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Abstract

The closed-loop control of processes over networks has in recent years become an increasingly popular 

research topic. This is a very viable solution for a wide variety of applications due to the rapid 

developments in communication network technologies and the widespread expansion of network devices 

and users. The convergence of communication networks technologies and advanced control methods do 

have a great potential to replace traditional control systems.

The research programme presented in this thesis led to a development of networked predictive control 

algorithms over wired local area networks, general packet radio service wireless networks and wireless 

local area networks. Since the network is taken as a part of a control system, the network-induced time 

delay and data dropout are unavoidable. How to compensate for these issues is the main challenge in 

designing control methodologies for networked control systems. Five solutions were presented in this 

thesis to address these problems and were termed as recursive predictive control method I, inner loop 

predictive control method, outer loop predictive control method, modified generalised predictive control 

method and recursive predictive control method II. Irrespective of the different implementations of the 

networked control methods used, there is a common structure for each method which consists of a 

predictive control generator, a network delay compensator, a buffer and a plant output predictor. The 

predictive control generator and network delay compensator were used to compensate for the network 

delay and data dropout in the forward channel. The network delay and data dropout in the feedback 

channel was compensated for by using the plant output predictor, buffer and network delay compensator. 

The relationship between the sampling rate, packet size, network delay and data dropout were examined 

by using a round trip time delay method. Two network delay measurement methods were also presented 

and analysed in this thesis. The results of the real-time measurement of the network delay were used in an 

offline simulation. A networked servo system was built to test the system performance for an 

approximately linear, open-loop stable system and a networked inverted pendulum system was used to 

illustrate the system performance for an open-loop unstable system. The stability of each method was also 

considered.

In order to simplify the software development, the Matlab/Simulink/Real-time workshop integrated 

development suit was used in the practical control system. The simulation block diagram in the Simulink 

environment was translated to the standard C language by using the real-time workshop. The ARM- 

LINUX-GCC 3.4.4 was used to compile the generated C language file into the executable file running on 

an embedded board. In order to monitor the status of the control system and change the parameters of the 

controller, a network-based supervisory program was also developed using Microsoft Visual C++ 6.0.
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Operators, Symbols and Abbreviations

I. Operators

min{*} 

max{*}

M 7 

{*>-'

: Minimum value. 

: Maximum value. 

: Transpose. 

: Inverse.

II. Symbols

'ah

: Denominator of the plant model. 

: Numerator of the plant model.

: Time offset between the network node A clock and the network

node B clock.

: Numerator of the virtual controller.

: Denominator of the virtual controller.

: System intrinsic delay. 

: Plant transfer function.

: Virtual controller transfer function.

: Input of the data dropout simulation unit at time, k.

: n x m unit matrix.

: Proportional gain.

: Integral gain.

v



N Maximum round trip delay.

N '• Predictive control horizon.

N\ : Minimum prediction horizon.

N2 : Maximum prediction horizon.

0 : n x m zero matrix.
nxm

ok : Output of the data dropout simulation unit at time k.

Ps : Package size.

r(k) : Reference input at time and k .

rk : Uniform random number.

R : Integral ramp signal.

l>K[z~ 1 , p] '• Polynomials in the indeterminate z'1 with coefficients in the field 

	of real numbers and with the order/? in a set of non-negative 

	integer. 

T '• System sampling period.

T : Time stamp value from the network node A clock.
pnna r

T mb : Time stamp value from the network node B clock.

u(k) : Control value at time k.

u(k + j | k) :j -step ahead control prediction at time k.

Ufc : Vector of predictive control sequence.

Uk '• Vector of plant input.

y(k) : Plant output at time k.

y(k + j | k) :j -step ahead plant output prediction at time k .

Yk : Vector of plant output.

A : Upper bound of the feedback network delay.

Ak : Network delay in the feedback channel at time k.

rk : Network delay in the forward channel at time k.

VI



r : Upper bound of the forward network delay.

TRT : Constant round trip network delay.

8 : Pre-set data loss probability.

^ : Forgetting factor of the least square method.

<f(k) : Regression vector of the least square method.

p : Weight factor of GPC method.

III. Abbreviations

CCP : Compression control protocol.

CHAP : Challenge handshake authentication protocol.

DCS : Distributed control system.

DMSGBC : Delay measure signal generator for the feedback channel

DMSGFC : Delay measure signal generator for the forward channel.

DSNCS : Direct structure networked control system.

DSSS : Direct sequence spread spectrum.

FHSS : Frequency hopping spread spectrum.

GPC : Generalised predictive control.

GPRS : General packet radio service.

GSM : Global system mobile.

HSNCS : Hierarchical structure networked control system.

ICCS : Integrated communication and control system.

ILNPC : Inner loop networked predictive control method.

IrDA : Infrared data association.

LCP : Link control protocol.

LQG : Linear quadratic Gaussian.

MB-NPC : Model based networked predictive control methodology.

MGPC : Modified generalised predictive control.
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NCSs : Networked control systems.

NCB : Networked control board.

NIB : Networked implementation board.

NDC : Network delay compensators.

NDS : Network delay simulator.

NNA : Network node A.

NNB : Network node B.

NTP : Network time protocol.

OLNPC : Outer loop network predictive control method

OP : Output predictor.

OTT : One-way transit time.

PAP : Password authentication protocol.

PPP : Point-to-point protocol.

PSDN : Package data serving node.

RLSSE : Recursive least-squares sequence estimation.

RPC : Recursive predictive control.

RTT : Round trip time.

RTW : Real-Time workshop.

SSID : Service set identifier.

TCP : Transmission control protocol.

T-S : Takagi-Sugeno.

TLC : Target language compiler.

UDP : User datagram protocol.

VHLL : Very high-level language.

WLAN : Wireless local area network.
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Chapter I 

Introduction



1.1 Background

This thesis deals with the design and application of networked predictive control 

algorithms in wired and wireless networks. Due to the rapid developments in the current 

communication network technologies, especially Ethernet, the networked control 

applications, such as tele-operation and remote mobile robots, have obtained much 

attention in industrial and academic fields. The defining feature of networked control 

systems (NCSs) is that the information (reference input, plant output and controller 

output) is exchanged via a network among control system components (sensors, 

controllers and actuators) (Wu and Deng, 2006). As an integration of sensors, 

controllers, actuators and networks, NCSs show many distinct advantages, such as, low 

cost of installation and maintenance, efficient reconfigurability and improved resource 

utilization (Chen etal., 2004).

Many innovative strategies are reported in the design and practical implementations of 

NCSs, which can be traced back to the early HoneywelPs distributed control system 

(DCS) where only on/off information (control signals, monitoring and alarm 

information) were transmitted through a serial network. In 1988, the basic idea of the 

integrated communication and control system (ICCS) was provided by Halevi and Ray 

(Halevi and Ray, 1988; Ray and Halevi, 1988). ICCS was the original form of NCSs. 

However, the network technologies and transmission protocols at that time set strict 

limitations on the distance of information transmission. The network candidate for 

network applications was also confined to the synchronous serial network. The 

developments in microprocessors over the last two decades (1980 s-2000 s) have 

provided very powerful and reliable hardware platforms for NCSs. Meanwhile, many 

new network technologies have also been developed for network-based applications 

such as ControlNet, DeviceNet and Ethernet (Lian et a/., 2001). ControlNet is a real- 

time, deterministic control layer network, which can offer good real-time capabilities. 

The ControlNet provides high-speed transmission media for time-critical input/ouput 

data on a single physical media link. The DeviceNet is mainly used in industrial



applications, such as factory automation. It is a low cost communication media to 

connect industrial devices (such as limit switches, photoelectric sensors, valve, motor 

starters, process sensors, bar code readers, variable frequency drives, panel displays and 

operator interfaces) to a network, therefore reducing the cost of hard wiring. Similar to 

industrial networks, Ethernet based networks have also progressed rapidly. The first 

network ARPA was wired together via SOKbps circuits and was limited to 4 host 

connections. Nowadays, Ethernet based networks can work at the speed of 10, 100 and 

1000 Mbps with over 60 millions nodes (computers or networked instruments) in the 

global Internet (Smith et al., 1997; Spilling and Yngvar, 2004). With the decreasing 

price, increasing speed, widespread usages, numerous software supporting, and well- 

established infrastructure, Ethernet-based networks have become major competitors to 

industrial networks for control applications. By using the widespread high-speed 

internet access, a global scale networked control system can be built without investing 

in the whole infrastructure. A comparison of relative performance among Ethernet, 

Controlnet and DeviceNet was made by Lian (Lian et al, 2001).

At present, there are two general network control system configurations, which are 

termed as the direct structure networked control system (DSNCS) and the hierarchical 

structure networked control system (HSNCS) (Yang et al., 2002). The main difference 

between the DSNCS and HSNCS is that there exists a local controller on the actuator 

side in the HSNCS. In the DSNCS, the measurements of the sensors are put into 

packages and sent to the remote controller side. Based on the sensors information, the 

control signals are generated, packed and then sent through a network back to the 

actuator to drive the plant. In the HSNCS, there are two controllers: a remote main 

controller and a local closed-loop controller. The main controller is used to send the 

system reference and optimize the local closed-loop controller parameters, and the local 

closed-loop controller is used to control the plant. Compared with the HSNCS, the 

DSNCS provides a more flexible configuration and needs less hardware requirements at 

the actuator side. In this thesis, the controller design was only designed for the DSNCS 

case.



Since the network is used as a part of the control system, the network-induced time 

delay and data dropout are unavoidable. In order to simplify the expression, the 

network-induced time delay was abbreviated as the network delay in this thesis. It is 

well known that the random network delay presents real challenges to the design of 

networked control systems. Therefore the main task in the design of networked control 

systems is how to compensate for the network delay and data dropout.

There are two main approaches for accommodating all of these issues in the design of 

NCSs. The first method is to design communication scheduling methods to minimise 

the likelihood of the network delay and data dropout. Some promising results on this 

topic have been reported. For example, various congestion control and avoidance 

algorithms was proposed by Branicky and Kirn (Branicky, 2002; Kirn et al., 2004) to 

gain a better performance when the network traffic was beyond the limitation that the 

network can handle. An optimal gain scheduling method was used in a networked DC 

motor control system (Chow and Tipsuwan, 2003). A scheduling algorithm for 

determining data sampling times was provided by Hong (Hong, 1995) using the window 

concept. The second method is to treat the network protocol and traffic as given 

conditions and design control strategies that explicitly take the above-mentioned issues 

into account. To handle the network delay, one might formulate control strategies based 

on the study of the network delay differential equations. Many compensating methods 

have been reported on these topics (Wu et al., 2005); (Liu et al., 2005; Zheng et al., 

2006).

The multi-rate sampling method combined with the augmented state matrix method was 

employed to model the long random delay networked control systems (Wu et al., 2005). 

The augmented state-space method was used to model a NCS as a discrete-time jump 

system (Liu et al., 2005; Zheng et al., 2006). Based on the assumptions that the actuator 

node was time-driven and the controller node was event-driven, a Takagi-Sugeno (T-S) 

fuzzy model was used to approximate the nonlinear networked systems with the 

network delay (Wang et al., 2005).



Nilsson (Nilsson, 1998; Nilsson and Bernhardsson, 1998) analysed NCSs in the discrete 

time domain. The linear quadratic Gaussian (LQG) stochastic optimal control method 

was adopted in his thesis to deal with constant, independently random network delay, 

which was modelled as a Markov chain. The drawback of this method is a large 

requirement of controller memory to store a large amount of past information from the 

initial point. This method is not suitable to a system with parameter uncertainties.

A network delay dependent compensation method using LMI-based delay-dependent 

optimization method was employed by Yoo (Yoo et al, 2002). By using a buffer, the 

network delays were assumed to be constant. Adaptive neural control was presented to 

compensate for the unknown network delays by Ge (Ge et al, 2003). A variable 

sampling time method was proposed by Yang (Yang et al., 2005) to overcome the 

Internet network delay.

Since the issue of stability is a basic and important problem in the field of the design 

and analysis of a NCS, many methods were proposed to cover this topic. The stability 

regions and hybrid systems technique was used to analyse the stability of the NCS by 

Zhang (Zhang et al., 2001). The stability of an NCS with the wrong order of data 

packets was analysed using the stochastic Lyapunov function and the jump linear 

system method provided by Zhang, et al. (Zhang et al, 2001; Montestruque and 

Antsaklis, 2003; Zhu et al, 2005; Liu et al, 2007). The switched system theory was 

used to analyse the stability of NCSs with the random network delay in the feedback 

channel (Liu et al, 2007; Liu et al, 2007)

1.2 Outline

The method used in this thesis is an intelligent extension of the predictive control 

method. This work is motivated by the desire to take advantages of predictive control 

technologies to actively compensate for the network delay and data dropout.



In this thesis, five different networked predictive controller algorithms were developed 

according to the network conditions and control performance requirements. Offline 

simulations and practical applications were carried out to illustrate the performance of 

the proposed methods. The stability of each method was also considered.

The main body of the thesis begins in chapter 2, with the introduction of the basic idea 

of the networked predictive control method. A recursive predictive control method was 

proposed to compensate for the network delay and data dropout. The proposed method 

can be readily extended and programmed, particularly when there is a random network 

delay and the system is non-linear. The stability criterion for the random network delay 

was given by using a common quadratic Lyapunov function. Offline simulations and 

practical experiments were also carried out to test the performance of the recursive 

predictive control method in the case of the random network delay, data dropout and 

model uncertainty. In order to improve the performance of the proposed control method, 

a recursive least square method was used to on-line identify the plant model.

Two different test rigs were used to validate this proposed method: a networked servo 

system and a networked inverted pendulum system. The networked servo system was 

used to test the effectiveness of the proposed method for the case of an open-loop stable 

system, and the inverted pendulum system for an open-loop unstable system which has 

a high degree of nonlinear behavior.

In chapter 3, two novel control strategies were proposed for networked control systems, 

which were termed as the inner loop networked predictive control method (ILNPC) and 

the outer loop network predictive control method (OLNPC), respectively. The stability 

analysis for both methods was also given. In order to validate the performance of the 

proposed strategies in a practical system, Intranet and Internet-based experiments were 

undertaken using the networked servo control system of Chapter 2.

In chapter 4, a modified generalised predictive control (GPC) was proposed. The 

traditional GPC controller was used to generate a set of predictive control sequences.



The stability of networked control systems for two scenarios was considered. The 

stability criterion can be used to guide the procedure for choosing the parameters of the 

GPC controller. Offline simulations and practical experiments were also undertaken for 

the networked servo system.

In chapter 5, a controller was designed for a general packet radio service (GPRS) 

wireless network and wireless local area network (WLAN) with its higher random 

network delay and data dropout. The major benefit of the wireless access is to allow 

flexible location of terminals, avoiding re-wiring when fixed terminals are relocated. 

Some basic network characteristics of WLAN and GPRS network in our system were 

firstly tested. Another recursive method was proposed to get the predictive sequences. 

The simulations and practical experiments were carried out through WLAN and GPRS 

network.

The chapters of this thesis were written to be self-contained, as far as possible, and each 

chapter begins with a short abstracts and ends with a set of conclusions. A number of 

the chapters are based on one or more published papers. Chapter 2 is based on (Chai et 

al, 2005; Chai et al, 2007), Chapter 3 is based on (Liu et al., 2006; Liu et al, 

2006) .Chapter 4 is based on (Chai et al, 2005). Chapter 5 is based on (Liu et al, 2005; 

Chai et al, 2007). These papers can be found in the appendix at the end of the thesis.



Chapter II

Design and Stability Analysis of a Recursive Predictive Control

Method for Networked Control Systems

Abstract -This chapter discusses the design and practical implementation of a 

recursive predictive control (RPC-I) method for networked control systems. The 

proposed control strategy can compensate for the random network delay and data 

dropout in an active -way. In order to validate the performances of the proposed control 

strategy, several types of offline simulations and practical implementations on an 

Intranet/Internet-based servo control system and inverted pendulum system were 

carried out. The stability of the proposed control scheme was also discussed in this 

chapter by using the switched system theory. The simulation and experimental results 

illustrated the feasibility and effectiveness of the proposed recursive predictive control 

method.



2.1 Introduction

Networked Control Systems (NCSs), which are the integration of the communication, 

control methodology, computing and microprocessor technology, have recently received 

much attention. The introduction of a network to control systems offered many 

advantages as compared to the traditional control architectures, such as easy 

maintenance, low installation cost and high efficiency. The distributive nature of NCSs 

is also suitable for distributed systems in large geographical areas (Montestruque, 2004).

With the decreasing price, increasing speed, widespread usages, numerous software 

supports, and well-established infrastructure, Ethernet-based networks provide a cheap 

and effective solution for control applications. Since the information is exchanged 

between the controller, sensor and actuator through the digital channels, there are some 

issues which do not exist in traditional systems, such as limited bandwidth, random 

network delay and data dropout. These issues must be taken into consideration when a 

NCS controller is designed (Goodwin et al, 2004; Li and Baillieul, 2004).

Many papers were published on the design and analysis of NCSs (Wu et al, 2004; Liu 

and Yao, 2006; Sun and Liu, 2006). A control system design strategy was proposed for 

multivariable plants, where the controller, sensor and actuator were connected via the 

digital, data-rate limited communication channels (Goodwin et al., 2004). The moving 

horizon method was employed to deal with the associated computational issues in the 

forward communication channel (from the controller to actuator) and the feedback 

communication channel (from the sensor to controller). The problem of a digital finite 

communication bandwidth (DFCB) was discussed by Li and Baillieul (Li and Baillieul, 

2004). The binary control strategy was used to deal with the data-rate constraints 

imposed by time-varying congestion in the feedback channel. The Routh- Hurwitz 

stability criterion was used to analyse the stability of a flow control algorithm with the 

network delay in the feedback channel (Aweya et al, 2004). The network delay in the 

forward channel and the feedback channel was modelled as two Markov chains and the



closed-loop system was expressed as a jump linear system by Zhang (Zhang et al., 
2005).

The recursive predictive control (RPC-I) method proposed in this paper belongs to the 

model-based networked predictive control methodology (MB-NPC), which was 

proposed by Liu (Liu et al., 2004; Chai et al., 2005; Liu et al., 2005). The concept of 

the model-based networked predictive control system architecture was given by 

Montestruque and Antsaklis (Montestruque and P. J. Antsaklis, 2002; Montestruque and 

Antsaklis, 2003; Antsaklis, 2004). In the RPC-I method, the explicit plant model and 

virtual local controller are used to generate a set of predictive plant outputs and 

controller outputs sequences. The network delay can be compensated by choosing a 

value related to the network delay from the obtained sequences. It is, however, 

impossible to know the network delay accurately until the information (control 

sequence and plant output) reached the actuator or controller side. Since the system 

information and controller outputs sequences are exchanged throughout the digital 

network channel in NCSs, it is possible that a package of data rather than a single value 

are exchanged in one control cycle. Based on this characteristic of NCSs, the control 

strategy proposed in this chapter sent several steps-ahead future predictions at the same 

time. Compared with the method which just sends one single value at each control cycle, 

the proposed method requires a bigger bandwidth. Therefore the performance of the 

proposed method will be degraded in the case of narrow bandwidth networks, for 

example, wireless networks. In this chapter, several offline simulations and practical 

implementations on an Intranet/Internet servo system and inverted pendulum system 

were used to illustrate the performance of the proposed method.

2.2 Design of NCSs using the RPC-I method

The basic structure of the RPC-I method is shown in Figure 2-1. It consists of a 

recursive predictive controller (RFC), an observer-based output predictor (OP) and a 

network delay compensators (NDC). The RPC is designed to generate a set of future

10



control sequences. The observer-based OP is used to generate a set of plant states or 

output predictions. The NDC is used to compensate for the unknown random network 

delay in the forward and feedback channels according to the network delay.

R(k)

NetWork

K

V
ii(* + r|A:-r,)

u(k - Tt + 1 1 k - r, )

NDC
«(*)

5f* Plant
X*)

Figure 2-1. The basic structure of the recursive predictive control system.

It is assumed that the whole information sequences at one time are packed and sent from 

the controller side to the plant side or visa versa through the network. The network 

delay is compensated by choosing the latest data from the transmitted prediction 

sequences that are available on the actuator or controller side, for example, if a 

following control prediction sequence Su \s sent from the controller side at timek-Tk

and the actuator received the sequence at time k . The definition of Su is given by

where r is the upper bound of the forward channel network delay, rk was the forward 

channel network delay, u(*\ k- rk ) denotes the prediction set of the control value u at 

time k - rk . The output of the network delay compensator will be

(2-1)

where M(£) is the control value at time &.

11



The implementation steps of the networked predictive control scheme are as follows:

The first step is to identify the model of the plant. Since the performance of the RFC 

and OP highly depends on the accuracy of the plant model, the model must represent 

the plant as accurately as possible. A single-input single-output (SISO) plant considered 

in this chapter can be described by

y(k) = z- lGp (Z- l )U (k) (2-2)

where y(k) and u(k) are the plant output and control input, respectively. The plant 

transfer function G (z"')can be described by

(2-3)p A(z ') \ + a{ z '+    + anz

A(z~l ) and 5(z"') are polynomials.

The second step is to design a virtual local controller without taking account of the 

network delay, to satisfy the desired dynamic and static local control requirements. Any 

conventional and advanced control methods can be used, such as PID, LQG and robust 

control methods. Therefore it is assumed that the virtual local controller is represented 

by the following transfer function:

(2-4)

where C(z"') and D(z~ l ) are polynomials. Thus, the output of the virtual local 

controller is

(2-5) 

where w(£) is the output of the virtual controller, r(k) is the reference input and y(k) is
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the plant prediction output.

For the sake of simplicity, the following operations are defined as:

x(k-i\k-i) = x(k-i) for i= 1,2, ,k 

x(k-i\k- i) = z' lx(k -i + \\k-i), for /= 1,2, , k

where x(.) represents y(.) and M(.).

Combining equation 2-4 and 2-5, the output of the virtual local controller can be 

expressed by

(2-6)
/=o

The third step is to design the RFC to generate the predictive control sequences. Many 

methods can be used to obtain the predictive plant output sequences, such as 

Diophantine equation method (Liu et al., 2004). These methods, however, are not easily 

extended and programmed when there is the random network delay and the system is 

non-linear. It is assumed that the model is a good approximation to the plant. Based on 

the plant Gp (z~ } ) and the virtual controller Gc (z~"), the one step ahead plant output

prediction and controller output prediction on the control side at time k can be 

calculated by the following:

_ (2-7)
;=0

11 k) = -c,n(Jfc I k) - £c,w(yt-i + l)
(2-8)

Following the above procedures, the plant output prediction y(k + j \ k) and controller

13



output prediction u(k + j \ k) on the controller side at time k can be obtained as follows,

min( / + X, -l.n)

*) = - £ a,y(k + j-i\k)- £ a,y(k + j-i\k-\)- £ o,
/=! /=/

min{m,;-2| min(/ + ^ -2.m)

J>
(2-9)

m{ i+

min|<7,/-l)

- £ d,y
/ = 0 

tj

£ rf,

(2-10)

where X^ + 7'l^~^*) and u(k + j\k-A.k ) are the plant output prediction and the 

controller output prediction on the plant side respectively at time k - Ak .

Following the control prediction generator, the plant output prediction and controller 

output prediction for time k + j on the plant side at time k are calculated by,

min{ffi,y-2j

= - £ c,u(k + j-i\k)-'£cl u(k + j-i) + D(z^ )r(k

nun{p.i- Z
(2-12)

nun{p.i-\} p

1=0

where y(k) and u(k) are the output of the real plant and the recursive predictive
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controller, respectively.

The above procedures lead to the following implementation algorithm for the model- 

based control prediction generator:

(1) Given y(k-\ -/) andw(£- Ak -/), for i=0, 1, 2 ... and lety=0;

(2) Calculate y(k - 1 ! \ k - \ ) by using equation 2-11 and u (k - i \ k - \ ) by using 

equation 2-12, for i=0, 1, 2 ... \ ;

(3) Calculate y(k + j | k) by using equation 2-9;

(4) Calculate u(k + j | k) by using equation 2-10;

(5)Set/=/H;

(6) If/<=r , go back to step (3), otherwise, stop.

where r is the upper bound of the forward network delay. Clearly, the above algorithm 

yields the following controller output prediction sequence:

By using a similar implementation algorithm to the recursive predictive controller, the 

following plant output prediction sequence on the plant side at time k can be generated 

by the output predictor:

where A is the upper bound of feedback channel network delay. The forward and 

feedback delay compensators are implemented as

u(k) = u(k\k-Tk ) and y(k) = y(k\k-At ) (2-13)
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which can compensate for the network delay actively.

2.3 Stability analysis of NCSs using the RPC-I method

This section analyses the stability of the NCSs using the proposed RPC-I algorithm. To 

simplify the presentation, equations 2-2 and 2-9 to 2-13 are reformulated in matrix form

Firstly, equation 2-12 can be rewritten as

where

u(k-Tk \k-Ak -Tk )

u(k - Ak - rk + 1 1 k - Ak -

y(k-Ak -Tk

y(k-Ak -Tk +l\k-Ak -Tk )

Yk =[y(k),-,y(k-Ak -Tk ),-,y(k-Ak -rk -n),--y(k-ri)] eW+

(2-14)

——xl?"

A =

o -4,
0 0

0 0

-**-* ... _df o ... o
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C =

0 -c, ••• ••• -CM

00 -c, ••• -c,,_3

: : : ••• :

0 0 ••• ••• -c,

00 ••• ••• 0

A =

—c • • • —r 0 
c\-\ c<, u

-CM ••• -c,_, -c, 0

0Dl i - i i = 0-m
-c2 •-• ••• ••• -cq

~C\ '" ••• '•• ~Cq-\ ~Cq

O. denotes a zero matrix, OS] e <R w- |)x( * +r' ) , og2 e g^-""*-^-'" , O eB)

andOCl 6 <R< /l-"x<'"+1-i*- r» i\ „ represents the maximum value of p and n while m is 

maximum value of q and m.

It is clear from equation 2-14 that

Uk =(I-Cy\AYk+ BkYk+ DkUk ) (2-15)

where the inverse of matrix /-C exists because it is an upper triangular matrix with 

non-zero elements in its diagonal line.

Secondly, equation 2-11 can be expressed by

(2-16)

where

A =

0 ~«1 -°2

0 0 -«i

.0 0 •••

... -a,.,

... -o,_ 2
••*•

... -a,
0

BL = O-
k Bl

-a 0 .-

-a..

•• o,
B2
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C =

fto ft, 
0 bn

4 =

ft,-, ft,
ft,-2 ft,-,

.
02

r*-n Q, e
Ol

Substituting t/A in equation 2-16 using equation 2-15 gives

where

0 0
ftm-1 ftm

ft_, *.

(2-17)

Fk =(I-A-C(I-C)-* 2)-' (4 + C(7 - C)- 1 Dk )

Since (I-A-C(I-C)~ A) is an upper triangular matrix with non-zero elements in its 

diagonal line, its inverse exists.

Substituting equation 2-17 into equation 2-15 gives

Uk =GkYk +HkUk

where

(2-18)

Gk =(I-C)- l (Bk +AEk )

Thirdly, equation 2-9 can be described by

18



(2-19)

where

y(k-Tk +T-l\k-Tk )

y(k-Tk +l k-rk )

A* ~
u(k -Tk +r-2 k-rk )

u(k - rk + 1 1 k - rk

A =

o -°\
0 0

0 0

"r-l 

-«r-2

-a,

O, • 

-a-,

-«

-fl« 0

"r-l "r 

br-2 V,

0,:

-
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0

0

oL2

O _ cnrx(r--lj+l) f*\ s e iH , CA 'in

c/£l e

Combining equations 2-17, 2-18 and 2-19 yields

(2-20)

Fourthly, equation 2-10 is written in the following matrix form:

Uk =AYk+ Pk 

Where

•k +Rk Uk+ Lk Uk (2-21)

A =
0 0

0 0

~d
r-2

F

r-3

-d

0 -c, -
0 0 -c,

0 0
0 0

-c r_2
-c r_3

-c, 

0
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-c.
r-l

-c, -c,

O.
-c,
-c,

O- e $R (r)x(r~ /i*~ l) Q.

0 ...

... -C,.

0Zl e9? (r)x(/i* +rt> and OL2

Combining equation 2-17, equation 2-18 and equation 2-20 leads to

Uk =GkYk +HkUk

where

(2-22)

= (I-C-A(I-Arcr(Lk +PkFk +RkHk +A(I-A)- l (Lk +PkFk +RkHk y)

Substituting equation 2-22 into equation 2-20 yields

(2-23)
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where

Ek = (/ - A)~l (CGk + Qk + PkEk + RkGk )

Finally, system (2-2) can be reformulated in the following state space form:

Yk+] =AYk + BUk

where

1 0 •••
0 1 •••

0 0 •••

0 0
0 0 Q )x(n- +1 _ n)
; o 
o i

B =

According to equation 2-13, the controller output can be obtained by

(2-24)

Let

(2-25)
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Combining equations 2-24 and 2-25 leads to the following closed-loop system:

(2-26)

where

-a, ••• -a,, 0 ••• 0

mx(«+2)

b 0 - 0

and

As network delays \ and Tk are random, system 2-26 is actually a switched system. It

is well known that if there is a common quadratic Lyapunov function such that its 
increment is negative, the closed-loop system is stable (Sun, 2005). Thus, a simple 
criterion of checking the stability of closed-loop system is given below.

Theorem 2.1: If there exists a positive definite matrix P such that

Tk )-P<Q (2-27)

for all^ e {0,1,-•-,/!} andrt e {0,1,••-,*•}, then the closed- loop system equation 2-26 is 

stable for all random network delay.

Proof: Equation 2-26 can be rewritten as

where
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x-'Y*
•A. fc —

Let the Lyapunov function be

Then

If equation 2-27 is satisfied, then VM -Vk <Q for Xk * 0. Thus the closed-loop system 

is stable for all bounded random network delay Ak and rk .

2.4 Simulation of the RPC-I method for a networked servo system

A servo motor control system is considered in this chapter. It consists of Power supply 
(PS150E), DC motor (DCM150F), servo applier (SA150D), reduction gear tacho unit 
(GT150X) and Output Potentiometer (OP 15 OK) as shown in Figure 2-2.

The power supply provides +15 and -15 DC volts for the motor and control system. The 
motor (DCM150F) has a permanent magnet stator and single armature winding. The 

rotating direction of the motor shaft is controlled by the direction of the electric current 

through the armature winding of the motor. There are three shafts in the reduction gear 
tacho unit and there are mechanically connected through a series of gears. The sizes of 

the gears are chosen so that shafts rotate at different speeds. The output potentiometer 

can work as an indicator of the shaft angle of the motor when it was used to 

mechanically connect to one of the side shafts of the reduction gear tacho unit 

(GT150X).

24



®-1<" 9 
.'.. «

(a) Power supply

-9 S§

(c) Reduction gear tacho unit

<ra &

(b) DC Motor and servo amplifier

1 ^M^
-•:>• *•••*•

(e) Output potentiometer

Figure 2-2. The servo system components and their legends

The system connection configuration was shown in Figure 2-3. The system performance 

and the network delay can be affected by the sampling period. Considering the 

dynamics of the servo system and network delay in the Intranet and Internet, the 

sampling period was set to 0.04 second.
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Figure 2-3. Connection configuration layout of the motor servo system. 

The model of the plant was identified using the least square method as

.1 = 
"

.1 -0.00886Z'' +1.268227 z'2
l-1.66168z-'+0.631z-2

(2-28)

From equation 2-28, it can be seen that the system is a SISO linear discrete system.

