling since the controller monitors the network
QoS via appropriate middleware, and then adjusts the fuzzy logic modulator parameters to
the set corresponding to the minimum of a pre-defined/pre-computed cost function. While, in
the on-line AFM, we can consider the controller as a supervisor controller that continuously
monitors the state of the system and network QoS (i.e., identifies the operating region), then
update the fuzzy logic modulator parameters via adaptation laws to improve the performance
of the closed-loop system with the available network QoS.

To see the advantage and superb performance of using on-line AFM to stabilize the
closed-loop system as well as to maintain the system performance while the network QoS is
varying, we will use the step response of a network-based controlled DC motor subject to
tracking a reference signal of 50 (rad/sec) and change the network QoS at steady-state (e.g., ¢
= 0.5 sec) as an example, while keeping the reference signal unchanged. The typical step
response of the network-based controlled DC motor subject to tracking a reference signal of
50 (rad/sec) and which the network QoS is changed from sampling time # = 1 (msec) and
mean (7 ) =5 (msec) to sampling time 4 = 3 (msec) and mean (7 ) = 3 (msec) at t = 0.5 sec is

shown in Fig. 5-14.
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Figure 5-14. Step response of the network-based controlled Dc motor with off-line/on-line AFM under
different network QoS. (a) Partial AFM, (b) Full AFM.

A shown in Fig. 5-14, with the on-line AFM, the effect of network QoS variation is

compensated perfectly. While with the off-line AFM, we can see the adverse effect of the

network QoS variation in terms of performance degradation since the error signal differs

from steady-state value which is zero when the network QoS changes and takes time to

settles again to its steady-state value.

To study the phenomenon in Fig. 5-14 when off-line AFM is used (i.e., the adverse

effect when a changing in QoS is happened at steady state), we need to identify which cause

this adverse effect on the step response of the network-based controlled DC motor. For

example, in partial AFM we have two candidate sources causing this phenomenon to

investigate: the QoS variation and the partial AFM parameters (i.e., ( B, ﬁz) pair). First, let

us define two QoS regions with their associated optimal ( B ,6’2) pairs as shown in Fig. 5-15.
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Figure 5-15 Two different QoS with their associated optimal ( B, ﬂz) pair

The plot of the control signal provided by the central controller and the typical step

response of the networked DC motor for which the QoS is changing from QoS,,) to QoS,,, at

steady state is shown in Fig. 5-16.
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Figure 5-16 (a) u_(t), (b) o(?).

Now if we reverse and change QoS from QoS

2y to QoS , the plot of the control

signal provided by the central controller and the typical step response of the networked DC
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motor for which the QoS is changing from QoS ,, to QoS at steady state is shown in Fig.

5-17.
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Figure 5-17 (a) u_(t), (b) o(?).

On the other hand, let us change QoS from QoS to QoS , at steady state without
updating ( B, ﬂz) pair to the pair corresponding to QoS,,,, i.e., continue using the optimal
( B ,6’2) pair associated with QoS,,,. The plot of the control signal provided by the central

controller and the typical step response of the networked DC motor corresponding to this

scenario is shown in Fig. 5-18.
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Figure 5-18 (a) u_(t), (b) o(?).

Now, let us change QoS from QoS, to QoS at steady state without updating
(8., /3,) pair to the pair corresponding to QoS,,,, i.e., continue using the optimal (£, 5,)
pair associated with QoS,, . The plot of the control signal provided by the central controller

and the typical step response of the networked DC motor corresponding to this scenario is

shown in Fig. 5-19.
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Figure 5-19 (a) u_.(?), (b) o(?).

114



If we set QoS to QoS,;, and change the (f3,, 3,) pair at steady state without changing

QoS where the new ( ﬂl,ﬂz) pair is the optimal ( ,6’1,,82) pair corresponding to QoS

although we will not change QoS to QoS , the plot of the control signal provided by the

central controller and the typical step response of the networked DC motor corresponding to

this scenario is shown in Fig. 5-20.
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Figure 5-20 (a) u_.(?), (b) w(?).