The transfer function of the virtual local controller was designed using experimental 

methods to be

0.04956 -0.0487872Z'
l-z (2-29)
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which is a proportional-integral (PI) controller.

In order to test the performance of the networked predictive control method, offline 
simulations have been carried out in the Matlab/Simulink environment. The control 
diagram of the offline simulation was shown in Figure 2-4.

Measure Signal for 
forward channel

_ _ _ Measure Signal for 
feedback channel

Figure 2-4. Offline simulation diagram of the networked control system.

The closed-loop system consisted of one RFC, two NDCs, two network delay 
measurement signal generators (the delay measurement signal generator for the forward 
channel (DMSGFC) or the delay measurement signal generator for the feedback 
channel (DMSGBC)), the network delay simulator (NDS), OP and model of plant (MP).

The offline simulations were carried out for three cases: the constant network delay, 
network data loss and random network delay.

In this thesis the constant network delay is simulated by using the delay block Z~ L in 
the Matlab/Simulink environment.
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2.4.1 Constant network delay

Network delay, whether constant or random, will degrade the performance of the 

networked control system and can even destabilize the system, when the controllers 

were designed without considering the network delay. It has been confirmed by the step 

responses shown in Figure 2-5, where the control system was subjected to no network 

delay, 1-step, 2-step and 3-step constant network delay in the forward channel. The 

virtual controllers for all these cases have the same parameters. It can be noted that the 

overshoot of the system increases as the network delay goes up.

100- 

90- 

80- 

70- 

60- 

50- 

40 

30- 

20- 

10- 

0-

-10-

-20-

-30-

-40

—— 1-step delay at forward channel
----- 2-step delay at forward channel 

3-step delay at forward channel
------ no time delay
—— reference

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Time(s)

Figure 2-5. The step responses for constant network delay in the forward channel.

The step responses of the closed-loop system using the proposed RPC-I strategy were 

illustrated in Figure 2-6. The parameters of the virtual local controller in the recursive 

predictive method are the same as equation 2-29.

The simulation results using the same parameters as the virtual local controller were the 

same for the different constant network delays. It was assumed that the model and plant 

were exactly the same.

28



60-] 
55- 
50- 
45- 
40- 
35- 
30- 
25- 
20- 
15- 
10- 
5- 
0- 
-5-

-10-
-15-
-20-
-25-
-30-
-35-
-40

no time delay
••-•-- 1 step constant delay 

2 step constant delay
------ 3 step constant delay
.......... 4 ste p constant delay

5 step constant delay

345

Time(s)

Figure 2-6. The step response of the recursive predictive control system for constant

network delay.

This implies that the networked predictive controller can actively compensate for the 

constant network delay. Since the virtual local controller parameters do not need to be 

changed, therefore the network delay can be ignored during the design of the PI virtual 

local controller, which is quite different from the traditional method (taking into account 

network delays at the controller design stage or designing a scheduling protocol that 

minimizes the communication network delay (J. Yepez et al, 2002)). This significantly 

simplifies the controller design process for networked control systems.

However the RPC-I method is a model-based control system like other model-based 

predictive control systems. When the model is different from the plant, the performance 

of the system is degraded. If, for example, vector D in the plant was changed by 10% to 

D = [-0.00896 1.268227] and C in the model was still the same as equation 2-29 and

a band-limited white noise was added with amplitude approximately 10% of the control 

signal then there were some degradations in performance as seen in the results of Figure 

2-7. Nevertheless, the proposed method still gave reasonable responses for different 

network delays.
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Figure 2-7. The step responses of the networked control system using the recursive 

predictive control method for constant network delay with model uncertainty.

An online identification method, such as the recursive least square method or neural 

network method should be used when the plant is time variant.

2.4.2 Network data dropout

Network package dropout occasionally occurred in NCSs, when there is node failure or 

network congestion. It became a much more severe condition when the network 

protocols used in the NCS were not equipped with a transmission-retry mechanism, 

such as user datagram protocol (UDP). To simulate the network data dropout situation, 

the data dropout simulation unit was expressed as follows.

\ik if rk >6 
[0 if rk <5

(2-30)

where ik is the input of the data dropout simulation unit, ok is the output of the unit, rk 

is a uniform random number and 6 is the pre-set data loss probability. The principle of
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the data dropout simulation unit can be summarized as follows. A random number 

generator produces a uniform pseudo number r, (uniform distribution between 0 and 1) 

at each sampling time. When this random number rt is greater than the pre-set data loss 

probability 5, the data will pass or else 0 will be transmitted. The responses of the 

networked control system with 0.1%, 0.2% 0.5%, 1% and 2% pre-set passing rate are 

shown in Figure 2-8. As can be seen, the step response of the networked control system 

is affected by the data dropout rate.

V
en
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55-
50-
45-
40- -
35-
30-
25-
20-
15-
10-
5-
0- 

-5-
-10-
-15-
-20-
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-35-
-40

-0.1% data loss 
0.2% data loss 
0.5% data loss 
1% data loss 
1.5% data loss 
2.0% data loss

• reference input

01234567 8 9 10 11 12 13 14 15 16 17 18

Time(s)

Figure 2-8. The step responses of the networked control system with data dropouts.

In order to compensate for the data dropout in the forward channel, the following 

algorithm is adopted,

rk +\<r
Tk +\>T

with no data dropout 

otherwise

(2-31)
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where u(k + Tk )\s the control signal, u(»\k-Ak ) is the received control data at the 

current control cycle.

When the RPC-I method was adopted, the step response of the networked control 
system with different data dropout rate was shown in Figure 2-9. It can be noted that all 
responses are the same at the different data dropout rate when the model is the same as 
the plant. Therefore the RPC-I method can actively reduce the effect of the network data 
dropout.

0)

<

- 0.1% data loss with compenstation
------- 0.2% data loss with compenstation

0.5% data loss with compenstation
----- 1% data loss with compenstation 
.......... - 1 5% ,j a ta | oss wjtn compenstation

2.0% data loss with compenstation
reference input

9 10 11 12 13 14 15 16 17 18

Time(s)

Figure 2-9. The step responses of the network control system with data dropout using 
the recursive predictive control method.

2.4.3 Random network delay

Since there exists physical path diversity between many sources and destinations, multi- 
path routing protocols were used on the Internet, and therefore the transmitted packages 
could be disordered by the network, thus resulting in a random network delay. Data 
dropout can also be categorised as an infinite data arrival time. The system performance
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was degraded when the random network delay and data dropout were treated as a 
constant network delay.
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Figure 2-10. The simulation of random time delay.

The simulation of the random time delay in both channels was shown in Figure 2-10. 
Equation 2-13 was employed to compensate for the random network delay. From the 
simulation results shown in Figure 2-11, the networked predictive control method can 
improve the performance of the networked control system in the case of the random 
network delay. However, it is noted that the system responses of local control and the 
networked control with the random network using the recursive predictive method are 
not similar, unlike the results in the case of the constant network delay. Since the round 
trip time method (Refer to section 2.5) was employed to calculate the network delay, it 
cannot obtain very accurate network delays in the forward and feedback channels, 
respectively.
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Figure 2-11. The step responses of the networked control system with the random 

network delay using the recursive predictive control method.

2.5 Software environments for networked control systems

The software environment for applying the proposed method to a practical application 

consists of a real time control program, a program transmission client, a program 

transmission server and a supervisory program. The real time control program running 

on the ARM 7 (451 OB) or ARM 9 (AT91RM9200) processor is generated by 

Matlab/Simulink/Real-time workshop. The program transmission client is executed on a 

host computer to transmit the real time control program from the host computer to an 

system embedded control or actuator boards (ARM 7 or ARM 9 boards). The program 

transmission server has two functions. Firstly, the program transmission server is used 

to receive the real time control program and then starts it by using the "excel" command 

in the environment of the embedded Linux. Secondly, the program transmission server 

always listens to the data transmission port. If there is another requirement for 

uploading new real time program, the program transmission server will terminate the 

current running program by using the "kill" command and then receives and starts the
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new real time control program. The tuning of the system parameters and monitoring the 
system signals online can be achieved by using a supervisory program. The supervisory 
program can communicate with many real time control programs at the same time, and 
a real time control program can also be monitored and optimized by many supervisory 
programs.

2.5.7 Generation of the executable file using the Real-time workshop integrated 

development suit

The Matlab/Simulink/Real-Time Workshop integrated development suite is a 
commercial product widely used by the academia and industry. Real-Time Workshop 
(RTW) generates and executes stand-alone C code for developing and testing 
algorithms modelled in Simulink. The generated code can be easily adapted and 
downloaded to different targets (Bucher and L. Dozio, 2003). In this thesis, the ARM- 
LINUX-GCC 3.4.4 compiler is used to compile the generated standard C code into an 
executable program, which run the sensor and the controller board.

The newest version of RTW is Real-Time Workshop 6.5, which generates code for 
many real-time and non-real-time applications, including simulation acceleration, rapid 
prototyping, and hardware-in-the-loop testing. RTW architecture is shown in Figure 2- 
12.

Simulink provides a very high-level language development environment, where toolbox 
blocks and subsystems can be considered as the routines. The first step for generating an 
executable program from algorithms modelled in Simulink was to obtain the source 
code of each block and analyse relationships between the connection blocks. The 
generated model.rtw contained the system blocks and their connection information.

The target language compiler (TLC) includes library functions for retrieving data from 
fields of the model.rtw file. TLC reads script files (or TLC files) that specify the format
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Target Language 
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Make

y Executable File 
Download to target hardware

supervisory software

Figure 2-12. Real-Time workshop architecture.

and content of output source files. TLC program can be modified to maximize the 

efficiency of the code of models containing user S-function.
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Real-Time Workshop uses template "makefiles" to build an executable file from the 

generated code. The template makefile contain the information of the compiler, linker 
and rules information to control the procedure for generating the executable program.

According to the different hardware used, there are many ways to download the 
executable file to the target hardware. In this thesis, the executable file is transmitted 
from the host computer to the embedded board through the Ethernet-based network. 
TCP/IP protocol suit is employed as the transmission protocol as shown in Figure 2-13.

The whole build process can be summarized as follows:

1. First, user designs the control system by using Matlab/Simulink.
2. The RTW analyses the block diagrams and their relationship then generates a 

model description file, model.rtw.
3. Next, the Target Language Compiler is used to generate target-specific code and 

process model.rtw.
4. Next, make_rtw creates a makefile, model.mk, from the user template makefile.
5. Finally, make file is invoked. It compiles and links a program from the 

generated code for user defined hardware

By using the Real-Time Workshop C-API, the signals and parameter can be monitored 
and tuned, when the generated code was executed. The configuration diagram for online 
monitoring the process status and tuning the controller parameter was shown in Figure 
2-14. Firstly, our application code interacts with the real-time model structure to get 
signals and parameters through the C-API. Secondly, the information on signals and 
parameters are sent to the supervisory program through a network using the TCP/IP suit. 
The ExtUserData structure is used to store the information of socket connection, upload 

data, and status flags, 
typedef struct ExtUserData_tag {

boolean_T upLoadData;

uint_T UploadRate;
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SOCKET sFd; /* socket to listen/accept on 

DownloadTables Tables; 
ucharJT Buffer [MAXBUFFERLENGTH]; 

struct sockaddr_in IpAddr; 
uint_T heart_beat_rate; 

} ExtUserData;

"upLoadData" is an upload flag. When the flag is set, the real time program uploads 

signals and parameters information to the supervisory program; "UploadRate" is used to 

store the information for upload speed; "sFd" is used to store the connection socket id 

number; "Tables" contains the information of upload signals and parameters; "Buffer" 

contains data packages for uploading. "IpAddr" is the supervisory computer Internet 

protocol address; "heart_beat_rate" is a preset value for a heart beating message.

Host computer

Figure 2-13. The structure of the transmission of the executable file.
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NCS Board

Supervisory 
Program

Host computer

Figure 2-14. Configuration diagram for tuning and monitoring control program.

2.5.2 Supervisory program

The supervisory program, which is developed by using Microsoft Visual C++ 6.0, sends 

new parameters to the real time program or displayed real time signals and parameters. 

The three-layer structure was adopted in the supervisory program as shown in Figure 2- 

15. The main task of the network interface layer is to set up a network communication 

channel between the message handling service layer and real time control program. The 

MFC CAsyncSocket class is used to send and receive data packets. Since the network 

communication channel can be disconnected due to the failure of network equipments 

without noticing the real time control program, a 'heart beat' message is regularly sent to 

the real time control program. If the real time control program does not receive the 

'heart beat' after the preset time, it will shut down the connection.

In order to distinguish the different messages sent by the network interface layer and 

user interface layer, the structure of "PktHeaderJag" is used in the message handling 

service layer.

typedef struct PktHeader_tag {

ULONG type; /* packet type */

ULONG size; /* number of bytes to follow */ 

} PktHeader;
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Figure 2-15. Three-layer structure of the supervisory program.

The different message handling routines are chosen according to the value of "type", for 
example, there are two messages: EXT_GET_PARAMSIGNAL and 
EXT_UPLOAD_DATA. The message of EXT_GET_PARAMSIGNAL is used to 
indicate that all information of system signals and controller parameters were uploaded. 
And the message of EXT_GET_PARAMSIGNAL is used to tell the message handling 
service layer that the chosen signals and parameters data are uploaded. The packet size 
is obtained from the value of "size".

The user interface layer had two functions. Firstly, it creates a link from the display and 
input tools to the system parameters and signals. Secondly, it provides an interface 
between the user and supervisory software. The display of the supervisory software 
interface was shown in Figure 2-16. The "number input" and the "slider" tool of the 
supervisory software are used to modify the parameter. The "number display", "trend 
graph", "meter" and "slider" can be used to monitor the changing signals and 
parameters.
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Figure 2-16. Display of supervisory software interface.

2.6 Practical implementation of the RPC-I method on a servo system

To apply the RPC-I strategy to a practical system, a networked servo control system has 
been built, which was shown in Figure 2-17.

Figure 2-17. The networked controller board and servo plant. 

The test rig consists of a networked control board (NCB), a networked implementation
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board (NIB) and a servo control plant. The kernel chip of the networked control and the 
implementation boards is Samsung S3C4510B. It is a cost-effective, high-performance 
microcontroller solution for Ethernet-based systems. The S3C4510B can operate at 
either 100-Mbits or 10-Mbits per second in half duplex or full-duplex mode. The 
implementation board has eight 12-bit A/D channels and two 16-bit D/A channels.

The control diagram of the Intranet/Internet-based control system was shown in Figure 
2-18. In order to increase the communication speed for networked control systems, the 
UDP is adopted (Zhang et at, 2005). UDP offers a direct way to send and receive 
datagram over an IP network, therefore it has a higher speed, which is very important 
for networked control systems that have a very high time-constraint requirement.

2.6.1 The measurement of the network delay and data dropout

The measurement of the network delay and data dropout is an important and 
challenging area in the design of NCSs. Since the main task of designing NCSs 
algorithms is to compensate for the network delay and data dropout, the performance of 
the networked control system will be significantly degraded if the network delay and 
data dropout can not be measured accurately. Data dropout can be detected if a sender 
puts a sequence number on every packet and the receiver just checks the sequence 
number of packets arriving. If the receiver does not receive a packet with the correct 
sequence number in one control cycle, then there exists a data dropout. Compared to the 
measurement of data dropout, the measurement of the network delay is more 
complicated. The time required to sends a packet from one network node to another is 
normally referred to as the one-way transit time.
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Figure 2-18. The diagram of the Intranet/Internet-based networked control system.

The time, to send a packet from one client network node to another host network node 

and then the host network node sends back the packet, is referred to as round trip time. 
The scheme structure of measuring the round trip time was shown in Figure 2-19.

The one-way transit time is normally used to indicate one way network delay and the 
round trip time is used to indicate round trip network delay. The round trip time is an 

important measurement in the industrial application of NCSs. There are two different 
methods, which can be used to measure the one-way transit time. One method is to 
obtain the offset from time clocks run on different network nodes (Paxson, 1997). 
Another method is to carry out online measurement of the round trip time. The one 

way transit time value can be inferred from the value of the measured round trip time.

A) Method 1: using time clocks on different network nodes

In order to simplify the analysis, it has been assumed that there was no clock skew 

between the different network nodes. Suppose^, is the time required to send a package

p from network node A (NNA) to network node B (NNB). Tpma is the time stamp value
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Figure 2-19. The configuration of round trip time measurement system.

from NNA clock and Tpmh is the time, which is recorded when NNB receives the time 

marked package p . Let Cab be the time offset between NNA clock and NNB clock and 

Tpl be the OTT delay from NNA to NNB. Therefore the following equation can be 

obtained,

T =T —T —Cpt pnna pnnb ab (2-32)

Since Cab can not been known at the NNB side, equation 2-32 can not be used to 

determine Tpl . Cab can be estimated by

C = T —T —Tab pnna pnnb pt (2-33)

The network condition affectes the value of Tpmia - Tpmb and Tpl . In order to obtain the 

accurate value of Cah , %Tba the minimum observed value of Tpma - Tpmb is used. £,Tba is 

assumed to occur when the network utilization is at its lowest. Similarly another
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package a is sent from NNB to NNA. The transmission time required to send this 

package is Tal . ^Tab is the minimum observed value of fpma -fpmb , where here fpnnb is

the time stamp value sent to the NNA side with packages . fpnna is the NNA clock time 

when the NNA receives the package a . Cba is the time offset between NNB clock and 

NNA clock.

Under the assumption of minimum network utilization, it can be gotten, 
Cab =^Tba -Tpl (2-34)

Cb.=5T«-Tal (2-35) 

Since Cab = -C^ ,then

2C06 = STbo - Tpl - (£,Tob -TJ = STab - ̂ Tba + Tal - Tp, (2.36) 

If it was assumed Tal = Tpl , then

(2-37)

In general, in a practical application, there is both clock skew and clock drift. Figure 2- 
20 showed the real time measurement of clock skew in the practical application. In 
order to compensate for the effect of clock skew, a clock synchronization mechanism 
had to be added to the system. The most common form of clock synchronization used in 
networked control systems is the network time protocol.

B) Method 2: online measurement

An integral ramp signal/? e {l, 2, ••• 00} , which was increased by 1 at each control

cycle, was used in this method. The signal R was sent from the NNA to the NNB, and 
then the NNB sent back the received signal R . The difference between the current ramp
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signal value and the sent back ramp signal value was the total round trip time delay step. 
The round trip time delay measurement can be used to infer the state of a network 
connection between different networks nodes. The round trip time delay can also be 
used, as a parameter to measure the network load and also to evaluate the available 
bandwidth.

0 800 1600 2400 3200 4000 4800 5600 6400 7200 8000

Time(s)

Figure 2-20. Real-time measurement of clock skew.

If it was assumed that the forward and feedback network delay step were the same, then 
half of the above difference value represents the one-way transit time. The first method 
achieved a high accurate measurement of the network delay at the expense of high 
hardware and software requirements. Compared to the first method, the second method 
is more easily applied but has slightly less accuracy. For the experimental work 
presented in this chapter, the second method was chosen as the network delay 
measurement algorithm.
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2.6.2 Basic network characteristics

Some basic characteristics of the Intranet and Internet were tested before the networked 
controller was designed. Since the network predictive control method sent a package of 
predictive control values from the controller side to the actuator side, the relationship 
between package size and network delay was a key factor that needed to be tested 
before designing control methodologies for NCSs.
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Figure 2-21. The relationship between the package size Pf and the network delay, (a) 

Pt = 8 bytes (b) Pt = 80 bytes (c) P, = 160 bytes (d) Ps = 320 bytes.
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For the Intranet, the following experiments were carried out. The sampling period was 
set to 40 milliseconds. The packet sizes Ps were set to be 8, 80, 160 and 320 bytes. The

200 experiments are carried out. One of the typical practical results was shown in 
Figure 2-21. In order to simplify the display, the network delay was set to zero if data 
dropout occurred. Thus the data dropout rates can be inferred from the zero value rates 
in the practical experiments.
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Figure 2-22. The relationship between the package size Ps and time delay, (a) Ps =8 

bytes (b) Pt = 80 bytes (c) Pt = 160 bytes (d) Ps = 320 bytes.

The results showed that the maximum round trip time delay was 80 milliseconds when 
the package sizes were 8 bytes and 320 bytes. Therefore the package sizes did not affect
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the network delay when the package size was less than 320 byte in the case of the 
Intranet. The average result of 200 practical experiments were shown in table 2-1.

Table 2-1 average result of practical experiments on the network delay and data dropout

Packet sizes(Bytes)

8
80
160
320

Intranet
Maximum Network 
delay (ms)

80
80
80
80

Data dropout

0.897%

0.952%

0.942%

0.989%

Internet
Maximum Network 
delay(ms)

480

480

480

480

Data dropout

9.02%

8.75%

8.13%

7.08%

These results indicated that the control algorithm can send a relatively large package 

across the Intranet-based control system, without affecting the control system 

performance.

For the Internet, the following experiments were carried out. The sampling period was 

set to 40 milliseconds. The packet sizes Ps were set to be 8, 80, 160 and 320 bytes. 200

practical experiments were undertaken. One of the typical practical results were shown 

in Figure 2-22. If there was data dropout, then the network delay was set to zero. Thus 

the data dropout rates can be inferred from the zero value rates in the practical 

experiments.

It can be seen that the network delay only increased from 0.4 second to 0.48 second. 
Therefore the packet size only slightly affected the network delay and data dropout in 
the case of the Internet when the packet size was less than 320 bytes. The system 
sampling period was set to be 40 milliseconds in both the Intranet and Internet network.
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2.6.3 Intranet-based control experiments

As for the Intranet experiment, the NCB and NIB were put under the same subnet (their 

IP addresses are 193.63.131.15 and 193.63.131.219, respectively). The virtual local 

controller parameters were the same as the ones used in the simulation. The network 
delay between these two boards was reasonably constant. There was a one step network 

delay in the forward and feedback channels respectively. In all 

subsystems, A(0,0),A(0,1) and A(l,l) are stable as shown below.

A(0,0) =

1.6624
1
0
0
0
0
-0.048
0
0
0
0
0

-0.6614
0
1
0
0
0
0.044
0
0
0
0
0

0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
1
0
0
0
0
0
0
0

0
0
0
0
0
1
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

1.2599
0
0
0
0
0
0.91
1
0
0
0
0

0
0
0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
0
0
0
0
1
0

1.6624
1
0
0
0
0
0
0
0
0
0
0

-0.6614
0
1
0
0
0
-0.0795
0
0
0
0
0

0
0
0
1
0
0
0.0718
0
0
0
0
0

0
0
0
0
1
0
0
0
0
0
0
0

0
0
0
0
0
1
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

1.2599
0
0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
0.7676
0
1
0
0
0

0
0
0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
0
0
0
01
0
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1.6624
1
0
0
0
0
0
0
0
0
0
0

-0.6614
0
1
0
0
0
0
0
0
0
0
0

0
0
0
1
0
0

0
0
0
0
1
0

-0.09720.0863
0
0
0
0
0

0
0
0
0
0

0
0
0
0
0
1
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

1.2599
0
0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0.5984
0
0
1
0
0

0
0
0
0
0
0
0
0
0
0
1
0

A common P for the corresponding LMIs in equation 2-26 can be found by using 
Matlab/LMI Toolbox as shown below. Therefore, according to equation 2-27, the 
system is stable.

P =

2013.9
-2499.7

189.5
238.4

87.9
-22.4

-415.3
-1462.6
-812.3
-467.5
-310.6

-67.2

-2499
4324

-1753
-186

46
64

822
1078

200
108
183
-60

7
8
9
1
5
6
9
7
0
0
8
2

189.5
-1753.9
2738.5

-1155.4
-91.0
75.5
30.9

910.2
385.9

-224.4
-49.2
106.3

238.4
-186.1

-1155.4
1804.5
-700.2

-3.2
-182.1
-446.0
361.8
716.3

-155.8
-30.0

87.9
46.5

-91.0
-700.2
10305
-373.0
-149.4

6.2
-108.1

-74.7
413.4
-81.6

-22.4
64.6
75.5
-3.2

-373.0
260.6
-15.9
-69.5
-43.4
-60.1
-82.3
132.9

-415.3
822.9
30.9

-182.1
-149.4

-15.9
12659.1
-4208.8
-3578.4
-1123.6

-0.7
-16.1

-1462
1078
910

-446
6

-69
-4208
10016

-797
-69

-402
80

6
7
2
0
2
5
8
1
8
1
5
5

-812.3
200.0
385.9
361.8

-108.1
-43.4

-3578.4
-797.8
6904.2
1070.8

2.4
-225.8

-467.5
108.0

-224.4
716.3
-747
-60.1

-1123.6
-69.1

1070.8
2909.9

709.0
59.8

The step response of the Intranet-based control system without considering the network 

delay was shown in Figure 2-23.
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Figure 2-23. The Intranet-based networked control system without considering the
network delay compensation.

The step responses of the Intranet-based servo control system using the RPC-I method 
were shown in Figure 2-24. It was noted that the system responses of intranet control 
and local control were very similar. Therefore the proposed method can compensate for 
the Intranet network delay effectively. Since it is difficult to obtain the network delay 
accurately in the practical networked control systems, the overshoot of the Intranet- 
based predictive control system was worse than the local control system although the 

rise time was slightly better.

2.6.4 Internet-based control experiments

As for the Internet experiment, the NCB and NIB were put under different subnets. The 

experiments were carried out with the help of the Chinese Academic of Sciences. The 
NCB was physically put in China, whose IP address was 159.226.21.191. The NIB was 
put in the UK laboratory, whose IP address was 193.63.131.219. The characteristics of 

the network delay between these two boards were shown in Figure 2-25.
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Figure 2-24. The step response of Intranet-based predictive control using the RPC-I
method.
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Figure 2-25. The Real-time measurement of the Internet-based network delay

Since the network delay from China to the UK was more than 5-step, on average, the 
system was unstable if the virtual local controller was the same as equation 2-29, as 

shown in Figure 2-26.
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Figure 2-26. The experimental result of Internet-based network control without

considering the network delay.

When the network delay in the feedback channel was compensated, the system has a 

large overshoot even though it was still stable, as shown in Figure 2-27. When the 

network delay in both the forward and feedback channels were fully compensated, the 

system responses were shown in Figure 2-28. It can be seen that the results of a local 

control, Intranet-based control and Internet-based control systems are very similar. It 

seems that the performance of the Internet-based predictive control system is slightly 

better than both the local control system and the Intranet predictive control system. 

However, the smoothness of the response of the Internet-based predictive control is less 

smooth. This could be caused by several factors, e.g. long network delay, model 

uncertainties and nonlinearity. From this practical experiment, the conclusion can be 

drawn that networked predictive control can actively compensate for the network delay 

when the model of the plant is reasonably accurate.
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Figure 2-27. The step response of the Internet-based control system with the 
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Figure 2-28. The step response of the Internet-based control system with the networked

delay compensation.
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2.7 Practical implementation of the Internet-based predictive control 

method on an inverted pendulum system

The single inverted pendulum is the classic nonlinear, inherently unstable system, which 

is a very popular sub-system of the robot walking system. The network-based single 

inverted pendulum schematic diagram was shown in Figure 2-29. In the single inverted 

pendulum system, a pole was carried by a cart which was driven by a small DC servo 

on an approximately 150 cm tram-road. A heavy metal weight was fixed at certain 

locations along the pole length to adjust the pendulum's centre of mass. Two sensors 

were used to obtain the position of the cart and the angle of the pole. The inverted 

pendulum can be balanced via the right-and-left movement of the cart. The sum voltage, 

made up of cart position sensor and scaled pole angle sensor, was measured and sent to 

the controller (Server PC) by the actuator and sensor board (ARM 9 board) through a 

network. Then the controller sent back the control signal to the sensor and actuator 

board.

Control 
Signals

Control 
Signals

Control 
Signals

Figure 2-29. The network-based inverted pendulum schematic diagram.

The centre of mass of the inverted pendulum can be obtained by 

y = x + L sin 9 (2-38)
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where y was the position of the centre of mass of the inverted pendulum, x was the 

position of cart, 9 was the angle of pole, L was the length from connection joint point 

of the cart and pole to centre of mass of the inverted pendulum.

It was assumed that the angle of the pole was very small, therefore equation 2-38 can be 
rewritten as

y « x + L 9 (2-39) 

According to the handbook of the inverted pendulum (Edge, 1993), the cart servo 
system can be treated as a second order linear model approximately, and the inverted 
pendulum can be approximately treated as a second order model. Therefore under the 
assumption of small angles, the inverted pendulum system can be approximated by a 
linear model.

2.7.7 Offline simulations

Although the inverted pendulum was a non-linear system, it can be approximated by a 
linear model when the pole angle was very small. In the control system, a recursive least 
square method was used to identify the model of the inverted pendulum system. The 
comparison results of the plant and model outputs were shown in Figure 2-30. The 
linearization model of the inverted pendulum was identified using the least square 

method:

., -0.00992Z"' - 0.000153z'2 +0.00272Z"3 +0.00316z"* + 0.00475Z'5 -0.00883Z"6 
' 1-1.5966Z' 1 +0.48192z'2 +0.13359Z'3 -0.31642Z-4 +0.51657z"5 -0.21988Z-6

(2-40)

The sampling period was set to be 50ms.
The virtual local controller without considering the network delay, was designed using

experimental method to be
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Figure 2-30.The comparison result of model output and plant output.

Several offline simulations were carried out to evaluate the performance of the 

networked predictive control algorithm in the case of different types of network delay 

(the constant network delay, random network delay and data dropout). The Intranet- 

based and Internet-based test rigs were built to examine the practical performance of the 

proposed method.

In order to test the effect of the constant network delay, the inverted pendulum system 

was subjected to 1-step and 2-step constant network delay. The responses of the system 

were given in Figure 2-31. It can be noted that the control system was unstabilized by 

the 2-step (100 ms) constant network delay. As a comparison, the network predictive 

control method was used to compensate for the constant network delay with the 

simulation results shown in Figure 2-32.
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Figure 2-31. The step response of the control system for the case of constant network

delay.
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Figure 2-32. The step response of the networked control system using the recursive 

predictive control method for different network delays.
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It is noted that all system responses were very similar in the case of the different 
constant network delays. In order to test the performance of the proposed control 
algorithm to a changing network delay, the system was subject to 2-step constant 
network delay in the forward channel and a changing network delay in the feedback 
channel as shown in Figure 2-33.

The responses of the system were shown in Figure 2-34. It can be noted that although 
the network delay was different in the feedback channel, the responses of the control 
system were the same. Therefore the stability of the system will not be affected by the 
changing condition of the feedback channel network delay when there was a constant 
network delay in the forward channel.
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Figure 2-33. Changing network delay in feedback channel.

Data dropout was another factor affecting the performance of the network control 
system. The system response in the event of data dropout was shown in Figure 2-35. 
The fluctuations in the control system response increase with the increase of the data 

dropout rate. In order to compensate for the data dropout, u(k + 11 k - Ak - rk ) will be 

used as an input to the plant in the event of a missing sample at k + 1 time. The 
performance of the control system using the data dropout compensation mechanism was
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shown in Figure 2-36. It can be noted that the system responses were the same at the 
different data dropout rates. Thus the data dropout compensation strategy can efficiently 
reduce the effect of data dropout.
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Figure 2-34. The response of network predictive control method for the case of the 
constant network delay in the forward channel and square wave change in the feedback

channel network delay.
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Figure 2-35. The response of the networked control system for various data dropout
rates.
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Figure 2-36. The response of the networked control system using the recursive 

predictive control method for different data dropout rates.