Now we will set QoS to QoS,, and change the (/3,,3,) pair at steady state without
changing QoS. The new (/f3,,3,) pair is the optimal (/,,/3,) pair corresponding to QoS
although we will not change QoS to QoS,, . The plot of the control signal provided by the

central controller and the typical step response of the networked DC motor corresponding to

this scenario is shown in Fig. 5-21.
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Figure 5-21 (a) u_(t), (b) o(?).

From the simulated results, changing ( B ,82) pair at steady state cause the adverse
effect on the step response when the QoS is change. The reason can be stated as follows:
Once QoS is changed at steady state, and based on the off-line partial AFM, an optimal

( B ,6’2) pair associated with the new QoS is to chosen to compensate for this QoS changing.

The new fuzzy logic modulator parameter £ in this case is given by

Bk + D) trga (€) + By (k + 1) pt e ()

k+1)=
e o () e (@)

(5.20)

Three cases are to be addressed. The first case is when S(k +1) < B(k); this implies

that the control signal provided by the central controller will have a lower value than the

steady state value, i.e., u.(k+1) <u.(k) since u.(k+1)= f(k+1u,, where u is the steady

state value of the PI control signal. In this case the step response will be lower than the

steady state value, which cause the PI controller with partial AFM to compensate for this

degradation in performance as shown in Figs. 5-16, 5-20.
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The second case is when f(k+1)> f(k); this implies that the control signal provided
by the central controller will have a larger value than the steady state value, i.e.,

u.(k+1)>u.(k) since u.(k+1)= p(k+1)u . In this case the step response will be larger

than the steady state value, which cause the PI controller with partial AFM to work again and
compensate for this degradation in performance as shown in Figs. 5-17, 5-21.

The third case is when S(k+1) = B(k); this implies that the control signal provided
by the central controller will not change its steady state value, i.e., u.(k+1)=u.(k) since
P(k+1)= F(k). In this case the step response will not affected by the changing of QoS at

steady state as shown in Figs. 5-18, 5-19.

To compensate for this adverse effect one may choose not to change the controller
parameters at steady state even when the network QoS is changed, but we have to mention
here that this is a tread-off problem between changing controller parameters accordingly to
QoS changes to compensate for the QoS deterioration effects; and fixing the controller
parameters at steady state regardless of QoS changes to compensate for the performance
degradation when the QoS is changed at steady state.

To see this trade-off problem, let us investigate two cases:

e In the first case the controller changes its parameters when network QoS is
change at steady state, and
¢ In the second case the controller does not change its parameters at steady state

even the network QoS is changed.
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In both cases the reference signal changes its value at steady state but not at the same

instant that the network QoS is changed. The typical step responses corresponding to the two

cases are shown in Fig. 5-22.
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Figure 5-22 Illustration case of the tread-off problem in the off-line AFM.

where QoS is corresponding to sampling time of 5 (msec) and a random time delay of

mean 5 (msec) with the associated (f3,,/3,)=(0.18,0.22), and QoS,,, is corresponding to

sampling time of 15 (msec) and a random time delay of mean 15 (msec) with the associated
(,,5,)=(0.08,0.10). From the illustrated case, we see the adverse effect when not
changing the controller parameters accordingly to QoS changes by having higher overshoot

and longer settling time which effect the performance of the network-based controlled DC

motor.

For the on-line partial AFM, the consequent parameters are adapted by:

k+1) = k)+2 e(k) psman (e (k) upy (k) 591
A=A 77[Kp<k>+K"(2")h](ﬂl(k)uSmau(e(k))+ﬂ2<k>umge(e<k>)) 621

k+D = B.(k)+2 e(k) Hyage(€(K)) upy (F) 599
Ptk =F00 77(Kp<k>+K"(2")h}(ﬂl<k>usmau(e<k>)+ﬂz(k)uwge(e(k))) (5-22)
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By using these adaptation laws and substituting for e(k) =0, we get:

B (k+1) = p,(k)
/Bz(k‘H) = ﬂz(k)

(5.23)

which force the fuzzy logic modulator parameters not to change (i.e., S(k+1)= f(k)). In
this case no change is happened to the control signal provided by the central controller which
implies that the step response of the network-based controlled DC motor stay at its steady

state value as shown in Fig. 5-23. The typical step response of the network-based controlled

DC motor with on-line consequent parameters tuning is shown in Fig. 5-23.
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Figure 5-23 (a) u_(t), (b) o(?).

5.3 Conclusion

In this chapter, we proposed a full adaptive fuzzy modulation and compared it with
two other tuning methods to compensate for the network-induced time delays in networked
PI control systems. In the first tuning method, we adaptively tune the PI controller
parameters directly. In the second tuning method, we use partial adaptive fuzzy modulation,

i.e., tune the consequent parameters in the fuzzy rules only with fixed membership function
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parameters in the antecedent part and fixed PI controller parameters to their nominal values.
While in the full adaptive fuzzy modulation, not only are the consequent parameters be tuned
adaptively, but also the membership functions parameters in the antecedent part are tuned
adaptively. Numerical simulation of a network-based controlled DC motor is used to

illustrate the effectiveness of the full AFM over other controllers.
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6 Stabilization of networked control system using fuzzy
logic modulation

In this chapter, we will consider the problem of stabilizing the networked control
system using PI controller with fuzzy logic modulation. Using a version of the Hermite-
Biehler Theorem applicable to quasipolynomials, a complete analytical characterization of all
stabilizing fuzzy logic modulator parameter values to stabilize the networked PI control
system is provided. Numerical simulation of a network-based controlled DC motor is used to

illustrate the proposed work.

6.1 Stability analysis in NCS

In networked control systems, and due to the network-induced time delay effects, the
available techniques used to control the NCS have to maintain the performance and stability
of the system.

Stability analysis of the NCS with network-induced time delay using the conventional
state augmentation approach [42] is presented in [12, 35]. In this work, the authors used the
augmented closed-loop system to derive the stability regions in cases of smaller and longer
network-induced time delays for the simple integrator system. Usually, by using the state
augmentation approach, we expect the complexity of the NCS to increase significantly and
proportionally to the dimension of the states and inputs. Also the authors in [12, 35] used the
hybrid systems stability analysis technique [76] to analyze the stability of the NCS with

network-induced time delay in [12].
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The problem of the stability in a first-order system with network-induced time delay
is addressed in [77]. In this work, only the feedback path contains delay, which make it
inapplicable for NCS with controller to actuator network-induced time delay. The effect of
the network-induced time delay on the stability of a two-dimensional distributed system is
analyzed in [78]. In [79], the stability condition for a time-variant uncertain discrete delay
system is proposed. The proposed stability condition is necessary and sufficient and can be
viewed as a modified combination of two existing conditions for time-variant systems with
polytopic uncertainties [80].

The effect of network-induced time delay on the stability of an autonomous mobile
robot was investigated in [81, 82]. The authors first design a control law that stabilizes the
mobile robot assuming that there is no delay; then they highlight the problem of network-
induced random time delay and design a predictor mechanism to build a control law taking
into account the presence of this network-induced delay and stabilizing the mobile robot
control system. In this work, the authors restrict their analysis to the case where the delay is
less than the sampling period. In general, recent advances in control of time delay systems
can be found in [83].

In [51, 84], the stability of the local NCS is proved if certain assumptions hold. The
main assumptions are: 1) that the intertransmission interval is bounded, and the bound is
sufficiently small, and 2) that the collision resolution is perfect, meaning the high error
channel will always be transmitted [44, 48].

In [33], the authors present the network-induced maximal allowable delay bound for
stability of the NCS. Two asymptotically stable criteria based on the Lyapunov function are
used to find the maximal allowable delay of the system. The first criterion is concerned about
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the delay independent stability, while the second criterion is concerned about the delay
dependent stability.

The characterization of the set of all stabilizing PID parameters using a version of the
Hermite-Biehler Theorem [85] for the first-order plant with time delay is presented in [86,
87]. The solution for the PID stabilization problem is based on first determining the range of
the proportional parameter for which a stabilizing PID controller exists. Then, for a fixed
value of the proportional parameter in this range, it is shown that the set of stabilizing
integral and derivative gain values lies in a convex polygon (either a trapezoid, a triangle, or
a quadrilateral). A similar approach is applied for determining the stabilizing feedback gains
for the second-order systems with time delay [88].