2. 7.2 Practical implementations

In order to apply the proposed control strategy to practical systems, an Intranet-based 

control test rig and an Internet-based control test rig were built at the University of 

Glamorgan (UK) and University of Illinois at Urbana-Champaign (USA). The 

Networked control system consisted of a server PC, an inverted pendulum sensor, 

controller board (AT91RM9200) and a single inverted pendulum (Bytronic pendulum 

control system). Figure 2-37 was the inverted pendulum system, the sensor and 

controller board. The server PC was used to generate a set of predictive control 

sequences, which was sent to the inverted pendulum control board through the Ethernet- 

based network using the UDP protocol. When the single inverted pendulum controller 

board received the control sequence, a suitable control value was chosen according to 

equation 2-13. At the same time, the pendulum angle and cart position signals were sent 

back to the server PC through the Ethernet-based network.
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Since the RPC-I method is a model-based networked control methodology, the accuracy 
of the plant model is a key factor which affects the performance of the control system, 
especially in the event of inherently open-loop unstable systems, therefore a online 
identification method was used. For this application, a recursive least-squares sequence 
estimation (RLSSE) algorithm was employed, which was written as:

= y(k)- 9T (k)6(k-\) 
K(k) = P(k)p(k) = P(k -

= {P(k -1) -
(2-42)

where

the regression vector is

and y is the forgetting factor.

Figure 2-37. The Inverted pendulum system and controller board.
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As for the Intranet-based networked control system, the NCB and NIB were located at 

the University of Glamorgan. Their IP addresses were 193.63.131.15 and 
193.63.131.219, respectively. The results of a practical experiment through the Intranet 

were shown in Figure 2-38.
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-9- 

-10

—— Local control
Networked control without compensation

------ Networked control with compensation

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Time(s)

Figure 2-38. The response of the Intranet-based inverted pendulum system.

In Figure 2-38, it was noted that the intranet based control system without using the 
compensation method were unstable and the local control and intranet control using the 
predictive control method were very similar. Thus the recursive predictive method can 
effectively compensate for the network delay. The responses of local control and 
networked control with delay compensation are not the same as those shown in the 
simulation because of the discrepancy between the model and the real plant.

An Internet-based control test rig was also built i.e. the controller located in the 
University of Illinois at Urbana-Champaign, whose IP address was 130.126.179.224. 

The experiment results were given in Figure 2-39. Although the response of the 
Internet-based inverted pendulum system with network delay compensation was highly
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oscillatory, the system was still stable. Therefore the networked predictive control can 
actively compensate for the network delay and achieve a stable performance.

Local control
• internent control with compensation

10 12 14 16 18 20 22 24 26 28 30 32 34 36

Time(s)

Figure 2-39. The response of Internet-based inverted pendulum control system.

2.8 Conclusion

In this chapter, the design and implementation of the RPC-I scheme were studied for 
networked control applications. The stability of the proposed method was discussed, 
simulated and tested for a wide variety of scenarios. In order to illustrate the 
performance of the proposed scheme, both offline simulations and practical 
implementations on a networked servo system and a networked inverted pendulum 
system were carried out through Intranet and Internet. It demonstrated that the RPC-I 
strategy is an effective network delay compensation control method.
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Chapter III

Design and Stability Analysis of Two Model Predictive 

Control Methods for Networked Control Systems

Abstract -This chapter presents two novel control strategies for networked control 

systems that dealt with the constant network delay, random network delay and data 

dropout. These are termed as the inner loop networked predictive control method and 

the outer loop network predictive control method. The designs of both methods were 

discussed for the general case, where a virtual controller can be designed by various 

conventional control methods. The application of these two strategies was made to the 

servo control system, and was realized through the Intranet and Internet. Various 

simulations and experimental results were presented to evaluate the performance of 

both proposed methods.
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3.1 Introduction

With the development of network technologies, more and more intelligent devices or 
systems have been embedded into the Internet for services, securities and entertainment, 
including distributed computer systems, surveillance cameras systems, telescopes, 
manipulators and mobile robots. Clearly, the Internet has provided a powerful tool for 
distributed collaborative computing. The emerging network technologies do introduce 
many advantages to advanced control systems. It allows remote monitoring of system 
performance; remote tuning of the parameters of controllers and collaboration between 
skilled system designers and operators situated in geographically diverse locations. 
These advantages can not be achieved by the use of design methodologies for 
conventional control systems.

Although the notion of networked control systems (or network based distributed control 
systems) is relatively new and still in its infancy, it has captured the interests of many 
researchers worldwide (Nemoto et al, 1997; Overstreet and Tzes, 1999; Tipsuwan and 
Chow, 2003). Networked control systems have opened up a completely new area of 
world wide applications, namely tele-training, tele-manufacturing, tele-surgery, 
museum guidance, traffic control, space exploration, disaster rescue, and health care. 
Recently, much attention has been paid to various issues of networked control systems, 
for example, the stability problem in the presence of the network delay and packet 
dropout (Zhang et al, 2001), the design and implementation problems of networked 
control systems (Yang et al, 2003; Zhivoglyadov and R. H. Middleton, 2003) and the 
network traffic congestion problem(Wong and R. W. Brockett, 1999).

The design of networked control systems is quite different from that of conventional 
control systems because of the two-sided features of the network. On the one hand, the 
network delay presents a challenge to the design of networked control systems. On the 
other hand, a set of control sequences and system measurements information can be 
transmitted from one network node to another network node in one control cycle
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through a network, which is different from conventional control systems. Based on 

these features, two new control strategies for networked control systems are proposed, 
which belong to the networked predictive control methodology. This chapter addresses 
the design, stability analysis and practical implementation of networked control systems 
with random network delay using the proposed methods.

3.2 Design of NCSs using the model predictive control method

3.2.1 Structure of the model predictive controller

Two model based networked predictive controllers are proposed in this chapter to 
overcome the unknown network delay. These controllers consist of two parts: the model 
based control prediction generator (MFC) and the network delay compensator (NDC). 
The MFC is designed to generate a set of future control predictions using the 
information from the plant model and the virtual local controller, which is designed 
without considering network delay and data dropout. The NDC is used to compensate 
for the unknown random network delay and data dropout by using an algorithm that 
calculates the network delay. To make use of the network advantage that it can transmit 
data packages, a set of consecutive control predictions in the forward channel are 
packed and transmitted through the network. Two model based networked predictive 
controllers discussed in this chapter are named as the inner loop networked predictive 
control (ILNPC) method and the outer loop networked predictive control (OLNPC) 
method. The structures of the two proposed methods were shown in Figure 3-1 and 

Figure 3-2, respectively.
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Figure 3-1. System structure of the networked control system using the ILNPC method.
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Figure 3-2. System structure of the networked control system using the OLNPC method

The main difference between the ILNPC method and the OLNPC method is that the 
OLNPC method uses the actual control value rather than the first predictive control 
value to generate the predictive control sequences on the controller side.

3.2.2 Design ofNCSs using the OLNPC method

Let 9?[z~', p] denote the set of polynomials in the indeterminate z' 1 with coefficients in 

the field of real numbers and with the order/? in a set of non-negative integer numbers. 

For example, the polynomial Ak (z" 1 ) e <R[z"' ,n], that is,
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A k (z~ t ) = all0 + ak] z~ [ +ak 2 z~2 + --- + akn z~" . For the sake of simplicity, the 

following assumptions are made:

a) The network delay in the forward and feedback channels are rk and Ak ,

respectively;

b) The network delay in the forward and feedback channels are upper-bounded. The 

maximum round trip delay is N and the maximum forward channel network 

delay isr .

c) The number of consecutive data packages dropped in the forward channel through
the network are not greater than T . 

Consider a single-input single-output (SISO) discrete time plant described by

(3-1)

where y(k) and w(k) are the output and input of the controlled plant, d is the intrinsic 

system delay, and A(z~*)e 9?[z"',«] and B(z~ l ) e <R[z~',w] are the system 

polynomials.

Omitting the network delay in the control system, there are many control design 
methods available to achieve a good performance, for example, PID, LQG, MFC etc. It 
is assumed that a virtual local controller for the system, designed without considering 

the network delay is given by

C(z->(*) = />(*->(*) (3-2) 

where the polynomials C(z~')eSR[z~',/ic ] and D(z~ > )ey{[z~l ,nd ] and 

e(k) = r(k) - y(k) is the error between the future reference r(k) and the output y(k) .
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To compensate for the network delay, the control prediction sequence it(k+i\k) at time 

k , for i=0, 1, 2, , rk , is generated by

C(z-')ii(* + /!*) = D(z- l )e(k + i\k) (3-3) 

and the error prediction e(k+i\k) at time k is defined as

(3-4)

where y(k + i\k) is the output prediction at time k and r(k +/") is the future reference 

input. For the sake of simplicity, the following operations are defined as:

x(k-i\k- 1) = x(k - /) for i= 1,2, ,k (3-5) 

x(k-i\k-i) = z-*x(k-i + \\k-i), for i= 1,2, ,k (3-6)

where *(.) represents y(.) and M(.).

For / = 0, 1, 2 • • • N , there exists the following Diophantine equation:

(3-7)

Since the historical information of the plant input and plant output are known at k- 

time, the output prediction sequences at k-At time can be given by :

(3-8) 

Equation(3-8) can be compacted as
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2* -

(3-9)
The second term on the right side of equation 3-9 can be separated into two parts: the 
first part contains the control sequence before time k - Ak and the second part contains 

the future control prediction sequences. So, let

(3-10)

where the polynomialG0,(z~') e <R[z-',/w + rt - l]and the matrixA/0 e <R<">' ( ">. Thus,

Y(k\k) = (3-11)

where

= M(Jfc-/lit +l|yt-/lA )) tt(*-A4 +2\k-Ak ), -, «(Jt-A4

According to equation 3-2, the future control sequences can be obtained by
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= D(z- l )(R(k) - Y(k | *)) (3-12)

where R(t) = [r(k - \ + 1), r(k - Ak + 2), • • • , r(k-\+ N)~f .

The termC(z~')t/(A: | £)can also be separated into two parts: the first part contains the 

control sequence before time k - kk and the second part the predicted future control 

sequence. Then, let

C(z-'M* | *) = ff0 (z->(* - A,) + L0U(k | k) (3-13) 

where#0 (z' l ) = [//00 (z"'), Hol (z' 1 ), •••, Holf,_ l} (z~ 1 )^ , the polynomial

H0i (z~ l ) e 9?[z"',max{nc -/ -l,0}]and the matrix L0 e «R ( ^ )X(S) . Combining equation 

3-1 1,3-12 and 3-13 gives

L0U(k | *) = D(z ^

Let

(3-15) 

where ro (z-') = [roo (z-'), roi (z-'), •••, r^^^z'1 )] T , the polynomial

ra (z~') e <R[z-',max{«d +/w + /-I, 0}]and the matrixM0 e <R (A?^ W/?^ ) . As a 

result,

= (L0 + Mo y l D(z- ] )R(k) - D(z' t )F0 (z- > )y(k - Ak

Therefore, the control prediction sequences can be determined by
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r(k+N)-

where

[S00 (z-') 501 (z-')

and the polynomial ̂ (z' 1 ) e W[z'',nrf + ^], 0(z"') 6«[z'',wrf +«-!]

c -/-l, «I/ + w + /-l, 0}].

(3-17)

The network delay compensator is taken as

(3-18)

3.2.3 /)es(g« ofNCSs using the ILNPC method

In order to obtain the control sequence using the ILNPC method, equation 3-5 was 

redefined as

for i= 1, 2, .... k 

for i=0,l,2,...

(3-19) 

(3-20)

where x(.) represents y(.) and u(.).

For ;'=0, 7, 2, , N, there existed the following Diophantine equation:
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(3-21)

where the polynomials £/ (z"')eW[z"',i + ^k -1] and F,(z~ l )eW[z~ l ,n-l].

Here, it was assumed that a virtual local controller of the system designed without 
considering network delay is given by

d) (3-22) 

where the polynomials C(z~')6SR[z~',Hc ] and £>(z~')e!iR[z~ l ,n(/ ]and 

e(k + d) = r(k + d)- y(k + d \ k) was the error between the future reference r(k+d) and 

the output prediction y(k + d \ k) . To compensate for the network delay, the control 

prediction sequence u(k+i\k) at time k, for i=0, 1, 2, ..., T , was generated by

C(z-*)u(k + i\k) = D(z- l )e(k + d + i\k) (3-23) 

and the error prediction e(k+d+i\k) at time k was defined as

i)-y(k + d + i\k) (3-24) 

where y(k + d + i\k) is the output prediction at time k and r(k+d+i) was the future 

reference input.

Combining the above and the controlled plant yields the following output predictions at 
time k: 

y(k + d\k) = Fd (z~')y(k - AJ + B(z- l )Ed (z~ l )u(k\ k)

which can be compacted as
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/-«(*•').

B(z~ l )Ell (z- l )u(k\k)

(3-26)

The second term on the right side of the above can be separated into two parts: the first 
part contains the control sequence before time k and the second part contains the future 
control prediction sequence. So, let

" «(*|*)

u(k-l\k-l) + M, u(k + \\k)

where the polynomial Glk (z "') e <R[z"',w + Ak + d + rk - l]and the matrix 
M, e5R <r+1)x(r+ ".Thus,

(3-27)

d\k) = F, (z~ l )y(k -^) + G, (z^)u(k - 1 \ k - 1) + M,U(k \ k)

where

, u(k + l\k), ••-, u(

(3-28)

From the controller designed for the system without considering network delay, the 
future control sequence can be expressed by
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= D(z~l )(R(k + d)-Y(k + d\ k)) (3-29) 

where R(k + d) = [r(k + d), r(k + d + \), •••, r(k + d + r)]r is the reference. The

term C(z~ l )U(k \ k) can also be separated into two parts: the first part contains the 
control sequence before time k and the second part is the predicted future control 
sequence. Then, let

C(z- ! yU(k | Jt) = H,(z-*)u(k - 1 1 k - 1) + L,U(k \ k) (3-30) 

where H,(z~l ) = [H10 (z- 1 ), Hn (z~ l ), — , #/r (z~')J, the polynomial

^// (z"')e9l[z~ l ,max{iif -i- 1,0}] and the matrix L, e <R (r+1>x<r+l) . Combining (2-1 1), 

(2-1 6) and (2- 17) gives

H,(z' l )u(k - 1 1 k - 1) + L,U(k | k) = D(z 
-D(z- l )G,(z- l )u(k - 1 1 k - 1) - D(z~ [ )M1 U(k \ k)

(3-31) 
Let

Y,(z~^u(k - 1 1 k - 1) + M,U(k \ k) = D(z- l )(G(z~ l )u(k - 1 1 k - 1) + M,U(k \ k))

(3-32)

wherer/ (2"') = [r/0 (z- 1 ), F,,^"1 ), -, r/r (z"')] r , the polynomial 

r/( (z"') e <R[z" 1 ,max{«rf +m + At +d + Tk -l, 0}] and the matrixM/ e 5R( f+I)x(r+1) . As 

a result, 

U(k \k) = (L+ A/)' 1 {D(z~ l )R(k + d)-

Therefore, the control prediction sequence can be determined by the following 
predictive controller:
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u(k\k)

(3-34)

where

and the polynomial/>,(z~')e SRIz' 1 ,/?,,+ r], g// (z~')eW[z"',wrf +n-l] and 

5,,(z"') e <R[z" l ,max{/7c. - / - 1, n^ + m + rk +d + Ak -\, 0}].

3.2.4 Implementation procedure of the model predictive control method

The implementation procedure of the networked predictive control scheme can be 
summerized as follows:

Step 1: Design a virtual local controller of the system without considering network 
delay to satisfy the system performance requirements using conventional control 
methods, for example, PID, LQG, model predictve control etc.

Step 2: Calculate the output sequences of the control prediction generator using 
equation 3-17 and 3-34.

Step 3: Transmit each sampling period a set of output predictive sequences generated by 
the control prediction generator to the plant side through the network.
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Step 4: Apply the network delay compensator to choose the controller output for the 
plant using eqaution 3-18.

3.3 Stability of NCSs using the model predictive control methods

The stability of a closed-loop system is one of the most important issues in the design of 
control systems. The stability of the OLNPC method was analysed for two cases: the 
first one was the fixed network delay in the forward channel and random network delay 
in the feedback channel. And the second one was the case of the random network delay 
in both forward and feedback channels. The stablity criterion for the ILNPC method 
will be given for the case of the constant network delay.

3. 3.1 The stability analysis of NCSs using the OLNPC method

A) Fixed network delay in the forward channel and random network delay in the 

feedback channel.

It was assumed that the network delay rk in the forward channel is constant and Ak in 

the feedback channel is random. Only u(k + rk \k-2k ) was sent from the controller 

side to the actuator side as the control value u(k + rk ) at k + rk time. Then 

\u(k + Tk -\) u(k + Tk -2) ••• u(k + rk - \ )] will be known at k time. From 

equation 3-9, it can be obtained that

)u(k - ̂  + 1) (3-35) 

Combining equation 3-1 and 3-7 gives

y(k - \ + 1) = F0 (z~*)y(k - 4) + B(z- t )E(z- t )u(k - ̂  + 1) (3-36) 

It can be seen that
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At + l) (3-37) 

Repeating the above procedure , it can be gotten

Tt ) (3-38) 
According to equation 3-13

C(z-')«(* + Tj *) = D(z- l )(r(k + Tk )-y(k + Tk \k-Ak )) (3-39)

In order to simplify the stability analysis of the networked control system, it is assumed 
that the reference input is zero without loss of generality.

C(z->(* + rj *) = D(z- l )(-y(k + rk \k-Ak )) (3-40) 

Combining equation 3-24 and 3-3 gives

(3-41)
1=0

According to equation 3-18,

u(k + Tk ) = u(k + Tk \k-At ) (3-42) 
Based on equation 3-25, the plant input can be determined by

u(k + rk ) = D(z- > )(-y(k + rk )) + c,u(k + rk - /) (3-43)
;=1

Then we have

( 3.44)

Since equation 3-44 is the transfer function consisting of NPC, feedback and forward 
channel network delay. Therefore, the system stability is independent of network delay
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in the case of fixed network delay in the forward channel and random network delay in 
the feedback channel.

B) Random network delay

In order to simplify the analysis of the stability of the networked control system, it is
assumed the reference input of system is zero without loss of generality.
Let

Qo =

?02 

9,2

V-ll 1W-12

"12

SP-\ I SN-\N

Where T and K is the coefficient matrix of F0 (z~l )D(z~l ) and

Then equation 3-17 can be rewritten in state space form,

U(k) = -S0U(k - 4) - Q0Y(k - 

where

(3-45)

••• u(k - Ak - A 2 )f
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A, = nd + n- 1 and A2 = ma\(nc -N-\,nd + N-\)

Based on equation 3-29, it can be easily obtained that

Note that, the plant can be represent as

where

(3-46)

(3-47)

A is the upper bound of Ak + rk + A, and F is the upper bound of 

According to equation 3-18, we can get,

Combining the equation 3-32 and 3-31 gives

Then equation 3-33 can be rewritten as

" ' ' '

Ix(f+2)

/fxf

(3-48)

(3-49)

(3-50)

where
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and

According to Chapter 2, if there exists a positive definite matrix P such that

(3-51)

for£, e {0,l,---,rt } , then the closed- loop system (3-33) is stable for all random network 

delays.

3.3.2 The stability analysis ofNCSs using the ILNPC method

The stability analysis for ILNPC was first discussed by Liu (Liu et al, 2006). It was 
assumed that the network delays r and Ak in the forward and backward channels were

constant. From the control prediction sequence derived in the previous section, it can be
obtained that

u(k\k) = P,(z-^r(k + d + T}-Q,(z-^y(k-^-S,(z-} )U(k-\\k-\) (3-52)

Then

(3-53)

Using (2-34) and (2-53), the &-step ahead predictive control at time k was expressed by
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(3-54)

As the network transmission was assumed to be fixed, the network delay compensator
was taken as

u(h-i) = u(k-i\k-i-\\ for / = 0, 1, 2, ..., m

Thus, the closed-loop system was

)u(k + rk \k)
'-^.-^Cz-X'

-'-'

(3-55) 

The closed-loop characteristic equation is

(3-56)

Therefore, the stability criteria of the closed-loop networked predictve control system 

with constant network delay is that the system is stable if and only if the roots of the 

above polynomial is within the unit circle.
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3.4 Practical implementation of the model predictive control method on a 

servo system

3.4.1 Practical implement platform for NCSs

To implement the proposed model predictive control strategies in a practical system, a 
networked control servo system test rig was built, which was the same as the one 
discussed in section 2.6 and was shown in Figure 3-3.

Networked controller board (NCB) Servo position control plant with NIB

Figure 3-3. Networked control system test rig.

Control

G.^«

A f 
1
1 
1
1

^———— s UDP
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t

|
UOP 
Sever

NCB

Predictive Control Signal 
Delayed Output Signal

Reference 
— — — — Measure signal

Figure 3-4. Implementation diagram of networked predictive control systems with two
synchronization signals.

85



The implementation diagram of the proposed predictive control system was shown in 

Figure 3-4. In order to increase the communication speed for networked control systems, 

the user datagram protocol (UDP) was taken as the transmission protocol.

Since a networked control system operates over a network, the data exchanged between 

the remote controller and the controlled plant will introduce a network delay. The 

accuracy of the network delay measurement significantly affects the performance of the 

networked control system. In order to obtain the network delay in the forward and 

feedback channels, two synchronization signals were applied to the networked control 

system. It was assumed that the network delay in the forward and feedback channels 

were the same. The network delay can be derived as follows:

and Nld =(Tlsr -T,J/2 (3-57)

Ncd is the network delay in the feedback channel, 7^ is the time of sending the 

network delay measurement signal by the NCB and Tcsr is the time of receiving the 

network delay measurement signal by the NCB. Similarly, Nu is the network delay in 

the forward channel, Ths is the time of sending the network delay measurement signal 

by the NIB and Thr is the time of receiving the network delay measurement signal by 

the NIB.

In order to validate the control performance of the proposed predictive control methods, 

several simulations and practical experiments were carried out through the Intranet and 

Internet.

3.4.2 Intranet-based control experiments

The Intranet-based predictive control system was built in the University of Glamorgan. 

It was found that the network delay in both forward and backward channels was almost

86



constant. 1-step network delay (about 0.04s) in both forward and backward channels 
was measured in practical experiments. A local controller was designed as

D(z) = 0.0475-0.047z' 
C(z)~ 1-z-1 (3-58)

A) Simulation results through Intranet

The simulation result of the Intranet-based servo motor control system using the 
equation 3-38 controller was shown in Figure 3-5, where it can be seen that system has 
26% overshoot, which was unacceptability high.

Figure 3-5 indicated that the network delay degrades the system performance when the 
controller was designed without considering the network delay. The simulation results 
using the ILNPC and the OLNPC methods were shown in Figure 3-6 and Figure 3-7, 
respectively. The system overshoots were 5% and 10%, respectively.

«
O>

30-

20-

— Local control
— 1 step time delay in forward channel 

1 step time delay in feedback channel
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Figure 3-5. Step responses of the traditional controller without considering the network
delay.
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Figure 3-6. Step responses of the closed-loop Intranet-based predictive control system
using ILNPC method.
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Figure 3-7. Step responses of the closed-loop Intranet-based predictive control system

using OLNPC method.

In Figure 3-6, it was noted that the system response of the networked control system 

using the ILNPC method has less than 21% system overshoot compared with the step 
response of the Intranet-based control without compensation and less than 5% overshoot
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compared with the step response of local control. The main reason for this phenomenon 
was that the ILNPC method can compensate for not only the network delay but also the 
intrinsic system delay. And in Figure 3-7, it can be seen that the OLNPC method can 
achieve similar results to that of local control.

B) Experiment Results through Intranet

For the Intranet-based control experiments, the NCB, whose IP address was 
193.63.131.15 and NIB, whose IP address was 193.63.131.219 were connected via the 
University of Glamorgan campus Intranet. The step responses of the closed-loop 
Intranet-based servo control system were shown in Figure 3-8.

Intranet control 
Local control 
Re re nee

-40 I ' i ' l i I i I ' I ' I ' I 
9 10 11 12 13 14 15 16

Time(s)

Figure 3-8. Step responses of the closed-loop Intranet-based control system without
network delay compensation.

The overshoot of the Intranet-based control system was 31%, which was similar to the 
simulation result. The step responses of the Intranet-based control system using the 
ILNPC and the OLNPC methods were given in Figure 3-9 and Figure 3-10.

89



ID
£ 
O> 
0) •

-40

Intranet control 
Local control 
Rerence

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time(s)

Figure 3-9. Step responses of the closed-loop Intranet-based predictive control system
using the ILNPC method.
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Figure 3-10. Step responses of the closed-loop Intranet-based predictive control system
using the OLNPC method.

From the above results of the real-time practical experiments, the network delay 

degraded the control performance of the closed-loop system and the ILNPC and the
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OLNPC control strategies can efficiently compensate for the network delay. The results 

indicated that the ILNPC method has better control performance than that of the local 
control without the network delay and the OLNPC has similar control result as that of 
local control

3.4.3 Internet-based control experiments

For the Internet-based control experiments, the NCB and NIB were put at different 
locations. The NCB, whose IP address was 159.226.21.191 was physically located at 
the Chinese Academy of Sciences, Beijing, China and the NIB, whose IP address was 
193.63.131.219 was put at the University of Glamorgan, UK. The measured network 
delay between these two boards varies between 10 and 12 sampling periods. Since the 
Internet has a longer network delay than that of the Intranet, the virtual local controller 
designed for the Intranet-based control was not able to stabilise the Internet-based 
control system. The controller that can provide a stable system within a 12-step network 
delay in both the forward and feedback channels was designed as

D(z) _ 0.0190-0.01887-' 
C(z)~ 1-z-1

A) Simulation result through the Internet

The control performance of the Internet-based control system without considering 
network delay compensation was shown in Figure 3-11 and Figure 3-12. It can be seen 
that there was a large overshoot and oscillation in the step responses of the system. The 

effects of the constant network delay were given in Table 3-1.

The ILNPC and the OLNPC methods were employed to improve the performance of the 

networked control system. The simulation results of the ILNPC method were shown in 
Figure 3-12 and the simulation results of the OLNPC method were shown in Figure 3- 

13.
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Table 3-1 the effects of the constant network delay
Network delay
None
4-step
6-step
8-step
8-step

System overshoot
6%
10%
18%
32%
52%

System settling time(s)
4.24
4.12
4.04
4.28
4.68

As shown in Figure 3-12 and 3-13, the proposed predictive control methods can actively 
compensate for the constant network delay. The OLNPC method can achieve a similar 
control response to that of local control and the ILNPC method can compensate for both 
the network delay and intrinsic system delay.
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Figure 3-11. Step response of the networked control system using the traditional 
controller without considering the network delay in both forward and channels.

However since the proposed methods belong to the model based predictive control, it 
was assumed that the model was the same as the plant. Therefore if there were some 
differences between the model and plant, the performance of the network control system 

will be detrimentally affected.
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Figure 3-12. Step response of the networked control system with the network delay 
compensation using the ILNPC method.
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Figure 3-13. Step response of the OLNPC method with network delay compensation.

In order to test the system performance in the case of the random network delay, the 
system was subject to 10-step to!2-step random network delay. The simulation result 
was given in Figure 3-14. The overshoot of the networked control system was 62% and 
the overshoot of the local control was 6%. The simulation results of the ILNPC and 

OLNPC methods were given in Figure 3-15.
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Figure 3-14. Step response of the networked control system using the traditional 

controller with the random network delay.
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Figure 3-15. Step response of the networked control system using the ILNPC and the 

OLNPC method with the random network delay.
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Compared the results of Figure 3-14 and Figure 3-15, the conclusion can be drawn that 
both ILNPC and OLNPC can achieve a good performance in the case of the random 
network delay.

B) Experiment results through Internet

The performance of the Internet-based control system without network delay 
compensation was shown in Figure 3-16. It can be seen that the step response of the 
Internet-based control system without the network delay compensation has a 
significantly higher overshoot than that of local control. The Internet-based control 
system has an overshoot of 68%. The experiment results of the ILNPC and the OLNPC 
methods were shown in Figure 3-17. It can be seen that the system has a similar step 
response to both the local control system and the Internet-based control system using 
the ILNPC method and the OLNPC method. Although there were modelling errors, 
disturbances and nonlinearities in the real servo plant, both ILNPC method and OLNPC 
method can actively compensate for the network delay.
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Figure 3-16. Practical experiment results using the traditional controller without
considering network delay
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Figure 3-17. Step responses of the closed-loop Internet-based control system using the
ILNPC and the OLNPC methods.

3.4.4 Comparison of the ILNPC and OLNPC methods

Since the ILNPC and OLNPC method used in this chapter are very similar, Table 3-2 
makes a comprehensive comparison between them. The OLNPC method can online 
identify the plant model by using the actual plant output and input because all the 
information is available on the controller side. Therefore the OLNPC method is more 
robust than that of the ILNPC method in the presence of disturbances and model 
uncertainties. In order to avoid the effect of data dropouts, all the information, which is 
needed to identify the plant model and generate a set of control predictive sequences is 
packed and sent from the actuator side to the controller side, and therefore the OLNPC 
method requires more bandwidth than that of ILNPC. It can therefore limit the 
application of the OLNPC to narrow bandwidth networks. The ILNPC method can not 
only compensate for the networked delay but also the intrinsic system delay. In order to 
implement the ILNPC method on the networked control system, the forward and 
feedback channel network delay has to be obtained respectively, which is still a

96



challenge in the design of networked control systems. As for the OLNPC method, only 

the round trip delay is required, which can be accurately obtained.

Online identification

Delay measurement

Bandwidth

System robustness

System intrinsic delay

ILNPC
No
Forward and feedback 
network delay, respectively
Require less bandwidth 
(The plant output)

Lower
Considered

OLNPC
Yes
Round trip delay

Require greater bandwidth 
(The plant output and 
controller output)
Higher
Not considered

Table 3-2. The difference between ILNPC and OLNPC method

3.5. Conclusion

Two networked predictive control schemes were presented for networked distributed 

control system with random network delay. Also the stability criterion for NCSs using 

the proposed method was derived in this chapter. The proposed networked predictive 

controller comprises a control prediction generator and network delay compensator. The 

control prediction generator provides a set of future control predictions. The network 

delay compensator is used to compensate for the random network delay. The stability 

analysis of the closed-loop networked predictive control system has given the analytical 

stability criteria for both the fixed and random network delays, respectively. The control 

performances of the proposed networked predictive control schemes have been 

demonstrated using several offline simulations and practical Intranet/lnternet-based 

control experiments. This chapter provided a generic design procedure for networked 

control systems.
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Chapter IV Design and Stability Analysis of Networked Control 

Systems Using the Modified Generalised Predictive Control Method

Abstract - This chapter presents another predictive control strategy to deal with the 

constant or random communication network delay, which is known to highly degrade 

the performance of control systems. The proposed method was named as the modified 
GPC method, which uses the future control sequences generated by a traditional GPC 

controller to compensate for the forward network delay. By using a model predictor, the 

network delay in the feedback channel can also be compensated. This chapter also 

analyses the stability of networked control systems using the modified GPC method. An 

analytical criterion was obtained for both the fixed and random network delays. The 

results of the simulations and experiments illustrate that the proposed controller design 

is a feasible solution for networked control systems.
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4.1 Introduction

Predictive control theory has developed rapidly since the 1970's. Nowadays, it has been 

widely used in industrial applications with many different predictive control algorithms 

have been developed (Richalet, 1978; Rouhani and Mehra, 1982; Clarke, 1988). The 

generalised predictive control (GPC) method introduced by Clarke (Clarke, 1987) was a 

generalisation of model-based predictive control and was suitable for controlling 

processes and plants with a variable dead time, which was simultaneously non- 

minimum-phase and open loop unstable. Many papers were published to show the 

effectiveness of this control algorithm (Bordons and Camcho, 1998; Normey-Rico and 
F.Camcho, 2000).

The basic idea of the networked predictive control method has been given in chapter 2, 

where a set of predictive controller output sequences is used to compensate for the 

network delays and data dropout in both forward and feedback channels. Due to the 

characteristics of the GPC method and networked control systems, their integration is 

inevitable. In this chapter, a modified GPC method was proposed to deal with the 

networked control system through the Internet and Intranet. The stability issue of the 

proposed modified GPC method was also discussed. Several simulations and practical 

experiments were undertaken to show the feasibility and effectiveness of the proposed 

method, with key results recorded to demonstrate its superiority over the traditional 

GPC method applied to networked control systems.

4.2 Design of NCSs using the modified GPC method

The modified generalised predictive control (MGPC) method is an intelligent extension 

of the traditional GPC method (Clarke, 1987). The basic structure of the proposed 

modified GPC method is shown in Figure 4-1. Since the controller and plant are 

connected by a network, the network delay and data dropout are unavoidable. The 

responses of the networked control system could be dramatically degraded if the system
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controller is designed using traditional GPC control method without considering the 

network delay. During normal operation without the network delay, only the current 

control signal at each sampling instant is applied to the plant, the remaining predicted 

control signals are just discarded. Since the networked controllers, actuators and sensors 

are connected through the network, the control signal generated on the controller side or 
the system information could be delayed and dropped in the transmission. The key idea 

of the proposed predictive control method is that a set of predictive control sequences, 
which are generated by a traditional GPC controller, are used to compensate for the 
network delay in the forward channel. The last available sequence at the actuator side 
can also be applied to compensate for data dropout. The implementation of this method 
is as follows.

Controller Side
Plant Side

Figure 4-1. The networked predictive control system using a modified GPC method.

When the reference signal r(k) is applied, the predicted controller outputs 

u(k\K),-• • ,u(k + Nu -\\k) (where Nu is the control horizon) at time k are generated by a

traditional GPC controller. If the generated control sequence subjected to the forward 

channel network delay rk is sent to the plant side at time k , the control sequence is 

received and stored in a buffer at time k + rk . In order to compensate for the network 

delay rk , u(k + rk \k) is used. If there is data packet loss in the forward channel at 

k + rk +1 time, the (rk + \)th controller predictive output u(k + rt + \\k) from the latest
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available control sequence in the buffer is used. If there are two or more control 
sequences, which arrive on the controller side at the same time due to the random 
network delay, the sequence with the latest time stamp is used. In order to compensate 
for the network delay in the feedback channel, a model predictor is used to predict the 
current output y(k). This method is first considered by Liu (Liu et al, 2004).

As a traditional GPC, the control trajectory can be found by minimising the following 
function:

/-or (4-i)/=#, /=i
[u(k) ••• u(k + Nu -\)]T (4-2)

0 = 0, #„ <i<N2 -d

where N\ denotes the minimum prediction horizon, N^ the maximum prediction horizon 
and Nu the control horizon, p is a weight factor and d is the system network delay.

Consider a single-input and single-out discrete-time plant described as follows 

where

„
(4-4) 

+- + bnh z^

In order to obtain a set of future output predictions, the following Diophantine equation 
4-5 is used

(4-5)
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where the polynomial Ek (z~l ) is of order £-1 and F^z' 1 ) is of order na . If there exists a

constant network delay/in the feedback channel, the future plant output prediction can 
be obtained by

(4-6)

for d + f < i < N2 + f 

where

(4-7)

The predictive control sequences can be obtained by equation 4-8.

u(k\k)

(4-8) 
where u(k + i\k) is the i-th step ahead control prediction at time k, and the matrix H

is

' H{ '

H*

H*._

=

"1 0 •••
1 1 •••

1 1 •••

0"

0

1
(4-9)

and
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r =

go o
Si So

rf-l

0
0

go
(4-10)

(4-11)

(4-12)

(4-13)

In order to compensate for the network delay in the forward channel (which has been 
assumed to be less than the control horizon Nu ), the traditional GPC controller is used

to generate the predicted control sequence [«(&(£) u(k + \\k) ••• u(k + Nu -\ |&)J. It

is assumed that all predicted control sequences are packed and sent to the plant side at 
the same time. Then the network delay compensator chooses the control value from the 
latest control sequence available on the plant side, for example, if the following 
predictive control sequences are received on the plant side:

u(k-T2 \k-T2 )
u(k-T2 +l\k-T2 ) 

tl(k\k-T2 )

U(k-Tp \k-Tp )

(4-14)
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the control values u(k\k - r,) for i= 1, 2, , k, are available. The controller output at 

time k is chosen from the latest control sequence as follows:

u(k) = u(k\k-m'm{Tl ,T2 ,---,Tk }) (4-15)

Thus the networked predictive control scheme can be implemented in the following 
steps:

(1) Design the parameters (AT,, N2 , Nu and p ) of the traditional GPC method to 

obtain the desired control performance without the network delay.

(2) Obtain the control prediction sequence according to equation 4-8, based on the past 
inputs, the past outputs and the future reference.

(3) Transmit the obtained control prediction sequence to the plant side through the 
communication channel.

(4) Choose the controller output from the system buffer in accordance to equation 4-15.

4.3 Stability analysis of NCSs using the modified GPC method

In this subsection, it is assumed that the random network delay r, in the forward 

channel is bounded by the upper boundr which satisfies Q<T<N2 and r<Nu -\, 

the network delay / in the backward channel is fixed and the reference input R(k) is 

zero without losing the generality of the stability analysis.
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Let G0 and F0 be the coefficient matrices of polynomial vectorsG(z ')Aand F(z' { ) in 

equation 4-8, respectively, n and in be the highest order of the polynomials in vectors 

G(z~')AandF(z~'), respectively, /nxm denotes an nxm unit matrix and 0,,xm denotes

an nxm zero matrix. Then, it is clear that equation 4-8 can be rewritten in the 
following form:

U(k) = GfJ(k -1) + F?(k - f) (4-16)

where

= [[1

Ft = -HF0 e

X*-/-i) -
-1) u(k-2\k-2) ••• u(k-n-\\k-n-\)]r

Since the control sequences are transmitted to the plant side via a communication 
network, several control prediction sequences may arrive on the plant side at the same 
time with difference network delays fkv fk2 ,---,Tp . Let the smallest network delay at

time k be r = min{rjH ,rA2 ,---,r/) }. Then, the latest control prediction sequence on the 

plant side is

U(k - T) = GlU(k - 1 - r) + FJT(k - f - T)

where

U(k) = [u(k | k) «(*-l|*-l) ••• u(k-n-T \k-n-r)] 
= [y(k) y(k-\) ••• y(k-f-m-r)]
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According to equation 4-15, the control input of the plant is the (rk +l)-th element in 

vector U(k-rk ), that is,

= u(k\k-rk )

where
(4-18)

Thus, based on equation 4-18, the control vector on the plane side can be expressed by 

= EU(k -1) + C(rk )U(k -1) + D(rk )Y(k - 1) (4-19)

where

U(k) = [u(k) u( u(k-m-d +

0,

o,.

c(rt )

d(rk )

+ d-\) 0 Ixl
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Actually, it is clear from equation 4-3 that the output vector of the plant can be 
described by

(4-20)

where

4 = [-a, -a

(m+ / + r)*l J

+ r+l)x(m+d)

In addition, since u(k \ k) is the first row of U(k) in equation 4-16, it can be calculated 

by

«(*!*) = [! 0 ••• 0]G} U(k -!) + [! 0 •-• 0]/^y(*-/) (4-21) 

Let

[go ft

[7o 7
0 - 0]G,

o - O]F,

Using equation 4-2, the vector U(k) can be constructed by

(4-22)

where

[go g| '•• g» 0|,r]
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K(/-,, /o ft - /« 0,.,]'

As a result, combining equations 4-19,4-20 and 4-22 yields the following closed-loop 
system:

^*= A(r*)^*.i (4-23)

where

U(k) 
U(k)

A(rt ) =
"

As network delay rk changes randomly between 0 and the upper bound r, the above

system is a switched system. Thus, the following theorem provides a sufficient 
condition of the closed-loop networked control system using the modified GPC. 
According to Chapter 2, if there exists a positive definite matrix P such that

Ar (r4 )/>A(rt )-P<0 (4-24)

for all rk e {0, 1, • • •, r), then the closed- loop system (4-23) is stable for all random 

network delays.

4.4 Simulation of the modified GPC method for a networked servo system

In order to validate the performance of the proposed modified GPC method, the 

networked servo motor system used in previous chapters was built. The objective of the
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control system was to drive the load plate to a pre-set angle. The servo motor system is 

identified by using a least squares method. The estimated discrete time domain model 

was given in equation 4-25 and the sampling period of the control system was 0.04 
second.

-0.00886z-' + 1.268227z-2
l-1.66168z-'+0.6631z-2 "

It is well know that the constant and random network delay could degrade the control 
performance of the networked system and can even destabilise the system if the system 
controller was designed without considering the network delay. In order to test the 
performance of the networked control system using the modified GPC in the case of the 
constant and random network delay, several offline simulations without considering 
model uncertainties were carried out for the system controlled through both Intranet and 
Internet

4.4.1 Simulation results through the Intranet

As for the Intranet-based control system, the parameters of the traditional GPC were set 

toA7, = \,N2 = 12, W,, = 5,p = 10000, which is chosen according to equation 4-26. Since

the network delay is almost constant, only the effects of constant network delay on the 
control system are considered in this section. The simulation results of the Intranet- 
based servo motor control system using the traditional GPC without considering the 

network delay were shown in Figure 4-2 and Figure 4-3.

It can be seen that the constant network delay in the forward and feedback channel will 

result in large system overshoots, for example, the overshoot of the local control and the 
networked control system with a 3-step constant network delay in the forward channel 

using the traditional GPC method were 10% and 47.5%, respectively.
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Figure 4-2. The step response of the traditional GPC method without considering the 
network delay in the forward channel.
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Figure 4-3. The step response of the traditional GPC without considering the network
delay in the feedback channel.
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In order to improve the performance of the Intranet-based control system, the proposed 
modified GPC was used. Figure 4-4 and 4-5 show the step responses of the local control 
and Intranet-based control using the modified GPC method with 1-step to 3-step 
network delay in the feedback and the forward channels respectively. It can be noted 
that the step responses of the local control and the networked control systems, with 
different constant network delay, using the modified GPC method were very similar, for 
example, the overshoots of the local control and the networked control systems with a 
3-step constant network delay in the forward channel by using the modified GPC 
method were the same.

en
<0

60-, 

50- 

40- 

30- 

20- 

10-

-S> 0-
D)c
< -10-

-20-

-30-

-40-

-50

Local control
1 step delay in feedback channel
2 step delay in feedback channel
3 step delay in feedback channel 
reference

i—.—|—i—i—i—|—i—i—'—i—r~i—'—i—'—i—'—i—'—i—'—r~'—i—'—i—'—i
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Time(s)

Figure 4-4. Step responses of the local control and the Intranet-based predictive control 
with 1-step to 3-step feedback channel network delay.
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Figure 4-5. Step responses of the local control and the Intranet-based predictive control 

1-step to 3-step forward channel network delay.

4.4.2 Simulation results through the Internet

The round trip time delay for the Internet-based control experiments was a random 

network delay ranged from 10-step to 12-step, which was measured in real-time by two 

synchronization signals which were used for the simulations of the Internet-based servo 
motor control system. The traditional GPC parameters were then reset 

toW, = l,N2 =25, Nu =10, p = 450000 , which gave a stable system within an 8-step

forward and an 8-step fixed feedback network delay using the stability criterion 

equation 4-26, thus allowing a bigger step ahead than that using the GPC parameters 

used for the Intranet-based control system.

The simulation results of the Internet-based servo motor control system using the 

traditional GPC was shown in Figure 4-6. The system was subjected to a 5-step constant 

network delay in feedback channel and 2, 3, 5 and 7-step constant network delays in the 

forward channel.
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Figure 4-6. The step response of the traditional GPC without considering the network
delay compensation.

It can be noted that the oscillations became larger as the round trip network delay 
increased, for example the system overshoot in the event of the local control was 12.5% 
and system settling time was 5.2 second, while the system overshoot in case of the 10- 
step of round trip delay was 52.25% and system settling time was 15.2 second. Its 
control performance was given in Figure 4-7, where it can be seen that the system was 
not only stable but also has a similar control performance to that of the local control. It 
indicated that the proposed modified GPC can compensate for the long constant 

network delay in an active way.

In order to illustrate the performance of the networked control system using the 
proposed modified GPC method in the case of the random network delay, the system 
was subjected to 5-7 step random network delay in the forward channel and 6-step 

constant network delay in the feedback channel.
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Figure 4-7. Step responses of the local control and the Internet-based predictive control

using the modified GPC method.
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Figure 4-8. Step response of the traditional GPC without considering the random

network delay compensation.
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The simulation results of the Internet-based control system using the traditional GPC 
method were shown in Figure 4-8, where the system is unstable. The result of the 
Internet-based control system using the proposed modified GPC method was given in 
Figure 4-9, where the system was not only stable but also had a slight overshoot and fast 
settling time, which is very similar to those of the local control. The system overshoot 
and settling time in the case of the random network delay was 18.75% and 5.2 second 
respectively, where as the system overshoot and settling time were 13.5% and 5.2 
second in the event of the local control system. This indicated that the proposed method 
can actively compensate for the random network delay.

— random network control with compenation
---• Local control

12

Time(s)

Figure 4-9. Step responses of the local control and the Internet-based predictive control
using the modified GPC for a 5-step to 7-step random network delay in forward channel

and 6-step constant network delays in the feedback channel.

4.5 Practical experiment of modified GPC method applied to a servo motor 

system

To apply the modified GPC control strategy to a practical system, a networked servo 
control system which was the same as that considered in chapter 2.3. The basic system
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configuration was shown in Figure 4-10. The networked controller board (NCB) was 
located on the controller side and implements the proposed modified GPC algorithm to 
provide the future controller output sequences. The networked implementation board 
(NIB) was located on the plant side and acts as the networked delay compensator. The 
NCB and NIB also cooperated together to measure the actual network delay in both the 
forward and feedback channels using the RTT method.

Intranet Controller
IP:193.63.131.15

Or Internet Controller
IP: 159 226.20 109

Actuator 
IP:193 63 131.219

Figure 4-10. Networked servo motor control system. 

4.5.1 Intranet-based control experiments

The implementation diagram of the Intranet/Internet-based control system was shown in 
Figure 4-11. For the control experiments on the Intranet-based servo motor, the NCB, 
whose IP address was 193.63.131.15 and the NIB, whose IP address was 
193.63.131.219 were put under the same subnet in the University of Glamorgan, UK. 
The network delay between these two boards was relatively constant, in fact only an 1- 
step fixed network delay (0.04 second) was detected in the forward and feedback 
channels. The GPC parameters NI = \,N2 =\2,NU =5,p = 10000 were used for the 

Intranet-based servo motor control experiment.
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Predictive Control Signal 
Delayed Output Signal

Reference

Figure 4-11. The implementation diagram of the Intranet/Internet-based control system 
using the modified predictive control method.

The step responses using the traditional GPC without considering the network delay 
were shown in Figure 4-12. It can be seen that the networked control system showed a 
higher overshoot and larger oscillation than those of the local control system, which 
were similar to the simulation results shown in Figures 4-2 and 4-3. The step responses 
using the proposed modified GPC method were shown in Figures 4-13 and 4-14. It can 
be noted that the step responses of the system using the modified GPC method not only 
have a small overshoot but also are very similar to those under local control as shown in 
Figures 4-4 and 4-5. It shows that the modified GPC method can efficiently compensate 

for the Intranet-based network delay and data packet dropout.
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Figure 4-12. Step response of the traditional GPC without considering the intranet
network delay.
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Figure 4-13. The Intranet experimental result of the traditional GPC without considering 
the network delay and the intranet experimental result using modified GPC.
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Figure 4-14. The experimental results of the local control and the Intranet-based 
predictive control using the modified GPC for a 2-step RTT delay.

4.5.2 Internet-based control experiments

For the Internet-based control experiment, the NCB and the NIB were put at different 
subnets. The NCB, whose IP address was 159.226.21.191, was physically located in 
Chinese Academy of Sciences, Beijing, P. R. China. The NIB, whose IP address was 
193.63.131.219, was put in the University of Glamorgan, UK. 10-step to 12-step 
random round trip time delay (400ms-480ms) was measured in the Internet-based 
control system. The GPC parameters W, =l,N2 = 25, Nu =\0,p = 450000 were used for 

the control experiments on the servo motor in the case of the Intranet. Since the 
Internet-based network delay was more than 5-step in both channels, the system was 
unstable by using the traditional GPC as shown in Figure 4-15, which agreed with the 
simulation result shown in Figure 4-8. The experimental result using the proposed 
modified GPC method was given in Figure 4-16. In Figure 4-16, which indicated that 
the responses of local control system and internet control system, were very similar. The 
proposed modified GPC method can achieve a good performance in the case of the 

random network delay.
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Figure 4-15. The experimental result of the traditional GPC without considering the
network delay compensation.
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Figure 4-16. The experimental results of the local control and the Internet-based 
predictive control using the modified MFC for a 5-step to 7-step random forward and

backward network delay.
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4.6 Conclusion

A modified GPC method has been proposed in this chapter to deal with networked 
control systems, which were subjected to the constant and random network delay. A set 
of control sequences generated by the traditional GPC controller were sent to the 
actuator side to compensate for the network delay in the forward communication 
channel. The network delay in the feedback channel can also be compensated by using a 
model predictor. The stability of the networked control system using the proposed 
modified GPC method with the random network delay in the forward channel and the 
fixed network delay in the feedback channel has also been studied, which has resulted in 
an analytical stability criterion being obtained.

An Intranet and Internet-based servo systems were built to illustrate the performance of 
the proposed method. The networked control system has a higher overshoot and 
oscillation using the traditional GPC method than under local control. By using the 
modified GPC method, the networked control system not only has a slight overshoot but 
also has very similar control performance to that of local control. Since the proposed 
method sends more than one value from controller side to the plant side, it requires a 
wider bandwidth, and therefore it is not suitable for limited bandwidth network systems. 
It was shown that the local control system and the networked control system using the 
modified GPC method have a very similar control performance. It can therefore be 
concluded that the proposed modified GPC can efficiently compensate for the network 
delay and data packet dropout for both Intranet and Internet-based control systems.
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Chapter V 

Wireless Networked Predictive Control

Abstract - As the technology matures, wireless networks are being widely used in 
industry and homes providing mobile users with significant benefits. In this chapter, we 
study the design of another networked recursive predictive control (RPC-H) method 
through the general packet radio service (GPRS) wireless network and wireless local 
area network (WLAN). These have long random network delay and high data dropout 
rates. Offline simulations and practical experiments have been carried out to 
demonstrate the effectiveness of the proposed predictive control scheme.
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5.1 Introduction

Recently, wireless networked control systems (WNCSs) have become one of the fast 

growing sectors in control theory and industrial applications (Goodman et al, 1992; 

Cheng and Holtzman, 1997), particularly in the automotive and aeronautical industries 

where many sensors and actuators are placed at different locations with limited 
installation space. In wireless networked control systems, sensor information and 

control signals are exchanged between the different system components (Zhang et al, 
2005; Koskie and Gajic, 2006) through a wireless network. There are many attractive 

advantages of introducing wireless networks to control systems, for example, wireless 
network control not only can reduce the cost and time needed for the installation and 

maintenance, but also can greatly minimize the installation space of the whole control 

system. Beside these, easy reconfiguration is another highlight characteristic of wireless 

network control (Zhu et al., 005; Montestruque and Antsaklis, 2003; Chen et al, 2004). 

Therefore, much attention has been given by the researchers to wireless network control 

systems. There are many different wireless techniques supporting networking 

applications such as
1) Infrared data association (IrDA)

2) Bluetooth
3) Wireless LAN (IEEE 802.11)

4) GPRS

IrDA was designed for the short range indoor infrared communication such as the 

printing file transmission. The maximum range of the data transmission is up to 1m and 

15 degrees. The data transmission rate lies between 9.6 Kbit/sec and 16 Mbit/sec 

(Williams, 2000). Since there are no authentications, encrypted methods and its limited 

range, the IrDA is not the right choice for the real time wireless application.

Bluetooth was designed to replace the serial cable and can connect many different 

devices at the same time (Lim et al, 2001). Upstream rate and downstream rate of
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Bluetooth is 721 Kbit/sec and 58 Kbit/sec respectively. The operation range is 10m. 
Bluetooth has a PIN security mechanism to protect the connection.

The data packages are exchanged through the WLAN (IEEE 802.11) by using the 
frequency hopping spread spectrum (FHSS) method or the direct sequence spread 
spectrum (DSSS) method. Its radio uses the frequencies from 2.4GHz to 2.4835GHz. 
The service set identifier (SSID) is the only security method for the WLAN 
transmission. Data transmission rate is up to 1 or 2 Mbit/sec with a range of 300 m in 
direct line of sight. By now, there are many extension versions of WLAN (802.11), for 
example, the data rate of up to 11 Mbit/sec is found in the WLAN (802.1 Ib) standard 
that also operates in the 2.4 GHz region. The data rate of up to 54 Mbit/sec is found in 
the WLAN (802.11 a) that works in the 5GHz region. Since the WLAN is a full IP 
support network, the WLAN enable devices can be easily accessed throughout the 
world.

GPRS is a bearer service for the Global system mobile (GSM) communication which 
simplifies the wireless access to data networks with 56 Kbit/sec data transmission rate 
(Stuckmann et a/., 2002). Widespread availability and low price per Kilobyte are two 
key benefits of the GPRS network that makes it an attractive technology to replace 
existing equipment or to deploy new wireless solutions. GPRS optimizes the network 
and radio resource so that it uses the radio resource only when there is a package needed 
to be sent or received. As a true package technology, it only occupies the network when 
a payload is being transmitted. GPRS can also provide an immediate connectivity, high 
throughput and completely transparent IP support by using the point-to-point protocol 

(PPP) (Malhotra et al, 2005).

PPP provides a mechanism to establish a point-to-point link between a Mobile Node 
and a package data serving node (PSDN). Then TCP/IP or UDP/IP packets are 
encapsulated and sent through the established link. The PPP link establishment goes 
through two phases, link control phase and network control phase. In the first phase, the
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establishment of the point-to-point link is negotiated through a link control protocol 

(LCP) and then the user is authenticated using an authentication protocol such as 

challenge handshake authentication protocol (CHAP) or password authentication 

protocol (PAP). In the second phase, a sub-protocol called the internet protocol control 

protocol (IPCP) was used to manage the specific needs of the IP packets that are 

transmitted over the PPP link. IPCP enables the package data serving node to assign an 

IP address to the mobile node and also enables the negotiation of the header 

compression algorithm that were used to add transmission control protocol (TCP) or 

user datagram protocol (UDP) headers and compression control protocol (CCP) was 

used to compress packets transmitted over the PPP link.

The comparisons of the above wireless technologies are summarized in Table 5-1. 

Table 5-1. The characteristics of different network technologies.

Transmission

Speed

Distance range

TCP/IP support

Security

Data compression

algorithm

IrDA

16 Mbit/sec

1 m

NO

NO

NO

Bluetooth

721 Kbit/sec
upstream
58 Kbit/sec
downstream

10m

NO

YES

NO

WLAN

2 Mbit/sec

300m

YES

YES

NO

GPRS

56 Kbit/sec

105km

YES

YES

YES

As revealed by the above table, WLAN and GPRS networks have a large transmission 

range and complete IP support so that they can provide better solutions for large area 

wireless control systems. In this chapter, a networked recursive predictive controller,
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which was equipped with on-line model identification and round trip delays mechanism, 
was applied to these two types of wireless networks. This method could obtain the exact 
network delay network delay and achieve accurate predictive control output sequence in 
the presence of the model uncertainty, which was important for wireless networked the 
control system.

5.2 Characteristics of the GPRS and WLAN wireless network

Before designing the controllers for the wireless network control systems, some basic 
characteristics of the WLAN and GPRS networks were established. When real-time 
networked control applications exchange packages between the different network 
devices by using TCP/IP and UDP/IP, the network delay and data dropout will be 
affected by the traffic load between different network nodes. In order to evaluate the 
effect of traffic load, several experiments have been implemented to establish:

1) The relationship between the system sampling rate and the network delay
2) The relationship between the packet size and the network delay

5.2.1 Relationship between the system sampling rate and network delay

Since characteristics of the WLAN are very similar to those of the LAN except the data 
dropout rate, the testing experiments are only undertaken through the GPRS network in 
this section.

Five experiments were designed and carried out at different system sampling periods Tp

such as 0.01, 0.02, 0.04, 0.1 and 0.2 seconds. The experiment results were given in 
Figure 5-1. In order to clearly display the relationship between network delay and 
system sampling period, the network delay will be set to zero when data dropout occurs. 
As revealed by Figure 5-1, the data dropout rate and the network delay were greatly 
affected by the sampling period as compared to those of the wired network, for example,
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Figure 5-1. The relationship between the sampling period Tp and network delay. (a)Tp = 
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when the system sampling period was 0.04 and 0.2 seconds, the maximum network 

delay was up to 8.96 seconds and 2.2 seconds, respectively. It may be noted that there 
was very high data dropout rate, for example, when the system sampling period was 

0.04 and 0.2 second, dropout rate was up to 79.4% and 85%, respectively. The very 
high data dropout rate mainly occurs for three different reasons:

A) IP protocol

The GPRS wireless networked control system used in this thesis falls into the category 
of an Internet-based control system. The Internet protocol suite is the most important 
shared standard which allows the majority of equipment to be connected to the internet. 

The UDP is one of the core protocols of the Internet protocol suite and is designed for 
the time critical applications, which require fast and efficient processing. The 
combination of low overhead and no retransmitting mechanism makes the UDP a 
preferred solution for networked control systems (Lam and Liew, 2004). However the 

UDP does not provide the reliability and structure ordering mechanism, it results in a 
high data dropout rate when the packages are transmitted through a network.

B) Channel failure

In general, the network of GPRS wireless network control systems consists of the wired 
network and the GPRS wireless network. A GPRS gateway is used to connect the wired 
network to the GPRS wireless network. The traffic congestion and electric noise from 
cable modems result in the wired network channel failure. In the GPRS wireless 

network, the path loss (attenuation undergone by the transmitted signal from a 

transmitter to a receiver in a wireless system) is a key factor resulting in data dropout. 
The magnitude of the path loss depends on several factors such as the antenna 

technology, the frequencies used, and the environmental conditions.
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C) Control algorithm

In network control systems, the network delay through the GPRS wireless network and 
wired network can be modelled as a Markov-chain (Castel-Taleb and Mokdad, 2005). 
More than one package data could be received in one control cycle. The control 
algorithm used in this chapter will choose the latest one from the received data packages 
in the system buffer and others packages in the system buffer are discarded. These 
discarded data package will be taken as data dropouts, which will avoid unnecessary 
network delay at the expense of a large data dropout rate.

5.2.2 Relationship between the packet size and network delay

In order to test the intrinsic relationship between transmission packet sizes and the 
network delay in the GPRS wireless network, another five experiments were designed 
and undertaken. The sampling period of the GPRS network system was set to be 0.2 
seconds and the transmission packet sizes Ps were set to be 16 bytes, 32 bytes, 64 bytes, 

96 bytes and 160 bytes, respectively. The experiment results are shown in Figure 5-2.

As can be seen from Figure 5-2, the decease of the data dropout rate and the increase of 
the network delay were due to an increase in the packet sizes. The relationship between 
the network delay and package sizes were shown in Figure 5-3.

5.3 Design of NCSs using the RPC-II method

When the system information and control signals were transmitted through wireless 
networks with limited bandwidth, the network delay and data dropout due to the path 
loss, half-duplex operation of transceivers and channel error, are unavoidable (Willig et 
al., 2005). The key challenge in designing networked control systems is how to 

compensate for the network delay and data dropout.
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Figure 5-2. The relationship between package size Ps and the network delay, (a) Ps =32 
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The relationship between the data dropout rate and package sizes are given in Figure 5-4
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Figure 5-4. The relationship between the data dropout rate and packet sizes.
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Another recursive predictive control (RPC-II) scheme was proposed in this chapter to 
deal with networked control systems with the random network delay in the forward and 
feedback channels. In order to compensate for the network delay, a recursive predictive 
controller was used to generate a set of control prediction sequences, which are sent to 
the actuator side in one package through a network and the network delay compensator 
is employed to choose an appropriate control value from the sequence available on the 
actuator side according to the network delay and data dropout. Since the networked 
control system is a switched control system in case of the random network delay, the 
theory of switched control systems was used to determine stability of the closed-loop 
system.

This section introduces the design of the RPC-II scheme over wireless network system. 
It is assumed that the round trip network delay is upper bounded, that is, 

0 < At + rk <N, where Xk is the network delay from the sensor to the controller (the 

feedback network delay), rk is the network delay from the controller to the actuator (the

forward network delay) and N is the upper bound of the round trip network delay. It has 
also been assumed that the model is the same as the plant without disturbances and 
model uncertainties. The structure of the RPC-II system was showed in Figure 5-5. It 
mainly consists of 3 parts: a buffer, control prediction generator and network delay 
compensator. The buffer is used to store the historical data of the controller output 
u(k)and the plant output y(k). All this data was put into one package and sent to the 

controller side, for example, consider a linear system in the discrete domain. Let m be 
the highest order of the plant and controller numerators, « be the highest order of the

plant and controller denominators, the packages [u(k),---,u(k-m)]T and 

[y(k),-",y(k-rT) 1[ will be sent to the controller side at time&.
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Controller
Actuator and Plant

Figure 5-5. The networked predictive control system using the recursive predictive
method.

The control prediction generator will use the received data to identify the plant model 

and generate the control prediction sequence [w(A: | k) u(k + \\k) ••• u(k + N \ &)] ,

which was put into one package and then sent to the actuator side. The network delay 
compensator will choose a controller output by equation 5-1 at time k

(5-1)

The proposed method can also compensate for data dropout which is another factor that 
highly affects the performance of NCSs. For example, if there is a data dropout at 

time k + 1, the u(k + 11 k - Ak - rk ) will be used as u(k + 1). The structure of the control 

prediction generator is shown in Figure 5-6.
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Figure 5-6. The structure of the control prediction generator.

Consider a single-input single-output system

(5-2)

where G (z" 1 ) was the plant model defined by

A(z~ (5-3)

and A(z' 1 ) e 5R lx " and B(z~ l ) e 5R lxm are polynomials.

Without considering the network delay and data dropout, a virtual local controller 

Gc (z"') was designed as

,-p
(5-4)

where C(z-')e« lx' and £>(*-')e<R |x/) are polynomials.
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The first step ahead controller output prediction can be obtained as

(5-5) 

Combining equation 5-4 and 5-5 gives

u(k I k) = D(z- l )r(k)- £c,w(*-0- 5>,X* - /) (5-6)
.=1 y=0

When the round trip delay is constant, the controller only sends u(k + TR]. \ k) to the 

actuator side as the control value u(k + TRT ) , where TRT is the constant round trip 

network delay. Since [u(k) u(k + 1) • • • u(k + TRT - 1)] were known by the controller 

at time k , the one-step ahead plant output prediction can be determined by

(5-7)

Combining equation 5-3 and 5-7 yields

y(k + 11 k) = >X* -f + 1) - 5>,X* - 7 +1) + B(z- l )D(z- l )r(k) (5-8)
/=0 ;=1

Following the above procedures, the plant output prediction of y(k + rKT -l\k) and 

control prediction u(k + TRT \ k) can be obtained as follows:

y(k + TRr - 1 1 K) = -J>,_,X* + TRT ~ 0 + i"(* + T«r ~ 0Rr
'=0
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i=0 /=!