In this chapter, we will consider the problem of stabilizing the networked PI control
system using fuzzy logic modulator. Using a version of the Hermite-Biehler Theorem
applicable to quasipolynomials, a complete analytical characterization of all stabilizing fuzzy

logic modulator parameter values to stabilize the networked PI control systems is provided.

6.2 Fuzzy modulation for networked Pl control system

In this section, we will briefly present the fuzzy logic modulator technique to
compensate for the network-induced time-delay effects in the networked PI control systems.
This approach is based on modulating the control signal provided by the PI controller with a
single parameter. The input to the fuzzy modulator is the error signal between the reference
signal and the plant output signal; the output of the fuzzy modulator is the modulation

parameter used to compensate for the effect of the network-induced time delay. The block
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diagram of the networked PI control system with fuzzy logic modulation applied to DC

motor is shown in Fig. 6-1.

e(t ) - Fuzzy

Modulator
B
() e(t) P up (1) A () uc(t—1z) DC (@)
4’@ ™! Controller motor >
57 Network
T yt—7c) A~

Figure 6-1. Network-based controlled DC motor with fuzzy modulation.
In Fig. 6-1, f is the modulation parameter that is the output of the fuzzy logic modulator

system. In this chapter, we will use this fuzzy logic modulation parameter to stabilize the

networked PI control system.

6.3 Hermite-Biehler Theorem applied to networked PI control
system

In this section, we will apply the version of Hermite-Biehler Theorem applicable to
quasipolynomials to prove the stability of the networked PI control system. We will use the
network-based controlled DC motor as an illustration example. The block diagram of the

networked PI control system is shown in Fig. 6-2.

R(s) »@—» G.(s) ~Tas > G(s)

T —TcS

Figure 6-2. Block diagram of networked PI control system.

Y(s)

A4
®
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For stability analysis purposes, and using block diagram reduction techniques, we can

lump the sensor to controller time delay 7. and the controller to actuator time delay 7,
together in L, where L > (TC +TR) is the upper bound on the network-induced time delays

7. and 7, as shown in Fig. 6-3.

R(S) —p pres | G,(s) > el » G(s) Y(Sl

Figure 6-3. Simplified block diagram of networked PI control system.

In Fig. 6-3, the transfer function of the DC motor is

k

G(s)= (]IS + l)(Tzs + 1)

(6.1)

where k =3.9804 represents the dc gain of the DC motor, 7, =4.4783x10™* and 7, = 0.0353

represents the DC motor time constants, and

k s+k
G.(s)=B-+

(6.2)
S

is the PI controller transfer function with fuzzy modulator transfer function S ; k, and £, are
the nominal values of PI controller parameters tuned without considering network-induced
time delay effects. The characteristic equation of the system in Fig. 6-3 is given by

A(s)=s(Tis+1)(Tis+1)+kB(k,s+k )e ™

(6.3)
=d(s)+e "n,(s)
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Due to the presence of the exponential term e ", the number of roots of (6.3) is infinite and
this makes such a stability check extremely difficult [86]. Instead of using (6.3), we can

consider the quasipolynomial [88]

A'(s)=e"A(s)

=s(Tis+1)(Ts+1)e™ + kB (k,s+k,) (6.4)

Since e” does not have any finite zeros, the zeros of A(s) are identical to those of A'(s).

We will use the extension of the Hermite-Biehler Theorem [85, 87] to check the stability of

A(s) and thus the stability of the networked PI control system.

Theorem 1: (Hermite-Biehler Theorem applicable to quasipolynomials)
Let A'(s) is given by (6.4), and write
A (jo)=6,(0)+ j&,(o)
where &.(w) and &, (w) represent respectively the real and imaginary parts of A'(jw).

Under the following assumptions:

Al. deg[d(s)] = n anddeg[n,(s)| <n.
A2. L >0.