(5-10)

It is assumed that the reference is zero without loss of generality in the analysis of the 

system stability. Combining equations 5-1 and 5-10 gives

/ + rCT ) (5-11)
i=0 i=\

Then

X*) cor') (512)

So, the stability of the system is network delay independent, if the round trip network 

delay is constant.

In the case of the random network delay, the one-step ahead plant output prediction can 

be obtained by

(5-13) 

Then equation 5-13 can be rewritten in the following form

•7 + 1) (5-14)

Then the plant output prediction y(k + N-\\k) and controller output prediction 

u(k + N | k) in the case of random round trip delay can be obtained as follows:
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Uck =[u(k) «(*-!) .- u(k-p)f

B2 =-

000 
dn 0

c2 =-
0 0 
c, 0

c, c,

0
0

0
0

0
0
0
0

In order to analyse the stability of the networked control system using the proposed 
RPC-II method with random network delay, equation 5-15 was rewritten in the 

following form:

where

"l =

~

"

(5-18)

Uk = [u(k + Ak + rk ),---,u(k + /ik +Tk - m)]
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Equation 5-19 can be rewritten as

Yk =(I- 4)" W* + Cflk + DA) (5-19)

where the inverse of matrix / - 4 exists because it is an upper triangular matrix with 

non-zero elements on its diagonal line.

Following the same procedures described above, equation 5-18 can be rewritten in the 
following matrix form

U. = Alk + B<Uk + C2Yk + DJk (5-20) 

where

_ R 0 -
W-l)x(^+rt ) D2 u(W-i)x (»-? -^-r

" = [ (W-l)«(^+rt ) ^2 "(\-l)x(S-^-r4

Substituting ft in (5-21) by (5-20) results in

Uk =Ek Yk+ Fk Uk (5-21) 

where

Since (I -C2 - A^I - A^ C,)" 1 is an upper triangular matrix with non-zero elements 

on its diagonal line, its inverse exists.
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System (5-2) can be reformulated in the following state space form:

YM = AYk + BUk 

Where
(5-22)

-a, -a2 ••• -«„_, -a

"(m-lMm-l>

According to equation 5-1

(5-23)

Let

Combining Equations 5-24 and 5-25 leads to the following closed-loop system:

(5-24)

where

'-a, ••• -a. 0 ••• 0 bn - bm 0 ••- 0

•'mxm

j(rt+m+2)*(w+m+2)
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Since the network delays A, and Tk are random, system 5-25 is actually a switched

system. It is well known that if there is a common quadratic Lyapunov function such 
that its increment is negative, the closed-loop system is stable (Sun, 2005). Thus, a 
simple criterion of checking the stability of the networked control system using the 
proposed method is given below.

According to Chapter 2, if there exists a positive definite matrix P such that 

A(^,r,)rPA(^,rJ-/><0, V^andVr, (5-25) 

The closed-loop networked predictive control system is stable.

5.4 Simulation and experiments

In this section, several simulations and experiments were set up to illustrate the 
performance of the networked RPC-II method in case of the wireless system. In the 
simulation scenario, a networked DC servo control system is simulated using 
Matlab/Sinulink.

When the system sampling period was 0.2 seconds, and this was well within the 
Nyquist frequency. The model of plant was identified as

_, = -0.02178Z-' + 0.440994Z-2 -0.323738z'3 + 0.095965Z-" 
" -' + 1.10763z-2 -0.31954z-3 +0.047466z-4

and when the system sampling period was 0.04 seconds model of plant was identified as

141



-2-0.0087z-' + 1.2782z 
l-1.66168z-'+0.658009z -2 (5-27)

Two different test rigs were built according to the different network media, the GPRS 
network and WLAN network.

5.5.7 Simulation and experiment over GPRS network

The sampling period of the control system was 0.2 seconds. The basic configuration of 
the networked servo control system through the GPRS network is shown in Figure 5-7.

Actuator Board

Control 
signals

Computer

Figure 5-7. The Implementation diagram of the GPRS wireless networked servo control

system.

The actual servo control system setup was depicted in Figure 5-8
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Actuator board

Figure 5-8. The wireless networked servo control system.

The network prediction generation was implemented on a server computer (Pentium 4 
3.2G 1.5GB RAM), while the network delay compensator was implemented on an 
AT91RM9200 actuator board running embedded Linux. The actuator board has two 
functions. The first task was to compress the plant angle signal data into a package and 
sent it to a server computer through a GPRS modem. The package was used on the 
controller side to identify the model of the plant and calculate the control prediction 
sequence. The second task was to choose an appropriate control prediction according to 
equation 5-1 and then drove the DC motor.

A virtual local PID controller, which was designed without consideration of the network 
delay and data dropout, was employed in this chapter. The parameters of the 

proportional ( Kp ) and integral ( K, ) were 0.4 and 0.1, respectively.

Several offline simulations were carried out to evaluate the performance of the 
networked RPC-II algorithm in the event of the constant, random round trip network 

delay and data dropout.

A) Simulations over GPRS network

In order to test the performance of the networked control system in the case of the 
constant round trip network delays. The control system was subjected to a 1-step, 2-step,
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3-step and 4-step network delay. The system responses of the networked control system 
using the tradition PI controller were shown in Figure 5-9.

—— 4-step network delay
—------ 3-step network delay

2-step network delay
—.... 1-step network delay
............. without network delay

reference

10
—i—

20

—I— 
25 30 35

—I—

40

Time(s)

Figure 5-9. The step responses of the system with 1-step to 4 step constant network
delay without compensation.

It is shown that network delay can significantly affect the performance of the networked 
control system by increasing the maximum overshoot and settling time of the step 
responses.

OJIg
_0)
ra o-

—— local control 
------- 1-step network delay with compensation 

2-step network delay with compensation 
------ 3-step network delay with compensation
- • - - - 4-step network delay with compensation

3 5 10 15 20

Time(s)
25 30 35 40

Figure 5-10. The step responses of the networked RPC-II system with 1-step to 4-step
constant network delay.
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The RPC-II method was conducted to compensate for the 1-step, 2-step 3-step and 4- 
step constant round trip network delays. The system responses were given in Figure 5- 
10. It can be seen that all the resultant curves were the same but delayed under the 
condition of different constant round trip network delay. The results of the step 
responses clearly show that the proposed RPC-II method can maintain the system 
performance while the round trip network delay was constant.

Data dropout is another key factor that affects the performance of the network control 
system. The system responses in the event of data dropout were shown in Figure 5-11. It 
can be noted that the data dropout can degrade the system performance by increasing 
the step response system settling time and oscillation.

6- 

5-

3-

O)

<

local control
networked control system 
with 30% data drop-out 
reference

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Time(s)

Figure 5-11. The step responses of networked control system without considering data
dropout compensation.

In order to compensate for the data dropout, u(k + 11 k - Ak - rt ) was used as the input 

to the plant in the event of data dropout at time& +1.
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- local control
networked predictive control method 
with data drop-out compensation 
reference

15 20 25

Time(s)
30 35 40

Figure 5-12. The experimental results of local control and networked predictive control
for data dropout.

The performance of the control system with data dropout compensation mechanism was 
shown in Figure 5-12. The control strategy proposed in this chapter can completely 
compensate for the effect of data dropout. It was assumed that the plant model was the 
same as the plant and there was no disturbance.

In order to evaluate the performance of the proposed control algorithm in the case of 
changing the network delay, the system was subjected to a random network delay in the 
forward channel and feedback channel. The test random network delay was shown in 
Figure 5-13. The maximum network delay is 2.2 seconds and minimum network delay 

was 1.4 seconds.
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Figure 5-13. The random network delay used for testing the system performance.

The response of the network control system subjected to the random network delay was 

shown in Figure 5-14. It was noted that the control system has a large overshoot and 

high oscillation.

- local control 
network control

-2

—I—

30
—I— 

35 50 55

Time(s)

Figure 5-14. The experimental results of local control and traditional control without

considering network delay.
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The step response of the network control system using the proposed RPC-II method was 

shown in Figure 5-15 in the case of the random network delay. The results of the local 
control system and the networked control system were very similar. Therefore, the 

conclusion can be drawn that the RPC-II strategy can efficiently reduce the effect of the 
random network delay.

B) Practical implementation of the networked predictive control method over 

GPRS network

In the practical implementation, the server computer was put in the University of 

Glamorgan, whose IP address was 193.63.131.219, and T-mobile provided the GPRS 
network connection. The real-time measurement result of the network delay is shown 
in Figure 5-16

<

- local control 
network predictive control

10 15 20 25 30 35 40 45 50 55

Time(s)

Figure 5-15. The step responses of the networked predictive control system with 
random network delay compensation mechanism.
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Figure 5-16. Real-time measurement of GPRS wireless network delay.

The maximum network delay was 2.2 seconds and minimum network delay was 1.4 
seconds. Since the GPRS wireless has a limited network bandwidth, the package sizes 
were a key factor in determining the network delay and data dropout. In the practical 
application, data compression algorithm was used to compress the control and signal 
sequences. The practical experimental results of the system were shown in Figure 5-17. 
The solid line was the result of the RPC-II method; the dash line was the response of the 
network control system using the traditional method and the dot line was the step 
response of the local control system without the network delay.

It is shown that the RPC-II method can provide acceptable responses as compared to 
those of the networked control system using the traditional control method that was 
designed without considering the network delay. This confirms that RPC-II method can 

actively compensate for the network delay for the GPRS wireless network.
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Figure 5-17. The experimental result of local control system, network control without 
considering network delay and networked predictive control using the recursive method.

5.5.2 Experiments over WLAN network

The structure of WLAN control system was shown in Figure 5-18, it consisted of 4 
parts, Controller (Atmel 9200 embedded board), plant and actuator (servo system and 
Atmel 9200 embedded board), wireless access point (AWK-1100) and wireless access 
point client (AWK-1100).

The connection between controller, actuator and wireless access points were local 
network. The wireless access point and the wireless access point client communicated 

through wireless network using 802.1 la protocol.

The network characteristics of the WLAN were shown in Figure 5-19. In order to 
clearly show the characteristics of the WLAN, the network delay was set to be zero if 
there was data dropout. WLAN has a higher data dropout rate and the same 

transmission speed as that of the LAN.
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AWK-1100/Client 
IP: 192.168.127 252

AWK-1100/AP 
IP: 192.168.127.235

Controller 
IP:192.168 127.2

Plant and actuator 
IP: 192.168.127.3

Figure 5-18. The practical configuration of WLAN control system.
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Figure 5-19. The real-time measurement of the network characteristics in the WLAN

wireless control system.
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The sampling period for WLAN was 0.04 seconds. Since the WLAN has the same 
characteristics to LAN, only the practical experiment results were given in Figure 5-20.

o>•§>
<

—— With compensation
------ Without compensation

Local control

a 10 12 
Time(s)

Figure 5-20. The step system responses of local control, network control without 
considering data dropout and the network predictive method.

It was seen that the experimental responses using the traditional control method has a 
large overshoot due to the data dropout and network delay. The practical experimental 
results of the local control system and WLAN control using the proposed networked 
predictive method were very similar.

5.5 Conclusion

In this chapter, a networked predictive control scheme was proposed for wireless 
networked control systems. The design of the proposed method was studied in detail. 
The stability of the closed-loop networked predictive control system also has been 
addressed. Several offline simulation and practical experiments were carried out to 
evaluate the performance of the proposed method. The experiment results of the 
networked predictive control strategy were compared with conventional control
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methods. It was shown that the networked predictive control can compensate for both 

constant and random network delays.
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Chapter VI 

Discussion and Conclusion

Abstract - In this chapter the major contributions -were discussed and the conclusion of 
this thesis was summarised Some new ideas for further research were presented
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This thesis deals with the design and application of model based networked predictive 

control methods to networked control systems. The main difference between the 
networked control system and the traditional distributed system was the existence of a 
random transmission network delay and data dropout in both forward and feedback 
channels. It is well known that network delay and data dropout highly degrade the 
control performance of networked control systems. Several solutions were provided to 
address this in this thesis. A networked servo system and a networked inverted 
pendulum system were used to test the performances of the proposed control algorithms.

Taking advantage of the unique character of networked control systems in that a set of 
predictive control sequences or predictive plant output sequences can be transmitted in 
one control cycle, the model based networked predictive control method was developed 
to actively compensate for the network delay and data dropout. Irrespective of the 
different form of the model based networked predictive control methods used, the 
structure of the proposed methods mainly consists of a predictive control generator, a 
network delay compensator, a buffer and a plant output predictor. The predictive control 
generator is used to generate a set of predictive control sequences, which are sent to the 
actuator side. The network delay compensator is used to compensate for the random 
network delay and data dropout. The buffer is used to store plant output and actual 
control value to identify system model and generate predictive control values. The plant 
output predictor is used to generate a set of plant outputs, which can efficiently 
compensate for the network delay and data dropout in the feedback channel.

6.1 Networked control algorithm

In chapter 2, a recursive predictive control method for networked control system was 
proposed to compensate for the network delay and data dropout. The recursive 

predictive method belongs to the model-based networked predictive control 
methodology (MB-NPC). The proposed recursive method is readily extended and 

programmed to control applications with a random network delay and non-linear
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components. A good approximation model, with a virtual local controller which is 

designed without considering the network delay and data dropout, is used to generate 

the predictive control sequences. The stability criterion for the random network delay 

was given by using a common quadratic Lyapunov function.

The offline simulations and practical experiments were undertaken to test the 

performance of the recursive method in the case of the random network delay, data 

dropout and model uncertainty. Two different test rigs were built to validate this 

proposed method: a networked servo system and a networked inverted pendulum 

system. The networked servo system was used to test the effectiveness of the proposed 

method in the case of an approximate linear and stable system. The networked inverted 

pendulum system was used as an unstable, nonlinear benchmark system.

In chapter 3, two novel control strategies of networked control systems, which were 

termed as the inner loop networked predictive control (ILNPC) method and the outer 

loop network predictive control (OLNPC) method, were studied. The Diophantine 

equation was employed in the OLNPC and the ILNPC method to generate the future 

plant output, and then generate a set of predictive control sequences which were used by 

the controller.

In chapter 4, a modified generalised predictive control (GPC) was proposed. The GPC 

controller replaced the MPC controller in the ILNPC and OLNPC method to generate 

the predictive control sequences. The stability criteria of the modified generalised 

predictive control were given for two scenarios: the first one was a fixed network delay 

in both channels and the second one was a random network delay in the forward 

channel and a fixed network delay in the backward channel. The stability criterion was 

used to guide the procedure for choosing the parameters of GPC controller. Offline 

simulations and practical experiments were also carried out. The results show that the 

modified GPC method can also actively compensate for random network delay and data 

dropout. However, the network delay has to be considered when GPC controller was 

designed. The modified GPC method can not only compensate for network delay but
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also the intrinsic system delay.

Chapter 5 considered the controller design over the general packet radio service (GPRS) 

wireless networks and wide local area network (WLAN) with its higher random 

network delay and data dropout. It was seen that the major benefit of the wireless access 

was to allow flexible location of terminals, thus avoiding re-wiring when fixed 

terminals are relocated. Some basic network delay properties of the WLAN and GPRS 

network in the system were firstly tested. Another recursive predictive method was 

proposed to get the predictive sequences, and the stability of the proposed method was 

also addressed. The simulations and practical experiments were implemented through 

wireless intranet and wireless internet. For Internet and Intranet, the network prediction 

generator was implemented on a PC (Pentium 4 3.2G 1.5GB RAM), while the network 

delay compensator was run on an AT91RM9200 actuator board. It was shown that the 

networked predictive control can compensate for both constant and random network 

delays actively and reduce the effect of the network delay significantly with the limited 

bandwidth and high data dropout rate.

6.2 Comparison of the different control algorithms

Since all the proposed methods belong to the model based predictive control methods, 

the information of the plant model and virtual controller are required by all proposed 

methods to generate the predictive control sequences. The network delay compensator 

was the same for all the applications. Since different predictive methods and structures 

were used by each method, each control methodology had its own characteristics.

Since this thesis focuses on the design and implementation of the predictive control 

methods, there are three factors that have to be considered when choosing the different 

proposed methods for a practical application which are as follows:

1) Bandwidth
2) Model uncertainty and disturbance
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3) Measurement of the time delay and data dropout

The following table makes a comprehensive comparison between the different methods

Table 6-1. Comparison of the different control methods

Online 

identification

Delay 

measurement

Bandwidth

System 
robustness

Intrinsic 
System delay

ILNPC

No

One way 
delay

Smaller

Lower

Considered

OLNPC

Yes

Round trip 
delay

Higher

Higher

Without 
considering

MGPC

No

One way 
delay

Smaller

Lower

Considered

RPC-I

Yes

One way 

delay

Smaller

Higher

not 
considered

RPC-II

Yes

Round trip 
delay

Higher

Higher

not 
considered

1. Bandwidth
Since large sets of data (actual control value and plant output sequences) were 

exchanged in one control cycle, OLNPC and RPC-II methods required a wide 

bandwidth transmission channel. As for the Modified GPC, ILNPC and RPC-I methods, 

only the plant output or plant predictive output sequences are exchanged. Therefore, 

compared to the OLNPC and RPC-II methods, the Modified GPC, ILNPC and RPC-I 

methods could be a good solution for the narrow bandwidth network system.

2. Model uncertainty and disturbance
In the practical application, there were model uncertainty and disturbance in the control 

system, which seriously degraded the performance of the predictive control 

methodology. In order to improve the robustness of the control system, the 

identification method was used on the controller side by OLNPC and RPC-II methods 

where the actual control values were available on the controller side. Since a plant

158



output predictor was put on the plant side, the RPC-I method could also identified 

online the plant model on the actuator side and then sent the predictive plant output and 
predictive controller output to the controller side. However to achieve this high 
performance hardware is needed on the actuator side.

3. Measurement of the time delay and data dropout
As for the network delay measuring mechanisms, the round trip delay was used in 
OLNPC and RPC-II method and the one way delay was required by the other three 
methods. Thus, the OLNPC and RPC-II could still provide an acceptable performance 
when the system is subjected to a fast-varying network delay.

6.3 Ideas for future work

There is potential for further work in the area of networked control systems:

• Security of networked control systems. Nowadays, much attention has been 
given to Network security as more and more devices are connected to the 

network. In the networked control system, the controller board and actuator 
board are normally put under different networks. The information data are 
exchanged through the internet using IP protocol. Since data in IP packets is not 
protected in any way, anyone who has access to a router can modify the data in 

the packets (Yang and Yang, 2005). The changed data can result in bad 
performance of the control system even cause serious damage to system devices. 
Therefore research on the security of network control system is a fundamental 

and necessary step for applying network control system to practical applications 

in global area.

• The application of the network predictive control to non-linear systems. The 

proposed recursive method can generate the predictive control sequences for 

linear and nonlinear networked control systems. However, the stability analysis
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of a nonlinear network control system remains a challenge for researcher and 
current work in this area is till in its infancy. Most practical systems have 
inherently nonlinear characteristics such as saturation and dead zone in actuators 
or sensors. How to identify and compensate for the nonlinear factors in the case 
of networked predictive control strategies is an area well worth studying.
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Design and Practical Implementation of 
Internet Based Predictive Control of a Servo System

S C Chai, G P Liu, D Rees and Y Q Xia

Abstract— This paper discusses the design and practical 
implementation of an Internet-based predictive control 
strategy. This novel control strategy can compensate for the 
random network delay and data dropout in an active way. In 
order to test the performance of the proposed control scheme, 
the offline simulation and practical implementation of an 
Internet-based servo control system are carried out. At the 
same time, the stability of the control scheme is also studied. 
The simulation and experimental results illustrate the 
feasibility and efficiency of the proposed Internet-based 
predictive control scheme.

Index Terms- Internet-based predictive control, networked 
system, practical implementation

I. INTRODUCTION

Networked control systems (NCSs), which are the 
integration of the communication technology, control 

methodology, computing and microprocessor technology, 
have recently received much attention. The introduction of 
a network to control systems offers many advantages as 
compared to the traditional control architectures, such as 
easy maintenance, low installation cost and high efficiency. 
The distribution nature of NCSs is also suitable for 
distributed systems in a large geographical area [1].

The developments in microprocessors over the past two 
decades from CMOS circuits to 64-bit DSP, ARM 11 and 
Pentium4 [2, 3] have provided very powerful and reliable 
hardware platforms for NCSs. Meanwhile several network 
protocols for industrial control have been released, for 
example, Controller Area Network (CAN), PROFIBUS, 
Interbus and ControlNet, etc [4]. While the technologies in 
the general computer networks especially Ethernet have 
also progressed very rapidly. The first network ARPA was 
wired together via SOKbps circuits with just four network 
nodes. However, the Ethernet-based network can now work 
at the speed of lOMbps, lOOMbps, or 1000 Mbps with an 
unlimited number of nodes (computers or networked 
instruments) [5, 6]. With the decreasing price, increasing 
speed, widespread usages, numerous software supports, and 
well-established infrastructure, Ethernet-based networks
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become major competitors to the industrial networks for 
control applications. With the development of the network 
hardware, many Ethernet-based network protocols (e.g., 
UDP, TCP and TELECOM network protocol, etc) have 
also been developed to guarantee the security and safety of 
the network. All these provide high-speed and reliable data 
transfer channels for NCSs. Since the information is 
exchanged between the controller, sensor and actuator 
through the digital channels, there are some issues, which 
do not exist in traditional systems, such as limited 
bandwidth, time-delay and data-dropout. These issues 
must be taken into consideration when NCSs controllers are 
designed [7][8][ 19].

Many intuitive strategies had been reported in the design 
and development of the NCS. Anindo Banerjea provided 
a real-time protocol suite, which has capable of transferring 
data on packet-switching internetworks with guaranteed 
performance, such as bounds on throughput, constant delay, 
minimum delay jitter, and reliability. However, this method 
may not be reliable when the network loads change greatly. 
The binary control strategy is used to deal with data-rate 
constraints imposed by time-varying congestion on the 
feedback communication channel. In [9]

The moving horizon method was developed by the author 
[7], which applies the moving horizon concepts quantized 
NCS in a practical context. Since this method transmits 
data specifying only a region in which the measurements lie, 
it will reduce the network utilization of the networked 
control system. However this method could reduce the 
stability of the control system by introducing uncertainty in 
the control system.

The method introduced in this paper belongs to the 
model-based networked predictive control methodology 
(MB-NPC), which is proposed in [12, 13]. The basic 
concept of the model-based networked control system 
architecture is given in [11] [17] [18]. In [11], a practical 
method of using critical information of the plant was 
proposed to reduce the requirement of network bandwidth. 
Luck [17] introduced an observer-based compensator 
method, which can achieve good control performance in the 
case of the constant round-trip time delay. The extended 
GPC method was used in [18] which efficiently reduced the 
effect of network delay. However the controller design and 
the stability analysis have not been addressed. The basic 
idea of MB-NPC is that the explicit model of plant is used 
to estimate the future behaviors of the plant and then give 
an appropriate control signal to compensate for the network 
delay and data dropout.
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Fig 1 The basic structure of the model-based networked predictive control system

Since the digital network channel is employed in MB-NPC, 
it is possible that the information exchanged between the 
controller and actuator (or between the sensor and 
controller) can be a package of data rather than a single 
value in one control cycle. Since It is impossible to know 
the network delay accurately until the information (e.g., the 
control sequence, plant output etc) reaches the actuator or 
controller side, the proposed approach sends several step 
ahead future predictions at the same time. When the 
controller/actuator receives these predictions, an 
appropriate value is chosen from them according to the 
network delay. Compared with the method which just sends 
one single value at each control cycle, the proposed method 
takes wide bandwidth. Therefore the performance of the 
proposed method will be degraded in the case of narrow 
bandwidth networks, for example, the wireless networks. . 
For the broadband networks, the proposed method can 
achieve a very good performance. In this paper, several 
offline simulations and practical implementations on an 
Intranet/Internet servo system were used to illustrate the 
performance of the proposed method.

II. DESIGN OF NETWORKED PREDICTIVE 
CONTROL

A. Networked predictive control scheme

The MB-NPC, as shown in Fig 1 consists of a control 
prediction generator (CPG), observer-based output 
predictor (OP) and network delay compensators (NDC). 
The CPG is designed to generate a set of future control 
sequences. The observer-based OP is used to generate a set 
of plant state or output predictions. The NDC is designed to 
compensate for the unknown random network delay in the 
forward and feedback channels. The key point of the 
proposed predictive control method is to transmit a set of 
information sequences through a network at the same time. 
Thus, it is assumed that the whole information sequences at 
one time are packed and sent from the controller side to the 
plant side or from the plant side to the controller side 
through the network. The network delay is compensated by 
choosing the latest data from the transmitted prediction 
sequences that are available on the actuator or controller 
side.

For example, if a following control prediction sequence 
Su is sent from the controller side at time k — Tk and the 
actuator receives the sequence at time k. The definition of 
Su is given by

where r is the upper bound of the forward channel 
network delay, rk is the forward channel delay,
u(*\k-rt ) denotes the prediction set of the control u at 
time k-rk - The output of the network delay compensator 
in the forward channel will be

(1)

which is the latest predictive control value for time k + 1 .

B. Implementation of networked predictive controllers
The implementation step of networked predictive control 
scheme is as follows:

The first step is to identify the model of the plant to be 
controlled. Since the performance of the CPG and OP 
highly depends on the model accuracy, the model must 
represent the plant as accurately as possible. The servo 
system considered in this paper, which is a single-input 
single-output plant, can be described by

(2)

where y(k) and u(k) are the plant output and controller 
output, respectively, and the transfer function G is

(3)

A(z') and B(z') are polynomials.



The second step is to design a controller for the system 
without considering the network delay, to satisfy the 
desired dynamic and static control requirements of the 
system. Any conventional and advanced control method 
can be employed to achieve it, such as PID, LQG and 
robust control methods etc. So, it is assumed that the 
controller is represented by the following transfer function:

Gc (z' l ) = - (4)

where C(z') and D(z') are polynomials. Thus, the output of 
the controller is

(5)

where S(k) is the output of the controller, r(k) is the 
reference input, p(£)is the output prediction of the plant. 
Actually, the controller can be expressed by

The third step is to design the CPG to generate predictive 
control sequences. The Diophantine equation method has 
widely been adopted [12] [22]. However this method is not 
easy to be extended and programmed, particularly when 
there is the random network delay and the system is 
non-linear. Here, a recursive method will be employed. It is 
assumed that the model has a good approximation to the 
plant. Based on the plant G(z"') and controller Gc(z''), the 
plant output prediction and control prediction for time k+ 1 
on the control side at time k can be calculated by the 
following:

u(k = -c,u(k | k) - ' )r(k

Following the above, the output prediction
control prediction U (k + j\k) for time k+j on the
controller side can be obtained as follows:

a,y(k+j-i\k)- «,>•(* + ./-' I* -< 

./-'-' I*)

where >, ( ^ + y| /t _ /ii) and u(* + y|A-/i,) are the plant 
output prediction and control prediction on the plant side.

Following the control prediction generator, the plant output 
prediction and control prediction for time k + j on the 
plant side at time k are calculated by, respectively,

- X d.y(k + j-i | A)-
i=ll < = /

(12) 
where X^j and w(/t)are the output and input of the real
plant to be controlled, respectively.

The above procedure leads to the following implementation 
algorithm for the control prediction generator:

( 1 ) Given y(k - Ak - i) and u(k - Ak - i) , for i=0, 1, 
2, ... and lety=0.-

(2) Calculate y(k — i\k-A.k ) using equation (11) and

u(k -i\k-A.k ) using (12), for i=0, 1. 2, ...^
(3) Calculate y(k + j\k) using equation (9);
(4) Calculate u(k + j\k) using equation (10);
(5) Set;=/+/;
(6) Ify'<= T , go back to step (3), otherwise, stop.

where T is the upper bound of the forward network delay. 
Clearly, the above algorithm yields the following control 
prediction sequence:

[u(k

Using a similar implementation algorithm to the control 
prediction generator, the following plant output prediction 
sequence on the plant side at time k can be generated by the 
output predictor:

\ k),-,y(k + A \ k )

(9)



where A. is the upper bound of the feedback channel 
network delay. The forward and feedback delay 
compensators are implemented as

and y(k) = y(k \ k- At

which can compensate for the network delay actively.
(13)

C. Stability analysis of the networked predictive control 
systems

This section analyses the stability of the closed-loop 
networked predictive control system using the proposed 
predictive control algorithm in this paper. To simplify the 
presentation, equations (2), (9)-(13) were reformulated in 
matrix form. It is assumed that the network delay can be 
exactly measured. Then the closed-loop system equation 
can be expressed as

(14)

b, 0 

O

where
-«. ° 

o
e jjC'**"-"*-* 2 '

Ut =[i/(A),---.B(i-/i, - r,),•••, u(k- /I, -r, - p),---,u

and ^ 6 {0,l,-,/l},rt 6{0,l,-",r}. 
<f-«.r and

The definition of 
-.r can be

found in the Appendix. As network delays Ak and Tk are
random, system (14) is actually a switching system. It is 
well known that if there is a common quadratic Lyapunov 
function such that its increment is negative, the closed-loop 
system is stable [16][21]. Thus, a simple criterion of 
checking the stability of closed-loop system is given below.

If there exists a positive definite matrix P such that

(15)

for all Xt e {0,1, • • •, A} and Tlt e {0,1,• • •, r}, then the closed- 
loop system (14) is stable for all random delay[16][21].

III. SIMULATION OF NETWORKED PREDICTIVE 
CONTROL

A. Network delay detection

Since an NCS operates over a network, data transfers 
between the controller and the remote plant will induce

network delays in addition to the controller processing 
delay. The accuracy of measuring the network delay 
significantly affects the performance of the NCS. The 
measurement of network delay can be achieved by a 
software or hardware method [13][20]. In this paper, the 
software method is adopted. Two network delay 
measurement signals are employed in the control system 
loop to calculate the network delay in the forward and 
feedback channels at each control cycle. 
B. offline simulations
Consider a servo motor control system, which consists of a 
dc motor, load plate, speed and angle sensor. The control 
system is designed to drive the load plate to a pre-set angle. 
The model of the plant is identified as

0(2-') =. -0.00886z-'(l-143.1407z-')
(l-1.0743z-')(l-0.5873z~')

(16)

The sampling period is 0.04ms. In equation (29), it is clear
that the system is a SISO linear discrete system.
The transfer function of the controller is designed to be

0.04956 -0.0487872Z 1 
1-z' (17)

which is a proportional-integral (PI) controller. 
In order to test the performance of the networked predictive 
control method, the offline simulations have been carried 
out in a Matlab/Simulink environment. The offline 
simulation control diagram is shown in Fig. 2 
The closed-loop system consists of the control prediction 
generator, the network delay compensator, the delay 
measure signal generator (the Delay Measure Signal 
Generator for the Forward Channel (DMSGFC ) or the 
Delay Measure Signal Generator for the Feedback Channel 
(DMSGBC )), the network delay simulator and the 
observer-based output predictor.

Z L

Fig.2 Offline simulation diagram

In this paper the network delay is simulated using the delay 
block Z-'.

Offline simulations are carried out to test the performance 
of the networked predictive control algorithm for three 
types of network delay: the constant network delay,



network data loss and random network delay. 