A’(s) is stable if and only if
1) 6,(jw) and o,(jw) have only simple real roots and these interlace.
2) E(w,)=0.(jo,)d.(jo,)-0. (jo,)d. (jo,) >0, for some @, € (—w0,);
where 6, (jw,) and 8,(jw,) denote the first derivative with respect to @ of J, (jw,) and

o, (jmw,), respectively.
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The proof of the theorem can be found in [89]. First, we will start testing the stability
of the networked PI control system without including the network-induced time delays, i.e.,

L=0. The characteristic equation of the delay-free DC motor with PI controller is
A(s)=s(Tis +1)(Tos +1) + kk s + kk, (6.5)
Using Routh stability criterion [39], the following conditions on the PI controller

parameters k, and k, should be satisfied in order to stabilize the delay-free DC motor.

k>0 and
(6.6)
k,>0
Since the minimal requirement for any control design is that the delay-free closed-loop
system be stable, the inequalities in (6.6) are assumed to hold through this chapter.
Now, we will test the stability of the networked PI control system in the presence of

network-induced time delays. For our network-based controlled DC motor, and after several

simple substitutions

A (jo)=6,(0)+ o, (@) (6.7)

where,
0. (w)= a)(a)ZY}T2 —l)sin wL—-o* (T, +T,)coswL +k Bk, (6.8)
S, (w) = a)(l —a)leTz)cos oL -’ (T, +T,)sinwL + ok fk, (6.9)

With the change of variables z = wL , the real and imaginary parts of A"(jw) can be

rewritten as:

2 2
5,_(2):%(2—27]7’2—1jsinz—2—2(7] +T,)cos 2+ k Sk, (6.10)
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z 22 Z2 . z
51.(2)=Z(I—PTIT2JCOSZ—?(TI +T2)smz+zkﬂkp (6.11)

By simple check, we can verify that J,(z) is an even function in z, while 6.(z) is an odd

function in z, i.e.,

0,(-2z)=9,(z), and
5,(~2)==5,(2)

(6.12)
From Theorem 1, we need to check two conditions to insure the stability of the
quasipolynomial A*(s).

Step.1, we need to check condition 2 of theorm.1.

E(®,)=0,(jo,)d.(jo,)-3 (jo,)d.(jo,)>0, for some o,c(—w,0). Let us take

o,=z,=0.Thus 6, (z,)=0 and o, (z,)=k Sk, . After a few simple derivations,

2
51.'(2):lcosz—£sinz—3Z—2TIT2 cos z +
L L L

3 2

z . z
ETIT2 smz—E(T1 +T,)cosz— (6.13)
ZE(T1 +T2)sinz+lkﬂk
L L b
. 1
d(zg):z(Hkﬂkp) (6.14)
and condition 2 becomes %(1 +kpk, )kﬁki >0 (6.15)

which is satisfied since L >0,k >0,(k,.k)>0,8>0
Step.2, we now check condition 1 of Theorem 1: the interlacing of the simple real
roots of J,(z) and J,(z) . From (6.11) we can compute the roots of the imaginary part,

i.e., 0,(z) =0. This gives us the following equation:
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z

2
ZKI—%TIE]COSZ—%(T] +7,)sinz+kpk, |=0 (6.16)

Then either

z=0 or
z z .
l_ETsz cosz—Z(T1 +T,)sinz+kpfk, =0 (6.17)

From this it is clear that one root of the imaginary part is z,, = 0. The other roots are

difficult to find since we need to solve (6.17) analytically. However, we can plot the terms
involved in (6.17) and graphically examine the nature of the solution [87]. For illustration, a

given L=8 (msec), and f=0.26 values are used. A plot of the terms

2
(1—%]}7}jcosz+kﬂkp and %(T1 +T,)sinz is shown in Fig. 6-4.

80 ‘ ‘ ‘ ‘
— kB kp+(1—22 T, T,/L%) cos z ‘ ‘ ‘
__ zIL (T1+T2) sinz

60 /

2

z z
Figure 6-4. Plot of (1——77:7"2jc0sz+kﬂkﬂ and —(77 +I)sinz .
L L ’

The roots of (6.17) in z €[0,57] are:
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z,=0.7325,z,=2.9385, z,,= 6.0495, z,,= 8.9505, z,,= 12.0175, z,,= 15.0065 (6.18)
In order to check if J,(z) has only real roots; we need to use the following Theorem

[87].

Theorem 2: Let M and N denote the highest powers of s and e’ respectively in A'(s). Let
be an appropriate constant such that the coefficients of terms of highest degree in

0,(w) and J,(w) do not vanish at @ =7 . Then for equations J.(@)=0 or J,(w) =0 to have

only real roots, it is necessary and sufficient that in the intervals

2r+no<2r+n, 1=1,2,3,...

0.(w) or 0,(w) have exactly 4/N + M real roots starting with a sufficient large /.

The proof of Theorem 2 can be found in [90]. Using Theorem 2 to check if o,(z) has
only real roots. Substituting s, = Ls in the expression for A’(s), we see that for the new
quasipolynomial in s, M=3 and N=1. Next we choose 7=-%=0.2094 to satisfy the
requirement such that the coefficients of terms of highest degree in ¢.(z) and 6,(z) do not
vanish at z=17.

Now from Fig. 6-4, we see that O,(z) has 4 roots in the interval

[0, 2r—&|= [0,6.0737] , including a root at the origin. Since J,(z) is an odd function of z,

it follows that in the interval [ 27 +£,27 — & |=[-6.0737,6.0737], 5,(z) will have 7 real

roots. Also &,(z) have no real roots in the interval |27 —Z,27 + % |=[-6.0737,6.4926].

Thus 6,(z) has 4N+M=7 real roots in the interval [—27z+%,27z +%]. From Fig. 2 it is clear
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that J,(z) has two real roots in each of the intervals [2l7z+%,2(l +1)7z+%] and

[—2(1 +)r+%,2Ir +£] for /=1,2... Hence, it follows that ¢,(z) has exactly 4/N+M in the

1572 15
interval [—217r+%,217z +%]. Hence, from Theorem 2, we conclude that J,(z) has only real

roots.

Now we will evaluate J,(z) at the roots of the imaginary part ¢,(z). For z,, =0, and

using (6.10) we obtained

0.(z,)=4.3767¢+001 (6.19)
for other J,(z) roots in (6.18), we get

S (z,) =-2.3202¢+002, 5 (z,,) = 4.8480e + 003, 5 (z,,) = -2.1234e + 004

6.20
5.(2,,) =4.9414¢+004, 5.(z,;) = -9.5876¢ + 004, 5 (z,,) =1.6213¢+005 (6.20)

From (6.19)-(6.20), interlacing of roots of o .(z) and J,(z) is satisfied which is
equivalent to
0.(z,)>0,0.(z,)<0,6.(z,)>0,... (6.21)
Also, we can see that roots of 0, (z) and J,(z) are interlacing by checking roots of

8.(z) in z€[0,57]. A plot of 8,(z) and 6,(z) is shown in Fig. 6-5.
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Figure 6-5. Plot of 6 (z) and 6 (z) .

The roots of &,(z) in z€[0,57] are:
z,,=0.2575,z,,=1.5925,z ,=4.5185, z ,= 7.4865, z ,= 10.4865, z, .= 13.5065 (6.22)
It is clear from (6.18) and (6.22) that the interlacing of roots of J,(z) and J,(z) is
satisfied [85]:
0<z,<z,<z,<z,<.. (6.23)
From the interlacing property of J,(z) and J,(z) in (6.23), and the fact that 0,(z) has
only real roots, we conclude that 6 (z) also has only real roots. Thus all conditions of

Theorem 1 are satisfied, and the quasipolynomial A’(s) is stable for the given  and L

values, i.e., the networked PI control system with fuzzy logic modulation is stable for the

given [ and L values.

6.4 Stabilization using fuzzy logic modulator parameter

Now, we will consider the problem of stabilizing the networked PI control system

using a fuzzy logic modulator. Using a version of the Hermite-Biehler Theorem applicable to
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quasipolynomials, a complete analytical characterization of all stabilizing fuzzy logic
modulator parameter values to stabilize the networked PI control systems is provided. In this

theorem we assume a small network-induced time delay variation.