]) Constant Network Delay

The network delay, either the constant or random delay, 
will degrade the performance of the networked control 
system and can even destabilize the system, whose 
controllers are designed without considering the network 
delay. The step responses of the control system with no 
delay, 1-step, 2-step and 3-step constant network delay in 
the forward channel are shown in Fig.3, respectively.
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Fig.3 Step responses for various constant network delays in 
the forward channel

The controller for all these cases has the same parameters. 
The simulations results confirm that the network delay 
degrade the control performances of the networked control 
system. The overshoot of the system increases as the 
network delay goes up. The step responses of the 
closed-loop system using the proposed recursive predictive 
control strategy are illustrated in Fig 4. The parameters of 
controller in the recursive predictive method are the same 
as equation (17). It is clear from the simulation results that 
the control performance of the networked predictive 
controller with the same parameters is very similar in the 
case of the different constant network delay. It has been 
assumed that the model and plant are exactly same; the 
proposed method can obtain the exactly future plant output 
and controller output. This implies that the networked 
predictive controller can actively compensate for the 
constant network delay. Since the controller parameters do 
not need to be changed, the network delay can be ignored 
during the design of the PI controller, which is quite 
different from the traditional method (taking into account 
the delays in the controller design stage or designing a 
communication protocol that minimizes delay [15]).

-no time delay
1 step constant delay
2 step constant delay
3 step constant delay
4 step constant delay
5 step constant delay

Time(s)

Fig. 4 Step response of the networked predictive PI control 
system with different constant network delays

This significantly simplifies the controller design process 
for networked control systems. The proposed recursive 
predictive control method, however, is a model based 
control system like other MPC systems. When the model is 
different from the plant, the performance of the system will 
be degraded. For example, if the numerator of plant is 
changed by 10% to £> = [-0.00896 1.268227] and
denominator in the model is still the same as equation (16). 
Since white noise has wider bandwidth than a step 
disturbance, a normally distributed band-limited white 
noise is added with amplitude approximately 10% of the 
control signal at the input of the plant. The performance of 
the control system is shown in Fig.5. Clearly, the 
proposed method still gives reasonable responses for 
different network delays.

——— 1 step co
2 step co
3 step co

•-•••- reference

n slant delay
nstant delay
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Fig. 5 Step responses of the networked predictive control 
system

An online identification method, such as the RLS or neural 
network method should be used when the plant is time 
variant. Since the servo system for this case is very simple, 
online identification is not needed.

2) Network data dropout

Network package dropout occasionally occurs in then NCS, 
when there is node failure or network congestion. It 
becomes a much serious condition when the network



protocols used in the NCS are not equipped with a 
transmission-retry mechanism, such as UDP protocol. To 
simulate the network data dropout situation, the data 
dropout simulation unit is given in the following form of

', if r,>8 

0 if r, < 8
(18)

where i( it is the input of the data dropout simulation unit, 

0, is the output of the unit, rt is a uniform random
number and S is the pre-set data loss probability. The 
principle of the data dropout simulation unit can be 
summarized as follows. A random number generator 
produces a uniform pseudo number rt (uniform 
distribution between 0 and 1) at each sampling time. When 
this random number rt is greater than the pre-set data loss
probability 5, the data will pass or else 0 will be 
transmitted. The responses of the networked control system 
with 0.1%, 0.2% 0.5%, 1% and 2% pre-set passing rate are 
shown in Fig. 6.
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Fig. 6 The step responses of the system without data loss 
compensation

In order to compensate for the data dropout in the forward 
channel, the following formula is adopted,

««) =
f* < r I if n10 data dropout 

otherwise

where u(k) is the control signal, u(»\k-Ak ) the 
received control data at the current control loop,

When the networked predictive control method is adopted, 
the step response of the networked control system with the 
different data dropout rate using the proposed recursive 
predictive control method is shown in Fig .7. It is clearly 
noted that all responses are very similar when the model is 
the same as the plant. The recursive predictive control

method can actively reduce the effect of the network data 
dropout

60-,
55
50
45
40
(V

- — 0. 1 % data loss with compenstation 
0.2% data loss with compenstation 
0.5% data loss with compenstation 
1% data loss with compenstation 

• 1.5% data loss with compensation 
2.0% data loss with compenstation 
reference input

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Time(s)

Fig. 7 The step responses of the system with data loss 
compensation

3) Random network delay

Since there are the existences of physical path diversity 
between many sources and destinations and multi-path 
routing protocols are used on the Internet, the transmitted 
packages could be disordered by the network, which results 
in random network delay. The data dropout can also be 
categorized as the infinite data arrival time. The system 
performance will be degraded when the random network 
delay and data dropout are treated as a constant network 
delay.
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(19) Fig.8 The simulation of random time delay

Fig. 8 is the simulation of random time delay in both 
channels. Equation (19) is employed to compensate for the 
random network delay. From the simulation results shown 
in Fig. 9, the networked predictive control method can 
improve the performance of the networked control system 
in the case of the random delay. However, it can be noted 
that the system responses of local control and the 
networked control with the random network using the 
recursive predictive method are not similar, unlike the 
results in the case of the constant network delay.
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Fig. 10 The diagram of the Intranet/internet based control system
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Fig.9 The step responses of the system with random 
network delay

Since the round trip time method is employed to calculate 
the network delay, it can not obtain very accurate network 
delays in the forward and feedback channels, respectively.

IV. PRACTICAL IMPLEMENTATION OF INTERNET 
BASED PREDICTIVE CONTROL

A. Networked servo control test rig

To apply the networked predictive control strategy to 
practical systems, a networked control system test rig has 
been built, which is shown in Fig. 11

This test rig consists of a networked control board (NCB), a 
networked implementation board (NIB) and a servo control 
plant.

Fig. 11 The networked controller board and servo plant

The kernel chip of the networked control and the networked 
implementation boards is Samsung S3C4510B. It is a 
cost-effective, high-performance microcontroller solution 
for Ethernet-based systems. The S3C4510B can operate at 
either 100-Mbits or 10-Mbits per second in half duplex or 
full-duplex mode. The implementation board has eight 
12-bit A/D channels and two 16-bit D/A channels.

The control diagram of the Intranet/Internet based control 
system is shown in Fig. 10. In order to increase the 
communication speed for networked control systems, the 
UDP was adopted [10]. This protocol offers a direct way to 
send and receive datagram over an IP network. So it has a 
higher speed, which is very important for networked 
control systems that have a very high time-constraint 
requirement. The sampling time for the networked control 
system was 0.04s.

B Intranet and Internet based control experiments

As for the Intranet experiment, the NCB and NIB were put 
under the same subnet (their IP addresses are 193.63.131.15 
and 193.63.131.219). The controller parameters were the 
same as the ones used in the simulation. The network 
delays between these two boards were quite constant. There 
was one step network delay in the forward and feedback 
channels respectively. The step response of the Intranet 
based PI control system without compensation for the 
network delay is shown in Fig. 12.
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Fig. 12 Intranet based PI control (no delay compensation)

The step responses of the Intranet based servo control 
system with compensation using the recursive predictive 
method are shown in Fig. 13. It is clear that the proposed 
method can compensate for the Intranet time delay 
efficiently. Since it is difficult to compensate for the 
network delay completely in practical networked control 
systems, the overshoot of the intranet based predictive 
control system is worse than the local control system 
although its rise time is slightly better.
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Fig. 14 The network delay of Internet

Since the network delay from China to the UK was more 
than 5 steps, on average, the system was unstable if the 
controller is still the same as equation (17), as shown in Fig 
15.

60 65 70 75 80

Time(s)

Fig. 13 Intranet based predictive control

As for the Internet experiment, the NCB and NIB were put 
under the different subnets. The experiments were carried 
out with the help of the Chinese Academic of Sciences. The 
NCB was physically put in China, whose IP address was 
159.226.21.191. The NIB was put in the UK laboratory, 
whose IP address was 193.63.131.219. The characteristics 
of the network delay between these two boards are shown 
in Fig 14.

Fig. 15 Internet experimental result without delay 
compensation

When the network delay in the feedback channel was 
compensated, the overshoot is quit large even though the 
system is stable, as shown in Fig 16.

— compensation only in forward channel 
reternce________________

Fig. 16 Internet experimental result with partial delay 
compensation
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Fig. 17 Internet experimental results with full delay 
compensation

When the network delay in both the forward and feedback 
channels were fully compensated, the results of step 
response are shown in Fig. 17. Clearly, In Fig. 17, the results 
of a local control, Intranet based control and Internet based 
control systems are very similar. It seems that the 
performance of the Internet based predictive control system 
is slightly better than both the local control system and the 
Intranet predictive control system. But, the smoothness of 
the response of the Internet based predictive control 
becomes worse. This could be caused by several factors, 
e.g., long network delay, model uncertainties and 
nonlinearity. From this practical experiment, a conclusion 
can be drawn that the networked predictive control can 
actively compensate for the network delay when the model 
of the plant is reasonably accurate.

IV CONCLUSION

In this paper, a recursive predictive control scheme has 
been proposed and the design and implementation of this 
scheme has been studied. It has been shown that the system 
performance of the NCS degrades due to the existence of 
network delays in the control loop. In order to illustrate the 
performance of the proposed scheme, both an offline 
simulation and a practical implementation for a networked 
servo system controlled through Intranet/Internet has been 
carried out. It has been demonstrated that the networked 
predictive controller is an active network delay 
compensation controller. Its ability to compensate for the 
network delay has been demonstrated by both offline 
simulations and experimental tests.
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Firstly, equation (12) can be rewritten as
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Substituting equation (17) into equation ( 1 5 ) gives 

Uk =Gk Yk + Hk Uk (A-5) 

where

0. denotes a zero 

matrix, O 6 <R< *-' , e

0fi , e "*' and05 , 6

n represents the maximum value ofp and w, m is 
maximum value of q and m. 
It is clear from (14) that

Uk =(I-CT ] (AYk +BkYk (A-2)

where the inverse of matrix /-c exists because it is an 
upper triangular matrix with non-zero elements in its 
diagonal line. 
Secondly, equation (11) can be expressed by

Thirdly, equation (9) can be described by 

Yk =AYk + Pk Yk

where
y(k -Tk +T\

T. +T -

LkUk
(A-6)

where

Bk Yk + CUk + DkUk
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Combing (16)and (15) gives

JJt = EkYk

where

Lk =[0Ll
<=•=

(A-4) - e 5R rxv/' and O.- e <R'«< fl -<"«

combing equation (17), equation (18) and equation (19)
_ _ _ _ gives 

Ek =(l-A-C(I-Cr] A)- } (Bk +C(I-C)- ] Bk )

Fk =(I-A-C(I- + Yk =(I-A)- l (CUk +(Qk +PkEk +Rk Gk )Yk

As (I - A-C(I -C)~ l A) is an upper triangular 
matrix with non-zero elements in its diagonal line, its 
inverse exists.

( A-7)



Fourthly, equation (10) can be written in the following 
matrix form:

Pk Yk + QkYk + CUk + Rk Uk + Lk Uk (A-8)
Where

A = 0

oQ2 ]

0L2 ]

0 0 ••

According to equation (13)
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; o 
o i

0 .

(A-12)
Let

Combining (17), (18) and (A-l) leads to

Uk =Gk Yk+ HkUk 
where

(A-9)

Combining Equations (A-5) and (A-6) leads to the 
Gk =(I-C-A(I-A)~l Cr l (Qk +Pk Ek +Rk Gk following closed-loop system:

U.

where

(A-13)

A(I-Ar l (Lk +PkFk +RkHk ))

Substituting (A-3) into (A-l) yields

where

'-«, ••• -a,, 0 ••• 0 ba 
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O
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/
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(A-10)

Ek =(I- A)' (CGk +Qk + PkEk + Rk Gk ) 

Fk =(I- A)~* (CHk + Lk + PkFk + RkHk )

Fifthly, system (2) can be realized in the following state 
form:

(A-ll)

Where
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Abstract. This paper provides a networked predictive control (NPC) method for control 
systems over general packet radio service (GPRS) networks. The NPC method can ac 

tively compensate for the network delay and data dropout, which is well known to seriously 

degrade the performance of control systems. This method is an improved and intelligent 

implementation of the model based predictive control (MPC) method. A control predic 

tion sequence is generated using the MPC strategy and an appropriate control prediction 
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improve the performance of control systems over GPRS wireless networks.
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1 Introduction
Recently, wireless networked control systems (NCSs) have been becoming a 
rapid growing sector in control theory and industrial applications [1, 2], par 
ticularly in the automotive and aeronautical industries where many sensors 
and actuators are placed at different locations. In the wireless networked 
control systems, wireless communication networks are employed to exchange 
sensor signals and control signals between control system components [3, 4). 
There are many attractive advantages of introducing wireless networks to the 
control systems, for example, wireless network control not only can reduce 
the cost and time needed for the installation and maintenance, but also can 
greatly minimize the installation space of the whole control system. Beside 
these, easy reconfiguration is another highlight characteristic of the wireless 
network control [5-7]. Therefore much attention has been given to the re 
searches on wireless network control systems.

GPRS is a bearer service for the Global System Mobile Communication 
(GSM) which improves and simplifies wireless access to data networks [8].
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The two key benefits of GPRS are a better use of radio and network resources 
and completely transparent IP support. The measurement result and control 
signal can be transferred over a long distance using TCP/IP protocol. GPRS 
optimizes the network and radio resource. It uses the radio resource only 
when there is a data to be sent or received. As a true package technology, 
it only occupies the network when a pay load is being transferred, and so is 
well adapted to the very burst nature of data applications. GPRS can also 
provide immediate connectivity[9].

When data are transferred through GPRS wireless networks which have a 
limited bandwidth, the network delay and data dropout due to the path loss, 
half-duplex operation of transceivers and channel error, are unavoidable[10j. 
The key challenge in designing networked control systems is how to compen 
sate for the network delay and data dropout.

Many papers have been published on NCSs. Most research focuses on 
two areas: network protocol and control strategy. Regarding the network 
protocol, different scheduling policies have been studied. In [11], a dynamic 
scheduler determines the network allocation and then dynamically sched 
ule traffic on the common wire-line. An adaptive scheduling algorithm has 
employed in [12] to improve the performance of NCSs. In the design and 
analysis of networked controllers, many methods have been used. The opti 
mal control method based on QoS variations has been used in a networked 
DC motor system in [13]. The guaranteed cost control design for linear sys 
tems connected over a common digital communication network is addressed 
in [22]. The LMI-based delay-dependent optimization method has been used 
to compensate for the networked delay in [14]. The robust control method 
[15] has designed a networked controller in the frequency domain by using 
the robust control theory. In [16], the stability of NCSs has been analysed 
using Markov chain method. A Hx method was proposed in [20,21], both the 
network delay and data drop out are taken into the consideration. However, 
all these methods have putted some strict assumptions on NCSs and utilize 
wired networks.

This paper applies the predictive control scheme, which is proposed in 
[17], to networked control systems with the random time delay in the for 
ward and feedback channels. In order to compensate for the network trans 
mission delay, a network predictive controller generates control prediction 
sequences which are sent to the actuator in a package over networks and 
a network delay compensator is employed in the control system. The net 
worked delay compensator chooses an appropriate control prediction from 
the sequence available on the actuator side according to the network delay 
and data dropout. Under this control scheme, the closed-loop system is a 
switched linear control system. The theory of switched control systems will 
be used to determine whether the closed-loop system with random time-delay 
is stable.
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2 Design of networked predictive controllers
This section introduces the design of NPC systems. Firstly, it is assumed that 
the round trip network delay is upper bounded, that is, 0 < rsc + rr(1 < r, 
where TSC is the network delay from the sensor to the controller (the feedback 
network delay), TCU is the network delay from the controller to the actuator 
(the forward network delay) and T is the upper bound of the round trip net 
work delay. It is also assumed that plant's model is the same as the plant 
without disturbance. The structure of the networked predictive control sys 
tem is showed in Figure 1. It mainly consists of 3 parts: a buffer, a control 
prediction generator and a network delay compensator.

Figure 1: Structure of the networked predictive control system

The buffer is used to store the historical data of the controller output u(k) 
and the plant output y(k). All this data was put into one package and sent 
to the controller side, for example, consider a linear system in the discrete 
domain. Let m be the highest order of the plant and controller numera 
tors, n be the highest order of the plant and controller denominators, the 
packages [u(k), • • • , u(k — m)} and [y(k), • • • , y(k — n)} will be sent to the 
controller side at time k. The control prediction generator will use those 
received data to identify the plant model and generate a control prediction 
sequence [ u(k\k) u(k + l\k) ••• u(t + r\k) ] . The control prediction 
sequence will be putted in one package and then be sent back to the actu 
ator and plant side. The network delay compensator will choose a control 
prediction at time k according to equation (1).

u(k) = u(k\k - TSC - rca ) (1)

The proposed method can also compensate for the data dropout, which is 
another factor that highly affects the performance of NCS, for example, u(k + 
l\k - TSC - rca ) will be used as u(k + 1) if there is a data dropout at time 
k+1. The controller creates a zero sequence without time-mark instead of 
generating the control sequence in the case when there is a data dropout in
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the feedback channel. As the networked delay compensator receives the zero 
sequence without time mark, the same compensation scheme will be used to 
deal with the data dropout in the feedback channel as it compensates for that 
in the forward channel. The structure of the control prediction generator is 
shown in Figure 2.

L
r(k) .-

Figure 2: Structure of the control prediction generator

Consider a single-input single-output system

y(k) = Gp (z- l )a(k) (2) 

whereGp(s~ 1 ) is the plant model and is defined by

1 ) € 5R 1X " and B^" 1 ) € 3? lxm are polynomials. 
Without consideration of the network delay and data dropout, a virtual local 
controller Gc (z~ l ) can be designed as

where C(z~ l ) 6 5R lx 9 and D(z~ l ) e 3? lxp are polynomials. 
Then the first step ahead control prediction can be obtained as

= Gc (z- l )(r(k)-y(k)) (5) 

combing equation (4) and (5) gives

1=1

If the round trip delay is constant, the controller only sends u(k + rRT \k) to 
the actuator side as the control valueu(A- -I- TKT), where TKT is the constant
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round trip network delay and it has been assumed that there is no data 
dropout. The one-step ahead plant output prediction can be determined by

Combing equation (3) and (7) yields
m n 

i=0 j=l

Following the above procedures, the plant output prediction of y(k+TRT-l\k) 
and control prediction u(k + rRT \k) can be obtained as follows:

TI m 

V(k + TRT - l|fc) = -y^a,_!y(A:

P 9 
u(k + TRT \k) = ~y^ diii(k + TRT - i) + ]P c,</(A; + i + TRT )

i=0 i=l

•1) (10)

It is assumed that the reference is zero without lose generality in the analysis 
of the system stability. Combing equations (1) and (10) gives

C(z~ 1 )u(k + rca ) = D(z~ l ) (-Ay(k + rca - 1) - Bu(k + TCU - 1)) (il)

where
l + A = s~ l A 
Then

u(fc+l) -D(z- l )A(z- 1 ) 
y(k) C(z~i) + D(z- l )B(z~i)z-i ( -'

So, the stability of the system is delay independent, if the round trip network 
delay is constant.
For the case where the round trip delay is time-varying, the one-step ahead 
output prediction can be obtained by

(13) 

According to equation(3), equation (13) can be rewritten in the following form

y(k+l\k) = ^biu(k-i
i=i j=i 
+B(z- l )D(z- l )r(k) (14)
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Then the plant output prediction ofy(k + T — l\k) and control predictionu(/l- + 
r\k) under the condition of random round trip delay can be obtained as 
follows:

min(r — 2.n)

k + r-l\k) = - ]T a ,y(k
i=l

m\n(in,T — 2)

+ ^ /J,u(A:
1 = 0

- i\k) - Ul y(k + r - i -
l=T-\

i = T-l

(15)

niiiifr — 2,p)

Y^
t=0 

inin(g,r—1)

I= l

So

Bl Y,,,

(10)

wheren-=[

Ok = (
up,=

A = —

"

C =

and

where
Yek =

y(k + l\k) y(k + 2\k) ••• y(k + r — l\k) ]
[ y(k) y(fc-l) ••• y(k-n+l) } T
u(k + \\k) u(k + 2\k) ••• u(k + T\k)] T

[ u(k) w(fc-l) ••• u(k-m) } T
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l/cfc = [ u(k) u(k - 1)

r
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• dp
• 0
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In order to analyse the stability of NCS with random network delay, equation 
(15) is written in the following form:

+ B3 Yk + dUk + D3 UkYk =

where
Yk = [y(k + rsc + rcu ), ••• , j/(A: + rsc + rca - n)] T
Uk = [u(k + Tsc + Tca ), • • • , U(k + Tsc + Tca - ffl)} T 

BS = [ Q(T-I)X(T, C + T,..) B\ 0( r _i) x (f.-n-T, 0 + T, c

DZ= [ 0(T-l)x(T, r +T,,) D\ Ofr.lJxJm-T.t+T^-TF

0»denotes a zero matrix. 
It is clear from (19) that

(19)

Yk = (I- k + D3 Uk ) (20)

where the inverse of matrix/ — A\ exists because it is an upper triangular 
matrix with non-zero elements on its diagonal line.
Following the same procedure as the above, equation (18) can be written in 
the following matrix form

Uk = (21 )

where,
-,C , C , c , r 

D4 = [ 0( T _l) x (r, r +T,,) D2 0( T _l)x(77l-T. c +T, r -p-i) J

combing equation (21) and (20) results in

Ok = Ek Yk + Fk Uk

where
Ek = (I-C2 - A2 (I - y4i)- 1 Ci)- 1 (S4 + A2 (I - A l )~ 1 B3 )
Fk = (I-C2 - A2 (I - Ai)- l Ci)- l (D4 + A2 (I - Ai)- l D3 )
As(I - C2 - A2 (I - ̂ ^"^^"'is an upper triangular matrix with non-zero
elements on its diagonal line, its inverse exists.
System (2) can be realized in the following state form:

Yk+ i = AYk + BUk (23)
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where 
A =

B =

—Cll —O'2

60 bi ••• bm
n °
u(m-l)x(rn-l)

According to equation (1)

u(k + rca + rs(.) = u(k + TCU + Tsc \k)

Let
[ <5o( rca,Tsu ) '•• <5n(Tc,,,Tsn ) ] =

[ o0 (Tca ,Tsa ) ••• e,n(TCa ,Tsa ) } =
Combining Equations (24) and (25) leads to the following closed-loop system:

= o lx(r _ r, <i _ r , n _ 1)

.£:]-*"•-'•->[£] w)
where

-ai • • • -a,, 0 ••• 0 b0 ••• bln 0 • • • 0 
/ O

<5o( Tca,Tsc ) ••• 5f,(Tca ,Tsc ) Oo(Tca ,Tsc ) ••• #m(T( . H ,T, c

O /

As network delays and are random, system (25) is actually a switching sys 
tem. It is well known that if there is a common quadratic Lyapunov function 
such that its increment is negative, the closed-loop system is stable [18]. 
Thus, a simple criterion of checking the stability of closed-loop system is 
given below. 
If there exists a positive definite matrix such that

A(rca , rsc ) TPA(rca , TSC ) - P < 0, Vrca and Vrsc (26) 

the closed-loop networked predictive control system is stable.

3 Simulation and Experiments
In this section, simulations and experiments are set up to illustrate the effects 
of the NPC method. In the simulation scenario, a networked DC servo control 
system is simulated using MATLAB/SIMULINK.
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The model of plant is

G , -i. _ -0.02178Z- 1 + 0.440994;- 2 - 0.323738;- 3 + 0.095965s-4 
p{Z 1 +1.830s- 1 + 1.10763s- 2 -0.31954s- 3 + 0.047466s- 4

The sample rate of control system is 0.2 second. The block diagram of the 
networked servo control system is shown in Figure 3.

Actuator Board GPRS modern 1 ''

Figure 3: Block diagram of the networked servo control system 

The actual servo control system setup is depicted in Figure 4

Figure 4: Actual servo control system

The network prediction generation was implemented on a server computer 
(Pentium 4 3.2G 1.5GB RAM), while the network delay compensator was 
implemented on an AT91RM9200 actuator board running embedded Linux. 
The actuator board has two functions. The first task is to compress the plant 
angle signal data into a package and send it to a server computer through 
a GPRS modem. The package will be used at controller side to identify the 
model plant and calculate the control prediction sequence. The second task 
is to choose an appropriate control prediction according to equation (1) and 
then drive the DC motor.

A PID control, which was designed without considering of network de 
lay and data dropout, was employed in this paper. The parameters of the



10 S C Chai G P Liu K Malhotra and D Roes

proportional (P) and integral (I) were 0.4 and 0.1, respectively.
Several off-line simulations were carried out to evaluate the performance 

of the networked predictive control algorithm under different network de 
lay conditions: the constant round trip network delay, random round trip 
network delay and data dropout.

3.1 Simulations

In order to test the performance of networked control system under the dif 
ferent constant round trip network delays, such as 1, 2, 3 and 4-step network 
delays were added to the closed-loop system, respectively. The closed-loop 
system responses are shown in Figure 5.

- 4-step network delay 
3-slep network delay 
2-step network delay 
1-step network delay 
without network delay 
reference

Figure 5: Responses of the system with constant network delay

Figure 5 clearly indicates that network delay can significantly influence the 
close-loop system performance by increasing the maximum overshoots and 
settling times in the step responses.

As a comparison, the NPC method was conducted to compensate for 1,2 
3 and 4-step constant round trip network delays. The system responses are 
given in Figure 6. It can be noted that all the resultant curves are very similar 
but delayed in the case of different constant round trip network delay. The 
responses clearly show the advantages and improved performance of using 
networked predictive method to maintain the system performance while the 
round trip network delay is constant.

Data dropout is another key factor that affects the performance of the 
network control system. There are 3 factors that result in data dropout: 
l)Transmit protocohThe combination of low overhead and no retransmit 
ting mechanism allows UDP a preferred choice for networked control systems 
[19]. However, lacking the retransmitting mechanism, the packet delivery can 
not be guaranteed.
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- local control
one-step ahead network delay 
two-step ahead network delay 
three-step ahead network delay 
four-step ahead network delay

Figure 6: The responses of the 
different network delay

networked predictive control system with

2) Channel failure:As shown in Figure 3, the network of the control sys 
tem consists of the Internet and GPRS network. The traffic congestion and 
electric noise from cable modems will result in Internet network channel fail 
ure. In the GPRS network, the path loss is a key factor resulting in the 
data dropout and is defined as the attenuation undergone by signal strength 
in transmission from a transmitter to a receiver in a wireless system. The 
magnitude of the path loss depends on several factors, such as the antenna 
technology, the frequencies used, and the environmental conditions that are 
presented.
3)Control algorithm:In the network control system, more than one pack 
age data may be received in one control cycle. The control system will choose 
the newest data package from received data packages and others packages will 
discard. And those discarded data package will be taken as data dropout.

The system responses in the event of data dropout are shown in Figure 
7. It can be noted that the data dropout will increase the system settling 
time and make the system more fluctuating. In order to compensate for the 
data drop-out, u(k + \\k — TSC — rca ) will be used as the input of the plant 
in the event of data dropout at time k + 1 . The performance of the control 
system with data dropout compensation mechanism is shown in Figure 8. It 
can be noted that the data dropout strategy can completely compensate for 
the affection of data dropout under the assumption that plant model is the 
same as the plant and there is no disturbance.
In order to evaluate the performance of the control algorithm adapting to the 
changing network delay, the system is subject to the random network delay 
in the forward channel and feedback channel, which is shown in Figure 9. 
The maximum network delay is 1.6 seconds and minimum network delay is 
0.8 second. The responses of the network control system are shown in Figure 
10. It is clearly shown that the control system has a large overshoot and and
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- local control 
networked control system
with 30% data drop-out 
reference

Figure 7: The response of networked control system with data dropout

£ ...

—— local control
• networked predictive control method 

wilh data drop-out compensation 
reference

5 10 15 20 25 30 35 40

Time(s)

Figure 8: The responses of the networked predictive control system with data 
dropout

high oscillatory.

The performance of the control system with random round trip network 
delay compensation mechanism is shown in Figure 11. It can be seen that the 
networked predictive control strategy can efficiently reduce the effects of the 
random network delay. All curves are very similar. So the proposed method 
can obtain good performance in the case of the random round trip network 
delay.
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0.9-

08-

Figure 9: Variable network del;iy

local control I 
network control

10 15 20 25 30 35 40 45 50 55 

Time(s)

Figure 10: Responses of the networked control system with data random 
network delav

3.2 Practical implementation of the networked predic 
tive control method

In the practical implementation, the server computer was put in the Uni 
versity of Glamorgan and its IP address was 193.63.131.219, and T-mobile 
provided the GPRS network connection. In order to obtain the accurate 
round trip delay, an integral ramp signal/? € { 1, 2, • • • oo }, which is 
increased by 1 at each control cycle, is used. The signal R is sent from the 
AT91RM9200 actuator board to the server computer, and then the server 
computer sent back the received signal . The difference between the current 
ramp signal value and the sent back ramp signal value is the total round trip 
time delay step. The practical network delay is shown in Figure 12.

The maximum network delay was 2.2 seconds and minimum 1.4 seconds.
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- local control 
network predictive control

0 5 10 15 20 25 30 35 40 45 50 55 

Time(s)

Figure 11: Responses of the networked control system with data dropout 
compensation mechanism
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Figure 12: practical network delay

Since the GPRS wireless has a limited network bandwidth, the package size 
is a key factor that affects the network delay and data dropout. In the prac 
tical application, data compression algorithm should be used to compress the 
control and signal sequences. The practical experiment results of the system 
are shown in Figure 13. The solid line is the result of the network predictive 
method, the dash line is the response of the network system without com 
pensation and the dot line is the performance of the local control system.

It is clearly shown from the experiment results that the network predictive 
method for a system with network delay has similar control performance 
to the system without network delay. This confirms that the networked 
predictive control method can compensate for the network delay effectively
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—— networked predictive control 
network control 
local control

25 30

Time(s)

Figure 13: practical experiment result.

in a wireless medium.

4 Conclusion

In this paper, a networked predictive control scheme has been proposed for 
wireless networked control systems. The design of the proposed method has 
been studied in details. The stability of the closed-loop networked predictive 
control system also has been addressed. The off-line simulation and prac 
tical experiments have been carried out to evaluate the performance of the 
proposed method. The experiment results of the networked predictive con 
trol strategy were compared with the conventional control methods. It has 
been shown that the networked predictive control can compensate for both 
constant and random network delays actively and reduce the effect of the 
network delay significantly.
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Abstract: This paper discusses the design and implementation of networked predictive 
control systems. A networked predictive control algorithm is proposed to compensate the 
network delay and achieve desired control performance of networked control systems. 
Two schemes of networked control systems are presented: one is the off-line simulation 
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servo control system. The simulation and practical experiment results illustrate the 
efficiency and feasibility of the proposed networked predictive control algorithm and 
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1. INTRODUCTION

The traditional communication architecture for 
control systems which has been successfully 
implemented in many areas for decades is a point-to- 
point architecture (the controller and implementer are 
at the same place) [1]. With the development of the 
internet and the diversity of physical setups, 
traditional control architecture is limited because of 
their modularity and centralisation of control. 
Networked control systems (NCS) has emerged as a 
significant topic for research as the result of the 
development of networks and appropriate control 
methodologies. Now, NCS can be found in 
manufacturing plants, aircraft, HVAC systems, 
automobiles and many other applications [2]. The 
main feature of NCS is the exchange, through 
communication networks, of system information and 
control signals between various physical 
components. So this type of system has the 
advantage of greater flexibility over traditional 
control systems, including greater flexibility in 
diagnosis and maintenance procedures [2]. The 
studies on NCS cover very wide fields like medium 
of exchange, network protocols, network control 
methodologies, stability of NCS, scheduling of 
networked control systems [2][3].