Theorem 3: The range of the fuzzy logic modulator parameter £ for which the networked PI

control system can be stabilized using PI controller with fuzzy logic modulator is given by

1 a . o’
0<'B<E (T1+T2)Zsma— I_FTsz cosa

P

such that the interlacing condition on the roots of 6,(z) and o,(z) is satisfied, where « is

I +7, + 271T2
L I’ o
(T1+T2j+ l_aleTz
L I’

the solution of the equation

tana =—

Proof:

First, from the definition of fuzzy logic modulation parameter in chapter 4, this
implies that >0. Then, we need to show that the imaginary part of A'(jw) has only

simple real roots if and only if

1 a . o’
'B<E (T +T2)Zsma— l—FTsz cosa (6.24)

P

Rewrite (6.17),

ZZ
(I—Lzﬂ]’z cosz+kpk,

=(T,+T,)= (6.25)

sin z
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Z2
(l—Lleszcosz+k,6’kp

Now we define S, as the largest number so that the plot of 4
sin z

intersects the line (Tl +Tz)% twice in the interval (0,7). For the case £ > f, and using

Theorem 2, one can easily argue that in this case all roots of J,(z) will not be real, thereby

ruling out closed-loop stability.

2

z
[l—Lleszcosz+kﬁkp
From the definition of f ; it follows that if B =/, the plot of

u

sin z
intersects the line (T1 +7, )% only once in the interval (0,7). Let a denote the value of z for

which this intersection occurs. Then for z =« € (0,7) we have

aZ
(l—LleTZJcosa +kpk,

sina

=(+1)7 (6:26)

Rewrite (6.26),

up T

2
[1—%ﬂg]cosa+kﬂk (1, +T2)%sina (6.27)

Z2
[1 —LleTz]cosz +kpBk,

Moreover, at z =«, the line (Tl +7, )% is tangent to the plot of -
sinz

Thus

ZZ
(l—Lleszcosz+k,ka
= (6.28)

Z sin z L
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After few lines of derivations,

2

2
—(1—0]4{2T1T2j—2T‘LT2 zsinzcosz—kp k,cosz

(1,+7,)
= 6.29
sin’ & L (6.29)

Rewrite (6.29),
2 TT. ] T+T .
—(1—0][4—27]712]—22—2205 sinccosa —kp,k, cosar = %sz a (6.30)

Eliminating kS, k, between equations (6.27), (6.30) by multiplying (6.27) with cosa and

add to it (6.30). After a few simple derivations, we conclude that « € (0,7) can be obtained

(7}+7‘2j+(2ﬂnj
L I’

as a solution of the following equation:

tana =— > a (6.31)

h+7, 1T,

it T I [

L r
Once « is determined, the parameter £, can be obtained using (6.27):
B, = : [(T +T)asina (1 @ Tchosa} (6.32)
u T 11 1 2) 5 T T2 it .
kk, L L

In order to check the interlacing condition on roots of 0,(z) and J,(z), equation (6.21) is

used.

For the fuzzy logic modulator parameter £ in this range, i.e., J,(z) has only real roots,
and from the satisfaction of interlacing condition of roots ¢,(z) and 6,(z), we conclude that
0,(z) also has only real roots. Thus all conditions of Theorem 1 are satisfied and the

quasipolynomial A’(s) is stabilized by the given fuzzy logic modulator parameter £, i.e.,
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the networked PI control system is stabilized by the fuzzy logic modulator parameter. This
completes the proof of the Theorem 3.
In the following sections, we will highlight some remarks on the stability of the

networked PI control system.

6.4.1 Increasing in stability region

With the fuzzy logic modulation, we increased the stability region of the network-

based controlled DC motor as shown in Fig. 6-6.

3.5

B, given by (6.32)

B satisfies the roots
interlacing condition.

| Stability

region with | _
nominal Pl ———~ " e
0.5+ controller |~~~ )
/ Increaded in stability regiom ———————____ e
0 ‘ yvith fuz;y Iogiq modulgtor : : : :
0 5 10 15 20 25 30 35 40 45 50

Time delay L (msec)

Figure 6-6. Plot of the stabilizing fuzzy logic modulator S as a function of L.