In industrial control applications, there are three 
main buses used in NCS: the Ethernet bus, token-

passing bus (e.g., ControlNet), and controller area 
network (CAN) bus (e.g., DeviceNet). Because of the 
world wide use of the Internet, the Ethernet network 
becomes the cheapest and widest medium of 
exchanging data. Ethernet uses a simple algorithm 
for operation of the network and has almost no delay 
at low network loads. Very little communication 
bandwidth is used to gain access to the network 
compared with the token bus or token ring protocol. 
Ethernet used as a control network commonly works 
at the 10 Mb/s standard (e.g., Modbus/TCP) and at 
high speed transmission rates of lOOMb/s to IGMb/s.

There are two protocols, UDP and TCP, which are 
used for Ethernet networks. The UDP protocol is a 
connectionless protocol that runs on top of IP 
networks. Unlike TCP/IP, UDP/IP provides very few 
error recovery services, offers a direct way to send 
and receive datagram over an IP network. TCP 
however adds support to detect errors or lost data and 
to trigger retransmission until the data is correctly 
and completely received, which is more time 
consuming.Since UDP has two critical advantages 
over TCP, namely speed and overhead, it is the 
protocol that is normally used in NCS.

Although the NCS has many potential advantages 
over existing technology, there exists several control 
problems. These problems are network delay, data 
dropout, sampling and transmission method, and they



are not easy to overcome using conventional control 
methods. To solve these problems, many methods 
have been adopted, such as the augmented 
deterministic discrete-time model method [6] and 
optimal dropout compensator method [7]. But, these 
methods have put some strict assumptions on NCS, 
e.g., the network time delay is less than a sampling 
period, or they have resulted in a solution that is not 
practical to implement. Liu et al[9] have proposed a 
networked predictive control method where they 
have considered the stability of the closed-loop NCS. 
This method can be readily implemented and 
actively compensates for the network time delay. 
Now there are a number of research papers on 
network control systems [6][7][8], but the majority 
focus on control theory and system stability analysis. 
The implementation aspects of these methods in the 
main are not addressed on those papers. In this paper 
we will seek to address these shortcomings by 
designing a controller and implementing the control 
methodology within a network structure. This paper 
is organised as follows: section 2 describes the basic 
idea of the networked predictive control method; 
Section 3 gives the simulation of networked control 
systems. Section 4 is the application example of the 
networked predictive control algorithm to a 
networked servo control system. Finally, some 
conclusions are made.

2. NETWORKED PREDICTIVE CONTROL

2.1 Networked predictive control scheme 
The networked predictive control (NPC) scheme was 
proposed by Liu et al. [9]. However in this paper [9] 
the time delay in the feedback channel is not taken 
into account or was taken as a constant value. But in 
reality the network delay in the feedback channel is 
time-varying rather than constant. But it is 
reasonable to assume that the time delays in the 
forward channel and feedback channel are the same 
and are not changing very fast. The structure of NPC 
is shown in Figure 1.

Nowrted pnrfctive ccrtniler

Figl The structure of NPCS

The NPC scheme mainly consists of a control 
prediction generator, an output predictor and forward 
and feedback delay compensators. 
The control prediction generator is designed to 
generate a set of future control sequences. The 
forward and feedback delay compensators are used 
to compensate for the unknown random network 
delay in the forward and feedback channel. The 
output predictor is to create a set of plant output 
prediction sequences. In the NPC scheme, all

predictive control sequences at one time are packed 
and sent to the plant side through a network. The 
network delay is compensated by choosing the latest 
control value from the control prediction sequences 
that are available on the plant side. For example, if 
the following predictive control sequences are 
received on the plant side:

u(t-k\i-k) 
u(t-k + \\l-k)

u(t\i-k)

(1)

where u(t\t-k) is the control predication for time t at 
time t-k. The output of the forward delay 
compensator will be

u(t) = u(t\t-k) (2)

which is the latest predictive control value for time t. 
Similarly, in the feedback channel, the output 
prediction sequence

y(i-k\i-k)

(3)y(i\t-k) 

y(t-k + N\l-k)

is packed and transmitted to the controller side. So, 
the output of the feedback delay compensator is

(4)

which is the prediction of the system output for time t.

2.2 Implementation of networked predictive control 
Consider a single-input single-output discrete-time 
plant described by

(5)

(6)

where the transfer function G is

\z •+--- + a.z

y(t) and u(t) are the output and control input 
respectively, A and B are polynomials. The 
networked predictive control scheme can be 
implemented in the following steps: 
The first step is to identify the model of the plant to 
be controlled. Since the performance of the predictor 
highly depends on the model accuracy. The model 
must fit the plant as closely as possible. In this paper, 
it is assumed that the model is the same as the plant. 
The second step is to design a controller for the 
system without network time delay to satisfy the 
desired dynamic and static control requirements of



the system. Any conventional and advanced control 
method can be used, such as PID, LQG and robust 
control methods etc. So, it is assumed that the 
controller is represented by the following transfer 
function:

Thus, the output of the controller is

(8)

where i7(r)is the output of the controller, r(t)\s the 
reference input, y(/)is the output prediction of the 
plant The controller can be expressed by

/-/) (9)

The third step is to design the control predictor to 
generate predictive control sequences. The 
Diophantine equation method has been widely 
adopted. However that method is not easy to extend 
and program, particularly in the case of a random 
network delay. Here, a recursive method will be used. 
If the model is the same as the plant and there is no 
network time delay, the predictive output of the plant 
at time / can be obtained by

y(t) = G(z~ l )u(t-\) (10)

for 0 < j < N .

Summarising the above procedure leads to the 
following implementation algorithm for the forward 
channel.

(1) Given y(/-/) and li(t-i-l), for i=0. 1,2. .... 
Let ./=0;

(2) Calculate u(i + j\i) using (12);
(3) Calculate y(t + j + ]\ /) using (13);
(4)Set7=/+/;
(5) lfj<=N, go back to step (2), otherwise, stop.

Clearly, the above algorithm gives

(15)

For the feedback channel, the implementation 
algorithm is similar to the above. Based on given 
y(/-,)andi,(/-/-l), for i=0, 1. 2, .... the following 
output predictions can be obtained.

[y(t\t)

The forward and feedback delay compensators are 
implemented as

u(t) = ti(t\t-k) and y(t)=y(t\t-k) (17)

Therefore, the networked predictive control scheme 
can be implemented.

So, the output prediction for time t+1 can be 
expressed by

y\t+l\t)=- (11)

Based on equation (9), the predictive output for time 
t+/ can also be given by

Then, at time t + j the output prediction and control 
prediction on the controller side can be obtained as 
follows:

y(t+j\t)=-

JT

3 SIMULATIONS OF NETWORKED CONTROL 
SYSTEMS

3.1 Synchronisation of Networked Control Systems 
In networked control systems, one important issue is 
the synchronization of the whole system. For the 
sake of simplicity, the following assumptions have 
been made for the synchronization of NCS:
1) The network delays in the forward channel and 
feedback channel are the same.
2) The network delays do not change very quickly.
3) The forward delay compensator is located on the 
controller board.
To assess the forward and feedback delay, in order to 
design a delay compensator a measurement 
sinusoidal signal is transmitted over the network 
control system. Using the current measure signal 
value d(t), the forward path delay compensator can
calculate one-step, two-step .... and W-step time 
delay estimate of a measured signal 
d(t-]),d(t-2)...d(t-N). Comparing these values 
with the returned value of the measured signal which 
was originally sent from the forward delay 
compensator, the total the network delay (including 
forward and feedback channels) is calculated. The 
forward and feedback time delays are then assessed 
to be half the total network delay.

(14) 3.2 Off-line Simulation

(13)^ '



An off-line simulation scheme is presented for the 
networked predictive control system, as shown in 
Figure 2.

Fig. 2 Control scheme for simulation

To show the operation of this scheme, an off-line 
simulation scheme was implemented using the 
following model of a servo control system:

-0.00866z2 +1.27822z 
z : -1.66168z+0.658009

(18)

Two cases of the network delay are simulated: one is 
the constant delay and the other is the random delay. 
The simulation results of the networked predictive 
control system for the cases of 1-step, 2-step and 3- 
step constant network delay in both forward and 
feedback channels is shown in Figure 3. It is clear 
from the results that the control performance of the 
closed-loop system for those three different network 
delays is the same. This means that the networked 
predictive control scheme can actively compensate 
for the network delay.
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Fig.3 The responses of the closed-loop NPCS with 
different simulated constant network delays

To simulate a random network delay, a random 
sequence is employed, which is shown in Figure 4. 
The responses of the closed-loop NPCS with the 
above random delay and without time delay are 
given in Figure 5. Clearly, the NPCS also has good 
control performance for random time delay.
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Fig. 5 The responses of the closed-loop NPCS with 
simulated random network delay

3.3 Real-time simulation
The real-time simulation is that the control program 
runs in a real-time embedded microprocessor system, 
where the plant to be controlled is still a 
mathematical model. A real-time simulation scheme 
for the networked predictive control system is 
proposed, which is shown in Figure 6. It consists of 
the controller part and the simulated plant part.

Feedback Delay __I UOP I .,/ 
^.mpensator "- j server | — •

Figure 6 Block diagram of real time simulation

For the implementation of the real-time simulation 
scheme, uClinux is chosen as the operating system of 
the real-time embedded microprocessor system. 
uClinux is equipped with a full TCP/IP stack and is 
an internet-ready OS for embedded systems. The



networked predictive control strategy is realised in 
Simulink. The controller part and simulated plant 
part are designed in two individual Simulink blocks. 
Then, the Real-Time Workshop in Matlab which 
generates, cross-compile and link program codes 
from Simulink [5], is adopted to create executable 
codes for the controller and simulated plant parts. 
Finally, these executable codes are downloaded to 
two real-time embedded microprocessor systems 
which are connected by Ethernet. 
For the real-time simulation, the plant and controller 
are the same as those used for the off-line simulation. 
The real-time simulation results of the networked 
predictive control system are shown in Figure 7.

Fig. 8 The networked controller board
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Fig 7 The responses of real-time simulation

Because the network delays in the forward and 
feedback channels are not the same in the real 
network, the network delay cannot be compensated 
for exactly. However, NPC can still achieve a similar 
control performance to one of NPCS without 
network delay.

4 APPLICATION TO A NETWORKED SERVO 
CONTROL SYSTEM

4.1 Networked control system test rig 
To apply the networked predictive control strategy 
to practical systems, a networked control system test 
rig is built. This rig consists of a networked control 
board (as shown in Figure 8), networked implement 
board and a servo control plant (as shown in Figure 
9). The kernel chip of the networked control and 
implement boards is Samsung's S3C4510B. It is a 
cost-effective, high-performance microcontroller 
solution for Ethernet-based systems. The integrated 
Ethernet controller S3C4510B is designed for use in 
managed communication hubs and routers [4]. The 
S3C4510B can operate at either 100-Mbits or 10- 
Mbits per second in half duplex or full-duplex mode.

Fig. 9 The networked implement board and servo
control system

The implementation board has eight 12-bit A/D input 
channels and two 16-bit D/A channels. The plant to 
be controlled is a position servo control system.

4.2 Practical experiments
The block diagram of the network based servo 
control system is shown in the Figure 10. The 
transfer function of this servo control system was 
identified using the least squares method and is given 
in (18).

Figure 10 The networked servo control system

The real networked predictive servo control system 
uses a PI controller, where the proportional gain is 
2.6 and the integration gain is 1.2. For the sampling 
rate of 0.04s, the responses of the real closed-loop 
networked servo control system are shown in Figures 
11-13.
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Fig 11 The response of the system without network 
delay

The response of the system without network delay 
(i.e., no network is used in the system) is shown in 
Figure 11. The response of the networked control 
system with network delay is shown in Figure 12, 
where no network delay compensator is used. It 
shows that the networked control system has poor 
control performance with network time delay.
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Fig 12 The response of the PI control system with 
network delay

The control performance of the networked predictive 
control strategy is given in Figure 13
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Where the same PI controller as that given above was 
used, and the forward and feedback delay 
compensators are employed. It is clearly seen from 
the experiment results that the NPC for a system with 
network delay has similar control performance to the 
PI control for the system without network delay. This 
confirms that the NPC can compensate the network 
delay effectively.

5 CONCLUSIONS

This paper has studied the design and 
implementation of networked predictive control 
systems. It has proposed a networked predictive 
control scheme to address the problem of controlling 
a system over a network, the paper has presented 
both off-line and real-time simulation studies, as well 
as a real-time NPC implementation of laboratory test 
rigs. It has been shown that the NPC is an active 
network delay compensation method. Its ability to 
compensate for the network delay has been 
demonstrated.
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DESIGN AND ANALYSIS OF INVERTED PENDULUM NETWORKED CONTROL SYSTEM
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Abstract: In this paper, the design and application of an inverted pendulum networked 
control systems (NCSs) is studied. A novel networked predictive control strategy is 
proposed to actively compensate the network delay and data drop-out, which greatly 
reduce the performance of the control system especially for unstable plant. And the 
stability of this method is also discussed in this paper. The simulation and experiment are 
carried out to illustrate the operation of the networked predictive control algorithm 
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Keywords: Networked control, inverted pendulum, network delay and networked 
predictive control.

l.INTRUDUCTION

The networked control system wherein the sensor 
controller actuator and plant are connected through 
real-time data network, are becoming more and more 
attractive due to its distinguished characters 
compared to the traditional control system for 
example great flexible, lower costs of install 
maintenance and large area cooperation. With the 
development of network technology and network 
protocol, the Ethernet based networked control 
systems have been applied in many areas such as 
traffic control fuel injection control and aircraft and 
automobile and so on(L.G. Bushnell, et al., 2001). 
Although NCSs has many advantages, the network 
delay and data drop-out due to traffic congestion and 
electric noise from cable modem and router will 
emerge. The network delay and data drop-out will 
tremendously degrade the performance of control 
system and even make the system unstable. Because 
the conventional control methods are not very suit to 
overcome those problems, some new control 
strategies and methods have been developed. Some 
paper(Y.Halevi etc 1988 A.P.Belle 1972 ) have been 
published in modelling and analyzing networked 
linear control system with randomly time-varying 
delay. The stability of the NCs has been investigated 
by (Zhang etc 2001) under the assumption of network 
delay less than sampling period. A predictor-based 
delay compensation method has been developed to 
section 3. At last the proposed method will applied to 
inverted pendulum network system.

design the memory feedback controller (Chan etc 
1995). The smith predictor method (Smith 1959) is 
still considered as effective method which utilized a 
mathematical model of plant in the minor feedback 
loop to compensate the network delay. 
However the majority of those methods focus on the 
control theory and stability analysis such as Markov 
chains method (Zhang etc 2005, J. Nilsson .etc 1998) or 
just practical implementation without consideration 
of system stability analysis such as smith predictor 
method.

The networked predictive control method (NPC) 
introduced in this paper based on the idea proposed 
by Liu (2004). When the digital network channel is 
employed in the control system, it is possible that the 
information exchanged between the controller and 
actuator (or between the sensors and controller) can 
be a package of data rather than a single value in 
each transmission. The networked predictive method 
is proposed based on above idea. It sends several 
step-ahead predictive controller output to the actuator 
at same time. When the actuator receives those 
predictions, an appropriate control value will be 
chosen based on the network delay. 
In the paper, the basic idea of network predictive 
control method will be described in the section 2. 
The stability of this method will be analysed in the





when -r*r ) X*-l|*-<) and

are
received by controller side, those data will be used to 
identify the model of the plant on-line.

The next step is to design a controller for the system 
without taking account of the network delay, to 
satisfy the desired dynamic and static control 
requirements of the system. Any conventional and 
advanced control method can be employed to achieve 
it, such as P1D, LQG and robust control methods etc. 
So, it is assumed that the controller is represented by 
the following transfer function:

arewhere C(z~')e<R' M' and D(z- t )e^
polynomials.
Then the predictive control sequence can be obtained
by follows:
At the controller side
4*+i-£|*-O=Q(z-IXK*-&-><*-£)) (6)

where u(k + 1 1 k) is the one-step ahead controller 
output. Equation (6) can rewritten as

«(* + !- r,* |*-r,*r )= D(z- [ )r(k - r*r ) -

(7)

Then
y(k + \- T kit \k-r k,) = G f,(z- l )u(

Equation (8) can be expanded as

1 - r* | k - r,', ) 
(8)

(9)

Following the above, the plant output prediction of 
y(k + T - 1 - r*r \k- T ksc ) and controller

prediction output u(k + T - T kse \ k - r*f ) can be 
obtained as follows:

(11)

Combing equation (9) and equation (10), the control 
sequence

can be obtained. When the control sequence is sent 
to actuator and plant side, the
u(k + 1 1 k - T ksc - T kcn ) will be chosen as the input 
of the plant. If control sequence is not received at 
next control loop, u(k + 2 \ k - T ksc - T kai ) will be 
used as input of plant.

3. STABILITY ANALYSIS OF NETWORKED 
PREDICTIVE CONTROL SYSTEMS

The stability of proposed network predictive control 
method will be analysed in this subsection. To 
simplify the analysis of system stability, it is assumed 
that the model and plant is same, the random 
communication delay in the forward channel and 
feedback channel is bounded by the upper bound
r which satisfies 0 < rjf + TC(I < r and the reference 

input R(t) is zero without losing the generality of the 
stability analysis. Let m is the highest order of 
D(z~') and S(z"') , n is the highest order of

C(z-')and A(z~ l ).

Based on equation (10), we can get:
n=/),n + 5,Kl+ C,(7t +D,l/t
where
i;=w*-<-d-"-ii *-zi-il)

•••x^-di^-o
Yt =[y(k),-,y(k-n)]r

0 -a, -a, ... -a,.,

0 0 -3 ••• -°M

; ; • ••• -°i
0 0 ••• ••• 0 J

-a., • • •

(12)

<H -4
00-4

O

TrJ

(10)



Q *MMMr.+r.) :

0, denotes a zero
It is clear from (12) that

(13)

where the inverse of matrix 7 - .4, exists because it
is an upper triangular matrix with non-zero elements 
in its diagonal line.

Following the same procedure as above, equation (11) 
can be written in the following matrix form

where

4 =

-C

-q
0

c=
oo

0 0

(14)

... -

-J" . . . _/•>rt

"

4

.nr-

Substituting Yk in (14) using (13) results in

" " * / 1 ^^

where

As (/-C2 -/l2 (/-/<i r'Ci r l is an upper triangular 
matrix with non-zero elements in its diagonal line, its 
inverse exists. 
System (2) can be realized in the following state form:

Yk+l =AYk +BUk (16)

I -a. -a, ••• -a . -a 
O

W ii-I

According to equation (1)

O,,

Let

, 1 O,,,'

(17)

Combining Equations (24) and (25) leads to the 
following closed-loop system:

(18)

where
b, 0 

O

and e |0,l,---,r!

*As network delays * and * are random, system 
(26) is actually a switching system. It is well known 
that if there is a common quadratic Lyapunov 
function such that its increment is negative, the 
closed-loop system is stable [16]. Thus, a simple 
criterion of checking the stability of closed-loop 
system is given below.

4. SIMULATION AND EXPERIMENT

To apply the networked predictive control strategy 
to practical systems, a networked control system test 
rig has been built, which is shown in Fig. 2. This test 
rig consists of a PC, inverts pendulum controller 
board and inverted pendulum. PC is used to generate 
the future control sequence, which will be sent to 
inverted pendulum control board through Ethernet 
using UDP protocol. Inverted pendulum controller 
board will receive the control sequence sent by PC 
and then chose the control value according to 
equation (1). At same time, the angle and position 
signal will be sent back to PC through Ethernet by 
UDP protocol. 
Figure 3 is the result of the inverted pendulum control

where



Fig 2. inverted pendulum and controller board
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Fig 3. Control result of the inverted pendulum control

5. CONCLUSION

In this paper, a modified networked predictive control 
scheme has been proposed and the design and 
implementation of this scheme has been studied. It 
has been shown that the system performance of NCS 
degrades due to the existence of network delays in the 
control loop and in the worst case the network delays 
can destabilize the NCS. In order to illustrate the 
performance of the proposed scheme, a practical 
implementation for an inverted pendulum system 
controlled through Internet has been carried out. It 
has been demonstrated that the networked predictive 
controller is an active network delay compensation 
controller. Its ability to compensate for the network 
delay has been demonstrated by experimental tests.
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Abstract—This paper discusses the design and 
implementation of networked predictive control 
systems. A networked modified model predictive 
control (MFC) methodology combing with modified 
Smith predictor is proposed to compensate the 
network delay and data drop-out, which will degrade 
the performance of control system severely. The 
modified MFC is adopted to compensate the forward 
time delay and data drop-out and the modified Smith 
predictor is used to compensate model uncertainties. 
To illustrate the efficiency and feasibility in control 
performance using the proposed method, simulation 
results and practical experiments are presented. The 
Robustness of the control system also is addressed in 
this paper.

Keywords: predictive control; Robustness; Smith predictor

I. INTRODUCTION
With the development of network technology and 

computing, more and more intelligent devices, 
microprocessor, systems and controllers have provided 
network functions, such as networked printer, webcam, 
ATMEL ARM processor and networked PLC controllers. 
Clearly, networks have changed the world sufficiently. 
The emerging network technologies do have the potential 
to be applied in control systems. The advantages of such 
an implementation is that it allows remote monitoring and 
tuning of the signals and parameters of control systems; 
collaborating in large (or global) area between distributed 
controllers and sensors; and cooperating between skilled 
system designers and operators situated in geographically 
diverse locations. All of these are very difficult to be 
achieved using traditional point-to-point control structure.

Although networked control systems (or network 
based distributed control systems) have many advantages, 
there are many severe control issues, for example the 
stability analysis of network system in the present of 
network delay and data packages drop-out [1]; the 
network traffic congestion problem [2]; the 
synchronization of sensor and controllers [3] and the 
design and implementation problem of the networked 
control systems [4].

Some studies concentrating on network control system 
(NCS) analysis and designs have been done. The model of 
the NCS is studied in [5] [6]. In [7], a stochastic optimal 
controller is developed to compensate the condition whose 
network-induce delay is longer than a sampling time. The

augmented deterministic discrete-time model method [8] 
fuzzy logical method [9] and optimal dropout 
compensator method [10] also are used in the NCS. 
However most of papers pay more attentions to the 
stability analysis and simulation of NCS.

It is well known that the network delay in networks 
makes the design of networked control systems very 
challenging. However, there is an advantage in networked 
control systems, which is that a set of control sequences 
and measurements can be transmitted from one location to 
another location at the same time through a network. This 
advantage is not available in conventional control systems. 
It implies that the design of networked control systems 
should be different from conventional control systems. 
Here, a new control strategy for networked control 
systems is proposed, which is termed as networked 
predictive control. The Robust networked predictive 
control method has been studied in[l 1]

This paper addresses the design, stability analysis and 
practical implementation of modified MPC through 
internet.

11. NETWORKED PREDICTIVE CONTROL USING THE 
MODIFIED MPC

A modified MPC and a modified Smith predictor are 
used to compensate the networked delay and data drop-out 
shown in Figure 1. In order to compensate the random 
forward time delay, the networked predictive controller is 
designed. Networked predictive controller mainly consists 
of two parts: the control prediction generator and the 
network delay compensator. The former uses a modified 
MPC to provide the future control signals of the plant, 
which are packed and sent to the plant side at one time 
and the latter is used to compensate for the unknown 
network delay and data packet dropout. In order to 
compensate model uncertainty in the backward channel, a 
modified Smith predictor is used. The output prediction of 
the open-loop model is corrected by adding the error 
signal between the delayed plant outputs measurement and 
the output of the open-loop delayed model.

The implementation of this strategy consists of two 
steps. Firstly, the MPC parameters are chosen to obtain an 
optimal control performance for the nominal case without 
model uncertainties. Secondly, the filter is chosen for the 
disturbance rejection and robust performance conditions.
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Fig IThe robust networked predictive control system.

Consider a single-input and single-out with d+ 1 step 
time delay plant, (G,, 4- AGu )z"'' , modeled by

G =

where

(D

(2)

AGu z" is unconstructed model uncertainties, n and TH
define the maximum orders of the input and output lag 
terms respectively. The control trajectory can be found 
by minimising the following function:

W))= JjK'+*)-K'+*)f+/>IN>+£-l)]2 (3)
k=Nt k=\

with respect to Nu future control inputs and subject to the 
control constraints, namely

[u(t) - u(t + Nu -l)] T (4)
k) = 0, Nu <k<N2 -d-\ (5)

Where N\ denotes the minimum prediction horizon, 
A/2 the maximum prediction horizon and Nu the control
horizon, p is a weight factor and A = 1 — z .

In order to derive a predictor, the following 
Diophantine equation is used

M(z- t )Ek (z- l ) + z-k Fk (z- t ) = \ (6) 

Where the polynomial Ek (z~ l ) is of order k-\ and
f (z~l )

is of order n.
Each open-loop prediction is corrected by adding the 

filtered error signal between the backward time delayed 
(f, ) plant output measurement and the output of the
delayed (d + ft: ) open-loop model using a low-pass 
unitary gain filter given in equation (8).

T(z) =
\-a

i<n (7) 

(8)

Using the Diophantine equation (6) and the prediction in 
equation (7), a future £-step future prediction is obtained.

for 1 < k < N2 - d 
where

(10)

Therefore, the future predicted control sequence can be 
determined by minimising the performance function in 
equation (3) as follows:

"2

(H)

where u(/+i|/) is the /'-th step ahead control prediction at 
time /, Au(M|/-l) is the first predicted control input at 
time /-I, and the matrix H is
"**!"
#2

.^v

=

"l 0 •

1 1 •

1 1 •

•• 0"
•• 0

•• 1
(12)

and
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80
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(13)

R(t)=[r(t+d+\) r(t+d+2) ••• r(t+N2 )} (14)

(15)

(16)

In order to compensate the network communication 
time delay and data packet dropout, the following 
assumption is considered. The network time delays in 
both forward and backward channels are bounded, and 
the data transmitted through network are with a time 
stamp.

The forward time delay and data packet dropout are 
assumed no greater than the set of the predicted control 
sequence. It is assumed that all predicted control 
sequences at the current time are packed with a time 
stamp and sent to the plant. Then the networked delay 
compensator chooses the control value from the latest 
control sequences available on the plant side. For 
example if the following predictive control sequences are 
received on the plant side:

u(t-k,+\\i-kt )
(17)

u(t-k,\t-k,) 
u(t-k, + \\t-k,)

u(t\t-k,) 

(t+^-k,-\\t-k,)

where the control values u(t\t - kt ) for / = 1, 2, • • •, t
are available on the plant side. The control input of the 
plant at time / is chosen from the latest control sequences 
as follows:

u(t) = u(t\t-mm{k] ,k2 ,---,k/ }) (18)

Thus the networked predictive control scheme can be 
implemented in the following steps:

Step (1) Design the MFC parameters (N1, N2, Nu and
p) to obtain the desired control performance without the
networked communication time delay and model
uncertainty.
Step (2) Use the same MFC parameters, the predicted
control sequence in equation (11) is obtained, based on
past inputs, past outputs and the future references.
Step (3) Transmit this control prediction sequence to
the plant side through the communication channel.
Step (4) Choose the control input in network delay
compensator in accordance with equation (18).

III. ROBUSTNESS ANALYSIS OF NPC SYSTEM

To analyse the robustness of proposed modified MFC, 
only the fixed backward time delay is considered since 
for the random backward time delay case, it is not 
possible to write down the filter in transfer function form 
and therefore is very difficult to analyse the robustness of 
modified MFC. For measurable backward time a delay, 
this assumption is implemented by letting feedback delay 
is constant, which can be achieved by letting the 
feedback delay is maximum network delay. This is in the 
cost of getting less optimal performance than random 
backward time delay case. However, the robustness 
analysis is obtained. For the forward time delay, it can be 
either fixed or random.

The first prediction can be easily obtained 
equation ( 1 1 ) as follows:

which gives

. = 
1

t R(t) -

from

(19) 

d ) (20)
( 1 + H , G ( z - ' ) z ' ' ) A

Using equation (11) and equation (20), the kt -step 

ahead control prediction at time t- kt is expressed by

then
(21)

(22)



From equation (20) and equation (22), there is a 
proportional relationship between u(t\t - kt ) and u(t\t) , 
which can be stated as
"('I'- *•) (tf.z- 1 H- // t|> ,A)z-' (23)

H,
The difference of input signals between the plant and 
model can be stated as follows:

(24)
In order to simplify the robustness analysis of the 
networked predictive control system, let
H} =[hn /!,, ••• /J K ,V ,_(/) ] and use the first
predicted control increment obtained from equation (19). 
This is shown below

(25)
where it can be seen that the modified MFC can be 
simplified to the controller C(z) in equation (26) and
reference filter W(z) in equation (27) for the nominal 
case without model uncertainties. However for the non- 
nominal case, there is an additional controller Dt (z)
included and each open-loop prediction is corrected by 
adding the filtered error signal between the delayed 
output measurement and the delayed open-loop model 
output. This is shown in Figure 2.

C(z) = (1 - z-')(l
N,-ilV h -'* d

+ H ,G (z •' )z -' )
(26)

(27)

o^

Fig2. Equivalent structure of the modified MFC

To analysis the system robustness, assume that the 
disturbance q(t) = Q and that Gn z~'' gives the 
transfer function of the linear system in its nominal case

without model uncertainties. Unstructured uncertainties 
are represented by AG1( Z ' , thus yielding

,^S (/' +/l '' l+ "- + /~''V (28)

The transfer function from u(t\t) to y(t + d)can be 
expressed as

(29)

-G"

The first part of the above equation is the system transfer 
function for the nominal case without model 
uncertainties. The second part is related to the forward 
and backward time delay, and the model uncertainties. 
These can be combined as total system uncertainties by:

+//....A):-''
- G (30)

Using the small gain theory, the normal | • | bound
uncertainty region is derived to maintain closed-loop 
stability and is defined as follows:

C(z)
Vry

So

C(z)G(z)
C(z)T(z)

(31)

(32)

It can be seen that if the uncertainties caused by the 
forward and backward time delay, and unmodelled 
dynamics are within a norm boundary in equation (32), 
the system is stable. The model uncertainties have an 
inverse relationship to the uncertainties caused by the 
forward and backward time delay.
The nominal control performance of the system is not 
modified by including the filter T. When the plant and its 
model are exactly the same and no forward and 
backward time delay, then the error signal between the 
plant and its model is zero. So the filter T has no effect 
on the control performance of the closed system. 
However the disturbance rejection is affected by 
including the filter. To estimate the effect of the filter on 
the disturbance rejection performance, consider the 
closed-loop transfer function between the disturbance
q(t) and the control input u(t\f -&,-). In general, in 
order to achieve good performance for the disturbance 
rejection, \u I q\ should be close to one over the system 
bandwidth.



l + C(r)C.(z) 

C(z)Dl (z)GH (z)T(z)

(33)

where ftJ 0 is the desired bandwidth of the closed loop
system. The percentage of the uncertainty norm 
boundary is calculated as follow:

AP

(34)

Equation (34) clearly shows that the high disturbance 
rejection performance leads to low robustness. So there is 
a need to make a compromise between disturbance 
rejection and robustness. In general, the unstructured 
model uncertainties are dominant at high frequencies, 
therefore the filter T(z) must be chosen to increase the 
value of yP at these high frequencies and maintain the 
unitary gain of u I q for the frequencies below the desired 
bandwidth W0 . So the filter T(z) must be chosen to have 
unitary gain at d.c. and to be a low pass filter.