From Fig. 6-6, it is clear that the nominal PI controller (i.e., f=1) can stabilize the

networked PI control system up to L= 9 (msec), while for a network-induced time-delays
larger then this upper bound value, the nominal PI controller cannot stabilize the networked
PI control system. On the other hand, with the fuzzy logic modulator, the stability region of

the networked PI control system is increased as shown in Fig. 6-6.
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6.4.2 Delay-free closed loop system stability

With L =0, i.e., no time delay, equation (6.31) reduced to

tana =— (6.33)
a
can be solved analytically to obtain & =1.08. Substituting in (6.32),
2
B, _2 b T‘7;2 cosa
ki, L (6.34)
=0

which is consistent with the result in (6.6), i.e., both k, and &, are less than .

6.5 Simulation results

The network-based controlled DC motor system is simulated using MATLAB/
SIMULINK. The motor state space description in (3.4)-(3.5) is used as the plant, and is
controlled by the PI controller in (3.15). The network-induced time delays as described in
(3.13)-(3.14) are simulated using gaussian random number generators. In this section we will
simulate the dynamic responses of the network-based controlled DC motor corresponding to

stable region, unstable region, and on border of stable/unstable regions.

6.5.1 Stable region

In this region, and based on Theorem 3, the fuzzy logic modulator parameter should

be less than its upper bound value provided by Theorem 3. For example: with network-

induced time-delays of mean(z.)=mean(z,)=7.5 (msec), the step response of the

network-based controlled DC motor subject to tracking a reference signal of 50 (rad/sec) is
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shown in Fig. 6-7(a). The corresponding fuzzy logic modulator satisfies Theorem 3 (where

the upper bound value of the fuzzy logic modulator is 0.59) is shown in Fig. 6-7(b).

55 T T T T T 0.225

0.22

0.215

0.21

0.205

o (rad/sec)
N w
o o

0.2}

0.195

019+

0.1851

0.18
0

. . . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3
Time (sec) Time (sec)

(@) (b)
Figure 6-7. (a) Typical step response of the network-based controlled DC motor, (b) Corresponding fuzzy
logic modulator parameter [ .

Thus, by having the fuzzy logic modulator parameter less than the upper bound value
provided by Theorem 3, we guarantee the stability of the networked PI control system with

fuzzy logic modulator.

6.5.2 Unstable region

In this region, the fuzzy logic modulator parameter is greater than its upper bound
value provided by Theorem 3. For example: with network-induced time-delays of
mean (7. ) =mean (7, ) =5 (msec), the step response of the network-based controlled DC
motor subject to tracking a reference signal of 50 (rad/sec) is shown in Fig. 6-8(a). The

corresponding fuzzy logic modulator, which violates Theorem 3 (where the upper bound

value of the fuzzy logic modulator is 0.89) is shown in Fig. 6-8(b).
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Figure 6-8. (a) Typical step response of the network-based controlled DC motor, (b) Corresponding fuzzy
logic modulator parameter £ .

The simulation results in Fig. 6-8 suggest that during the adaptation process of the
adaptive fuzzy logic modulation, the upper bound of the fuzzy logic modulator provided by
Theorem 3 should be taken into consideration; such that we adapt the fuzzy logic modulator

and at the same time stabilize the networked PI control system.

6.5.3 On border of stable/unstable regions

In the boundary of stable/unstable region, the fuzzy logic modulator parameter is
equal to its upper bound value provided by Theorem 3. For example: with network-induced
time-delays of mean (7, )=mean(z,)=10 (msec), the step response of the network-based

controlled DC motor subject to tracking a reference signal of 50 (rad/sec) is shown in Fig. 6-
9(a). The corresponding fuzzy logic modulator equals to the upper bound value on the fuzzy

logic modulator of 0.4562 is shown in Fig. 6-9(b).
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Figure 6-9. (a) Typical step response of the network-based controlled DC motor, (b) Corresponding fuzzy
logic modulator parameter £ .

As shown in Fig. 6-9, the networked PI control system has unstable oscillatory
behavior since the fuzzy logic modulator parameter is equals to the upper bound value

provided by Theorem 3.

6.6 Conclusion

In this chapter, we considered the problem of stabilizing the networked PI control
system using a fuzzy logic modulator. Using a version of the Hermite-Biehler Theorem
applicable to quasipolynomials, a complete analytical characterization of all stabilizing fuzzy
logic modulator parameter values to stabilize the networked PI control is provided.

Numerical simulation of a network-based controlled DC motor is used to illustrate the

proposed work.
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