Fig3. The step response of Internet without 
compensation

Fig4. The step response of Internet based modified 
MFC.

IV. SIMULATION OF MODIFIED MFC TO SERVO 
MOTOR CONTROL SYSTEM
In order to validate the improvement in control 

performance using the proposed modified networked 
predictive control, a servo motor control system 
identified in the discrete time domain (sampling period 
0.04s) and defined in equation (35) was used in the 
Internet based control simulations and practical 
experiments.

-0.00886;"' + 1.268227; ~2 
1-1.66168;-'+0.6631;' 2

(35)

In order to test the networked control system without 
considering model uncertainties, off-line simulations 
have been carried out for the Internet based servo control 
system. This is to show the improvement in control 
performance using proposed modified MFC.

parameters for 
Modified MFC

The Internet based controller 
Networked Predictive Control with 
( Nt =\,N2 =\2,Nu =10,/? = 10000 ) were used
for the simulation based on the Internet. A random time 
delay between 5- to 7-step was used in the simulation of 
the Internet time delay. Without compensation, the 
system is unstable as shown in Figure 3. However using 
modified MFC with the filter setting defined in equation 
(36), the system is still stable as shown in Figure 4.

a = 0 .1

V. PRACTICAL IMPLEMENTATION O F 
MODIFIED MFC

To apply the modified MFC, a servo motor control 
system is built as shown in Figure 5.

I - 0 .9 z (36)

Fig. 5 networked servo control system
The networked controller board (NCB) is used to 

generate future control sequences. The network



AD/DAC board (NADB) is used to receive the control 
sequences and transfer the control value to analogue 
output and acquire sensor signal. UDP protocol is 
adopted as the network transfer protocol. The control 
diagram of the modified MFC is shown in Figure 6, 
where the control structure is adjusted and a Smith 
predictor with the filter setting in equation (36) is added 
in the system. The NCB and the NADB are connected to 
different subnets. The NCB with IP address 
159.226.21.191 was physically located in Chinese 
Academy of Sciences, Beijing, P. R. China. The NADB 
with IP address 193.63.131.219 was at the University of 
Glamorgan, UK.

Predictive Control Sigi 
. Delayed Output Signal

Reference 
- - - - Measure Signal

Fig6. The diagram of the modified MPC system
An Internet time delay between 5- to 7-step is 

detected using the network delay detection method [3]. 
The system is unstable without compensation as shown 
in Figure 7. This is same as the simulation result in 
Figure 3. However using the proposed modified MPC 
with a filter setting of equation (36), a stable system is 
achieved as shown in Figure 8. Where it can be seen that 
there is 54.75% overshoot and 8.7s settling time using 
modified MPC with practical experiments. Both of them 
are slightly higher than those obtained from the 
simulation result, where the overshoot is 31.87% and the 
settling time is 3.3s. The reason for these differences is 
that there exists unmodelled dynamics and the network 
time delay estimate may not be accurate. Both of them 
can affect the control performance of networked control 
systems. The important point to note is that system 
stability has been improved by using modified MPC.

Fig7. Practical experiment of Internet without 
compensation

Fig 8 Practical experiment of Internet based modified 
MPC.

VI. CONCLUSIONS

This paper has studied the design and implementation 
of a modified model predictive control method. Both 
simulation results and practical experiments on a servo 
motor control system show that using the controller 
parameters of internet based modified MPC can increase 
the stability and robustness of the system. So the 
proposed modified MPC methods are suitable for 
improving stability of a real time networked control 
system.
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Networked Predictive Control Systems
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Abstract—Tie design, simulation and Implementation of 
networked predictive control tysteim. A novel control strategy of 
networked control systems, which is termed the networked 
predictive control, Is proposed. The off-line and real-time 
simulation of the networked predictive control systems is detailed. 
Abo, this control strategy is applied to a servo control system 
through Ethernet. Various simulation and experimental results 
demonstrate the operation of the networked predictive control 
systems.

Index Terms—Networked control, networked predictive control, 
simulation and Implementation.

I. INTRODUCTION
T~\ ue to the use of networks, the complexity and the cost of 
*-^ distributed control systems are reduced greatly and the 
maintenance of the systems becomes much easier (Zhang et al. 
2001). Because of these attractive benefits, many industrial 
companies and institutes have shown great interest in applying 
various networks to remote control systems and manufacturing 
automation (IEEE, 2002). As there are more and more 
applications of networked "control systems (NCS) in industry, 
such as traffic, communication, aviation and spaceflight, more 
attention in this area has been paid to design and analysis of 
NCS (Zhivoglyadov, 2003). Generally speaking, there are three 
types of NCS methods: Type 1-- scheduling methods that 
guarantee network QoS {quality of service); Type 2 — control 
methods that guarantee system QoP (quality of performance); 
and Type 3 - integrating scheduling and control methods that 
consider both QoS and QoP. For Type 1, the following 
scheduling methods have been developed: scheduling method 
MEF (Maximum-Error-First) based on the MATI (Maximal- 
Allowable-Transfer-Interval) (Walsh, et al, 1999), and a 
sampling time scheduling method of network bandwidth 
allocation and sampling period decision for multi-loop NCSs in 
virtue of the notion "window", namely the service window of 
each transmission data in network (Hong, 1995). For Type 2,
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there are many control methods developed for NCS, for 
example, augmented deterministic discrete-time model method 
(Halevi, 1988), Queuing method (Luck and Ray, 1994), optimal 
stochastic control method (Ni)sson, 1998), perturbation method 
(Walsh. 1999), fuzzy logic modulation method (Almutairi, 
2001), event-based method (Tam and Xi, 1998) and predictive 
control (Liu, el al. 2004). For Type 3, the following problems 
have been studied: the optimal sampling period selection 
problem for a set of digital controllers (Seto et al., 1996), the 
sampling period optimization problem under the schedulability 
constraints (Ryu and Hong, 1997), and the NCS analysis and 
simulation problem solved by two Matlab-based toolboxes: 
Jitterbug and TrueTime flittp.7/www.control.lth.se /-anlon/. 
2003). Internet based control has also been considered for 
practical applications, for example, Internet-based process 
control (Yang et al., 2003), Internet based control systems as a 
control device (Gushing, 2000), Internet robots (Taylor, 2000) 
and Internet based multimedia education (Nemoto et al., 1997). 

Although various control approaches have been developed 
for networked control systems, an approach to actively 
compensate the random network delay is not available. This 
paper first introduces a control strategy to compensate the 
network delay in networked control systems in an active way, 
which is named as the networked prediclive control. Then it 
details the off-line and real-time simulation and implementation 
of networked predictive control systems. Finally the proposed 
control strategy is applied to control a servo control system 
through Ethernet.

II. DESIGN OF NETWORKED PREDICTIVE CONTROL

A. Networked Prediclive Control Scheme
A feedback control system wherein the control loop is closed 

through a real-time network is known as a networked control 
system, which includes fieldbus control systems constructed on 
the base of bus technology (e.g., DeviceNet, ControLNet and 
LonWorks) and Internet based control systems using general 
computer networks. NCS is a completely distributed real-time 
feedback control system that is an integration of sensors, 
controllers, actuators and communication networks. It provides 
data transmission between devices in order that users of 
different sites can realize resource sharing and coordinating 
manipulation.

Since there is an unknown network transmission delay, a 
networked predictive control scheme is proposed. It mainly 
consists of two parts: the control prediction generator (CPG)
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and the network delay compensator (NDC). The former is 
designed to generate a set of future control predictions. The 
latter is used to compensate the unknown random network 
delay. To make use of the network advantage of transmitling 
data packages, a set of consecutive control predictions in the 
forward channel are packed and transmitted through the 
network at time /. So, this networked predictive control system 
(NPCS) structure is shown in Figure 1.

Figure 1. The networked predictive control system

B. Design of the Control Prediction Generator
For the sake of simplicity, the following assumptions are 

made:
a) The network time delays in the forward and backward 

channels are k and/, respectively,
b) The number of consecutive data package drops In the 

forward channel on the network is not greater than the 
largest time delay N;

c) The data transmitted through network are with a time 
stamp.

Let 9?[z"',pJ denote the set of polynomials in the 
indeterminate z"' with coefficients in the field of real numbers 
and with the order p in a set of non-negative integer numbers. 
For example, the polynomial /Jt (r~')e 9?[z~',n), that is,
4(*~') = a*.o + <Vi*~' + '•• + <V-Z " ' 
Consider a SISO (single-input single-output) discrete-time 

plant described by

(1)

where X') and n(() are the output and control input of the plant, 
d is the time delay, and A(z~')e •$[?•'.n] and 
B(z~')e 9t[z"',m]are the system polynomials. If there is no 
network transmission delay, many control design methods are 
available for the plant (/), for example, P1D, LQG, MFC etc. 
Here, it assumes that the controller of the system without 
network delay is given by

(2)

where the polynomials C(z~')e 9J[z"',we ], 0(z'')e9t[r-',n,,] 
and e(i + d) - r(t + d)-y(t + d) is the error between the 
future reference r(t+d) and the output prediction y(t + d).

To compensate the network transmission delay, the control 
prediction sequence u(t+k\t) at time t, for i-ft /, 2, .... N, is 
generated by

/ 10 = -j>(< + <* + ' 10) (3)

where y(t + d + i \ t) is the output prediction at time t and 
r(/+rf+i) is the future reference input. To simplify the 
formulation, the following operations arc defined:

x(t + i 1 0 = z"'*C + 1 + 1 1 /) ,

i + l), for /-/, .... t 
for i=0. 1, 2, ....

wherex(.) could represent either y(.) or «(.). For/=0, 1. 2. .... 
N, there exists the following Diophantine equation:

') = ! (4)

where the polynomials £,{r"')6 9?[z~',/ + /-!] and 
f , (z "') e SR[r"', rt -1]. It is clear from assumption c) that the 
past outputs up to time r-/are available on the control prediction 
generator side. Combining the above and the controlled plant 
yields the following output predictions at r.

(5)

->(' + N 10

The second term on the right side of the above can be 
separated into two parts: the first part contains the control 
sequence before time / and the second part the future control 
prediction sequence. So, let

('+110

(6)
<?„(*'')

(*•').
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where the polynomial c,(z-')e *[*-'.m + 
matrix A/, e <R""<*<"«>. Thus,

1 >yv -J I (7) 
f-l|/-

where

= [u(t\t),

From the controller designed for the system without network 
delay, it is clear that the future control sequence can be 
expressed by

-' yu(t 10 = (8)

where R(t + d) = 
The termC(z~')l/(/ 1 f)can a 'so be separated into two parts: 
the first part contains the control sequence before time t and the 
second part the predicted future control sequence. Then, let

(9)

where «(,-') = [#„(->-'), //,<,-'), -, //,.<*-')]'•
#,(*"')« *[*-', max {/ic - / - 1,0}] and
L 6 9t<"*"><<*'* l > . Combining (7), (8) and (9) gives

/ -1 1 /- = D(z -

(10)
Let

where

Me

D(z-')(G(z->(/ - 1 i / - 1) + M t U(t | o

n,, + m + / + rf - 2,0}] and

Therefore, the control prediction sequence can be determined 
by the following predictive controller:

(12)

Clearly, the control prediction sequence U(l\l) (from u(t\l) to 
the N-slep ahead control prediction u(l+N\t) ) is calculated 
using the past output y before (-/+/ and past control u before r.

C. Design of the Network Delay Compensator
hi order to compensate the network transmission delay, a 

network delay compensator is proposed. A very important 
characteristic of the network is that it can transmit a set of data at 
the same time. Thus, it is assumed that all control predictions at 
time t are packed and sent to the plant side through the network. 
The networked delay compensator chooses the latest control 
value from the control prediction sequences available on the 
plant side. For example, if the following control prediction 
sequences are received on the plant side:

u(i-k,\t-k,) 
u(t-k, + I|/-Jt,)

«(«!/-*,)«('!'-*,)

N-k t-

(13) 
where the control values u(t \t-kt ) for i- 1. 2. ... t, are
available to be chosen as the control input of the plant at time i, 
the output of the network delay compensator will be

which is the latest predictive control value for time t.

D. Design Procedure of Networked Predictive Controllers
Following the above, the networked predictive control 

scheme can be implemented in the following steps: 
Step 1: Design a controller of the system without network

transmission delay to satisfy the requirements using
conventional control methods, for example, PID,
LQG, model predictve control etc. 

Step 2: Formulate output predictors to predict the future
outputs, based on the past outputs, the control inputs
and the reference inputs. 

Step 3: Calculate the output sequence of the control prediction
generator 

Step 4: Transmit the output sequence of the control prediction
generator to the controlled plant through a network
each time. 

Step 5: Apply the network delay compensator to choose the
control input for the plant.

III. SIMULATION OF NETWORKED PREDICTIVE CONTROL 
SYSTEMS

As the Matlab/Simulink simulation environment provides 
various powerful tools for control system design, the simulation 
of networked predictive control systems is carried out using
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Matlab and Simulink. This section illustrates ihe simulation 
strategy of NPCS using a particular control system - a servo 
control system.

A. Estimation of Network Transmission Delay
In networked control systems, one important issue is the 

network transmission delay. Here, the following assumptions 
are made:

a) The network delays in the forward channel and feedback 
channel are the same;
b) The network delays do nol change very rapidly. 

In the networked predictive control system, a signature signal 
(e.g., a sine wave signal) with time stamp is used to measure the 
network delay. This signal is continuously looped in the whole 
networked control system, which starts from the plant side, goes 
through the feedback channel and comes back from the forward 
channel. Using the current signal value, the total network delay 
in both the forward and feedback channels can be calculated. 
So, the forward and feedback time delays are half the total 
network delay, which can be calculated on the plant side and 
controller side, respectively.

5. Off-line Simulation
To simulate the network delay, a set of unit-delay blocks are 

connected in .a series path and one of their outputs will be 
randomly switched to the network delay compensator on the 
actuator side if it is not transmitted before. So, an off-line 
simulation structure is presented for the networked predictive 
control system. To show the operation of the off-line simulation 
of NPCS, a servo control system is considered. Two cases of the 
network delay are simulated: one is the constant delay and the 
other is the random delay. The step responses of the networked 
predictive control system for the cases of 1-stcp, 2-step and 
3-step constant network delays in both forward and feedback 
channels are shown in Figure 2. It is clear from the results that 
the control performance of the closed-loop system for those 
three different network delays is the same. This means that the 
networked predictive control scheme can compensate Ihe 
network delay actively.

JO- 

15-

0 2 4 6 > 1C 12 14 18 18 20 22 24 26 28 30
Tlme(s)

Figure 2. Step responses of the NPCS with various simulated 
constant network delays

For the case of a random network delay, a random sequence 
is generated to simulate the network delay. The response of the 
closed-loop NPCS with the random delay is given in Figure 3. 
Clearly, the NPCS with random delay also has very similar 
control performance to one without time delay.
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Figure 3. Responses of the NPCS with simulated random 
network delay

C. Real-time simulation
The real-time simulation was carried o\A, where the control 

program runs in a real-time embedded microprocessor system 
and the plant to be controlled is a mathematical model. A 
real-time simulation structure for the networked predictive 
control system is designed, which is shown in Figure 4. It is 
composed of the controller pan and the simulated plant pan, 
which run in two separate embedded microprocessor systems 
that are linked through Ethernet, i.e., the networked control 
board (NCB) and the networked implement board (NIB)

For the implementation of real-time simulation, uClinux, 
which is equipped with a full TCP/IP stack and is an 
internet-ready operation system (OS) for embedded systems, is 
chosen as the operation system of the real-time embedded 
microprocessor system. The networked predictive control 
strategy is realised in Simulink. The communication protocol is 
UDPrtP. The controller part and simulated plant pan are 
designed in two individual Simulink blocks. Then the 
Real-Time Workshop in Matlab is adopted to generate two 
individual executable codes for the controller and simulated 
plant parts. Finally, those executable codes are uploaded to two 
real-time embedded microprocessor systems, respectively, 
which are connected by Ethernet.

For the real-time simulation, the plant and controller are 
exactly the same as those for the off-line simulation. Because 
the network delays in the forward and feedback channels are not 
the same in the real network, there exists an estimation error for 
those two delays using the proposed estimation method of the 
network delay. This makes it difficult for the NPC to 
compensate for the network delay completely. However, the 
NPC can still achieve a similar control performance to one 
without network delay.
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Figure 4. Block diagram of real-time simulation

IV. IMPLEMENTATION or NETWORKED PREDICTIVE CONTROL 
SYSTEMS

la order to implement networked predictive control systems in 
practice, some specific software and hardware was designed. 
They mainly include the software of supervisory, device driver 
library and interface library, and the hardware of embedded 
microprocessor systems and control system test rig.

A. A Networked control system test rig
To apply the networked predictive control strategy to 

practical systems, a networked control system test rig is built. 
This rig consists of a networked control board, networked 
implement board and a servo control plant.

The networked predictive control scheme is implemented in 
an embedded platform, which is the fundamental structure of the 
networked control board and networked implement board. The 
architecture of the platform is shown in Figure 10. In this 
platform, there is a Samsung's ARM7TDMI S3C4510B 32-bit 
RISC microcontroller, which is a cost-effective, high- 
performance microcontroller solution for Ethernet-based 
systems. It is designed for use in managed communication hubs 
and routers and is built around an outstanding CPU core: 
ARM7TDMI which is a low-power and general purpose

microcontroller and developed for use in application-specific 
and custom-specific integrated circuits. Two HY29LV160 
FLASH chips provide !Mx 32bits program memory and two 
HY57V641620 SDRAM chips for 4Mx32bits data memory. 
Such architecture makes full use of S3C4510B 32bit address 
bus and 32 bit data bus. 2-channel 12-bit high speed 
digital-to-analog (D/A) converters and 8-channel 16-bit high 
speed analog-digital converters in the controller board provide 
I/O interfaces for controlled plants. 4x4 keyboard and LED 
render users ability to debug on the spot. uClinux is a derivation 
of Linux 2.0 kernel intended for microcontrollers without 
memory management unites (MMUs). It has a small kernel 
about 600kB, while retaining the main advantages of the 
standard Linux, such as the excellent file system and powerful 
network capability. In view of ARM7TDM1 with non-MMU, 
uClinux is naturally adopted as OS in embedded systems.

B. Practical experiments
For the practical application, the block diagram of the 

networked predictive servo control system is shown in Figure 5. 
The difTercnce from the real-time simulation is that the plant to 
be controlled is a real servo control system. The network 
connected the networked control board and the networked 
implement board is Intranet on the university campus.

Figure 5. Networked servo control system
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The responses of the real closed-loop servo control system with 
a PI controller are shown in Figures 6, where the NPC is not 
used. They indicate that the response of the closed-loop in the 
case of network delay is different from one in the case of no 
network delay. It is clear that the network delay makes the 
control performance poor.
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Figure 6. Response of the closed-loop networked PI control 
system

The control performance of the networked predictive control 
strategy is given in Figure 7, using the same PI controller as 
above but including the network delay compensator. To have a 
long network lime delay, extra artificial time-delay (e.g., 1-step, 
2-step and 3-step delays) was added to the network. It is clearly 
shown from the experiment results for various network delay 
cases that the NPC for a system with network delay has similar 
control performance to the PI control for the system without 
network delay. This confirms that the NPC can compensate the 
network delay effectively.
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Figure 7. Responses of the closed-loop NPCS

V. CONCLUSIONS
This paper has studied the design, simulation and 

implementation of the networked predictive control systems. 
The networked predictive control strategy has been proposed. It

was simulated in the off-line and real-time simulation 
environment and also implemented in a networked predictive 
servo control test rig. It has been illustrated that the NPC is an 
active network delay compensation method. In this paper, a fast, 
convenient, and cost-effective scheme of implementing the 
networked predictive control in embedded systems using 
Simulink/Real-Time Workshop has been presented. On-line 
tuning of control parameters and analysing the response of the 
system can be realised easily via the Internet, and consequently 
an optimal control solution can be obtained in a short time. The 
networked servo control experiment through the Intranet has 
successfully demonstrated the effectiveness of the networked 
predictive control.
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Abstract: The paper discusses predictive control of Internet/lntranet based systems. To deal with the random 
communication delay on the Inteniet/Intranet, the networked predictive control scheme is introduced. The key pan of this 
scheme is how to generate the control prediction. The analytical stability criterion of the closed-loop networked 
predictive control systems is derived. The networked predictive control scheme is illustrated using practical 
Intranet/Internet based control experiments.
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1 INTRODUCTION

With the development of network technology, more and 
more intelligent devices or systems have been embedded 
into the Internet for service, security and entertainment, 
including distributed computer systems, surveillance 
cameras, telescopes, manipulators and mobile robots. 
Clearly, the Internet has provided a powerful tool for 
distributed collaborative work. The emerging network 
technologies do have the potential to apply the advantages 
of this way of working to advanced control systems. The 
advantages include the following: allows remote 
monitoring and tuning of control systems; allows large (or 
global) area distributed control; and allows collaboration 
between skilled system designers and operators situated in 
geographically diverse locations. These are not achievable 
by the use of design methodologies for conventional 
control systems.
Although the notion of networked control systems (or 
network based distributed control systems) is relatively 
new and still in its infancy, it has captured the interest of 
many researchers worldwide (Overstreet and Tzes, 1999; 
Nemoto et al., 2000; Tipsuwan and Chow, 2003). 
Networked control systems have opened up a complete 
new area of real-world applications, namely tele-training, 
tele-manufacturing, tele-surgery, museum guidance, 
traffic control, space exploration, disaster rescue, and 
health care. Recently, more and more attention has been 
paid to various issues of network based control systems, 
for example, the stability problem in the presence of 
network delays and data packet drops (Zhang et al., 
2001), the design and implementation problem of the 
networked control system (Yang el al., 2003; 
Zhivoglyadov and Middleton, 2003) and the network 
traffic congestion problem (Wong and Brockett, 1999).

It is well known that the random transmission delay in 
networks makes the design of networked control systems 
very hard and degrades the performance of the systems. 
Here, a control strategy for networked control systems is 
introduced, which is termed as networked predictive 
control. This paper addresses the design, stability analysis 
and practical implementation of networked predictive 
control systems with random network transmission delay.

2 NETWORKED PREDICTIVE CONTROL

Following the authors" work (Liu et al., 2004 and 2006). 
the networked predictive control scheme is introduced to 
overcome an unknown network transmission delay in 
networked control systems. This networked predictive 
control system (NPCS) structure is shown in Fig. 1. It 
consists of the networked predictive controller and two 
data buffers. The former is designed to generate a future 
control prediction for the delay compensation. The latter 
is used to reorder the transmitted data which may be 
disordered after transmission over network. The size of 
each buffer should be equal to the length of the data of the 
signal (e.g., the control prediction or output) from the 
zero-step to maximum-step network transmission delay. 
In this way, the random network delay can be treated as a 
constant delay after the buffer. This implies that if the 
transmission delay of the data on the network is less than 
the maximum delay, they have to stay in the buffer until 
the maximum delay is reached. For the sake of simplicity, 
the following assumptions on the data retransmission are 
made:
a) The upper bounds of the communication delays in the 

forward and backward channels are k and /, 
respectively;

b) The data transmitted through the network are with a 
time stamp.

IEEE Catalog Number: 06EX1310
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Figure 1. The networked predictive control system

Let <R[z~',/>] denote the set of polynomials in the 
indeterminate z l with coefficients in the field of real 
numbers and with the order p in a set of non-negative 
integer numbers. For example, the polynomial 
/< 4 (r-')6 «[:;-', n], that is,

Consider a single-input single-output discrete-time plant 
described by the following

A(z l (1)

where >•(') and »(') are the output and control input of the 
plant, d is the time delay, and A(z~ l ) e W[z~ l ,n] and 
#(z~l )e$R[z~',»j]are the system polynomials. If 
there is no network transmission delay, many control 
design methods are available for the plant (/), for 
example, PID, LQG, MFC etc. Here, it assumes that the 
controller of the system without network delay is given by

C(z-')tt(f) = (2)

Where the polynomials C(z~')e9?[z ',«,.] and

is the error between the future reference r(t+d) and the 
output prediction y(t + d) .
To compensate for the network transmission delay, the 
control prediction sequence u(t+i\t) at time /, for i=0. 1. 2, 
.... k, is generated by

•) (3) 

and the error prediction e(l+d+i\t) at time / is defined as

Hi 10 W

where y(t + d + i\ /) is the output prediction at time t 
and r(t+d+i) is the future reference input. For the sake of 
simplicity, define the following operations:

x(t-i\t- /) = z' } x(t - / + 11 / - / + 1),

for i- /, 2, ..., / (5) 
x(t + i\t) = z~ l x(t + i+\ t),

for i-O, 1.2, ...k (6)

where x(.) represents y(.) and ;/(.). For/=0, /, 2, .... k, 
there exists the following Diophantine equation:

A(:- l )E.(:~ { ) + :~"/ F,(z~*) = l O)

where the polynomials E,(z' ] ) e iR[z"',/+ / - 1] and 
F,(z~') e SH[z~',n-1] • It is clear from assumption a) 
that the past outputs up to time /-/are available on the 
controller side. Combining the above and the controlled 
plant yields the following output predictions at t:

(' + l 10

(8)

>•(/ + £/ + ! 10 = ^,(2'

which can be compacted as

y(t+d\t) 
y(t + ci + \ t)

^ ').
(9)

The second term on the right side of the above can be 
separated into two parts: the first part contains the control 
sequence before time t and the second part the future 
control prediction sequence. So, let

£„.,(*->(/ +110 u(t- 1|/ 1) I M,

"CIO

11(1 { k\t 

(10)

where the polynomial Gt (z"') e SR[z"',m + / + d-2] 
and the matrix Af e 9j(**"«(**". Thus,

(11)
where

(12) 
r (13)

^(z'), -, G,_ t (z')] r
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From the controller designed for the system without 
network delay, it is clear that the future control sequence 
can be expressed by

06)

where ) = [r(t+d), •, r(t + d + k)]T -

The term C(z"')t/(/ |r)can also be separated into two 
parts: the first part contains the control sequence before 
time t and the second part the predicted future control 
sequence. Then, let

(17)C(z-')l/(/ 1 0 = tf (z )«(' - 1 1 ' - 1) + LU(l \ t)

where H( . ' ) = [//o(r •). HI(! * }i .... HI(: > }J , the
polynomial w^.--) e <«[.--', maxjn -i-l,0}] and the 
matrix L e «"-'»•<*•'> . Combining (11), (16) and (17) 
gives

(18)

D(z")G(z*)U (t-\\t-\)-D(z
Let

(19)

where r(j-| )=[r0(r-1 ), r,(z"'), •••, r..(r')) r . me polynomial 
ri.(z' 1 )6<R[z-',max{n :/ +m + f + d - 2,0\] and the 
matrix M e. g?'*-""*" 1 . As a result,

U(t\t) = (L + A/)" 1 (D(z-' )/?(f + f/) - D(z- 1 )F(z- l )y(t - f)

(20)
Therefore, the control prediction sequence can be 
determined by the following predictive controller:

"('10

(21)
where

and the polynomials P: (z~')e sJ?[z"',»rf + 
5,(z-') e M[z-',max{/7c -i - 1, nrf + /n + / 1- rf- 2, 0}] ,

Q,(z ')elR[z ] ,n d + /!-!]• K is clear from the above 
that

In order to compensate for the network transmission 
delay, the control input of the plant will be taken by

u(t) - n(t 1 1 - k) = z~ ku(t + k\t) (23)

which is actually the control prediction for time / 
produced by the networked predictive controller at time 
t-k.

3 STABILITY OF NETWORKED
PREDICTIVE CONTROL SYSTEMS

The stability of a closed-loop system is the most important 
issue in the design of control systems. This section 
considers the stability of closed-loop networked 
predictive control systems. From assumption a), it is clear 
that the upper bounds k and/of the network transmission 
delays in the forward and backward channels are constant. 
From the control prediction sequence derived in the 
previous section, it can be obtained that

(24)

Then

' (25)

Using (22) and (25), the A-step ahead predictive control at 
time / is expressed by

(26)
Thus, the closed-loop system is

d+k)-B(z-t )u(t+k)-B(z-t

yt(z-V +t)

(27)

The closed-loop characteristic equation is
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(28)

Therefore, the stability criteria of the closed-loop 
networked predictve control system with constant 
network delay is that the system is stable if and only if the 
roots of the above polynomial is within the unit circle.

4 IMPLEMENTATION OF NETWORKED 
PREDICTIVE CONTROL SYSTEMS

To implement the networked predictive control strategy in 
a practical system, a networked control system test rig has 
been built, which is shown in Figure 2. This test rig 
consists of a networked controller board (NCB), a 
networked implementation board (NIB), a servo position 
control plant and a network. The NCB is located remotely 
and implements the control prediction generator 
algorithm to provide control predictions. The NIB is on 
the plant side and mainly acts as the receiver and sender of 
information. The NCB and NIB are connected through a 
network. The kernel chip of the networked controller 
board and the networked implementation board is 
Samsung S3C4510B, which is a cost-effective, 
high-performance microcontroller solution for the 
Ethernet-based systems. An integrated Ethernet controller 
S3C4510B is designed and used to manage 
communication hubs and routers. It can operate at either 
100-Mbits or 10-Mbits per second in half duplex or 
fiill-duplex mode. The NCB and NIB have a similar 
hardware structure except that the NIB has eight 12-bit 
A/D channels and two 16-bit D/A channels. In order to 
increase the communication speed for networked control 
systems, the UDP protocol is adopted. This protocol 
offers a direct way to send and receive data packet over an 
IP network. It has a higher speed, which is very important 
for networked control systems that need a fast 
communication between the remote controller and the 
plant.
The servo position control plant, which consists of a dc 
motor, load plate, speed and angle sensors, is designed to

drive the position angle to a pre-set value. The plant was 
identified using the least squares method. At the sampling 
period 0.04s, the estimated model in the discrete time 
domain is given by

-0.00886?''+1.268227*- 
l-1.66168z-'+0.663l7-2

(29)

The network time delay degrades the control performance 
of the networked system and can even cause the system to 
become unstable if the time delay is not compensated for. 
In order to test the control performance of networked 
predictive control systems, practical experiments have 
been carried out through Intranet and Internet.

Intranet Based Predictive Control
The campus intranet of the University of Glamorgan was 
used for the practical experiments of the Intranet based 
predictive control system. It was found that the network 
delay in both forward and backward channels was almost 
constant, i.e., 1-step network delay (about 0.04s) which 
was measured in practical experiments. A controller that 
guarantees a stable system within a 4-step fixed time delay 
in both channels was designed as

D(z) = 0.0475 -0.047z" 
C(z) ~

(30)

For the Intranet based control experiments, the NCB with 
IP address 193.63.131.15 and NIB with IP address 
193.63.131.219 were connected via the university campus 
Intranet. For both off-line simulations, where the plant is a 
model and the network is a one-step delay unit; and the 
real-time practical experiments, where the network is the 
Intranet and the plant is the real servo position control 
plant, the step responses of the closed-loop control system 
without networked predictive control are shown in Figure 
3. After the networked predictive control was applied (i.e., 
the networked predictive control strategy is used), the step 
responses of the closed-loop system are given in Figure 4, 
where the practical local control means that there is no

Networked controller board (NCB) Servo position control plant with NIB
Figure 2. Networked control system test rig
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network in the closed-loop system (i.e.. a normal feedback 
control system). From the above results of the off-line 
simulations and real-time practical experiments, it is clear 
that the network delay degrades the control performance of 
the closed-loop system, the networked predictive control 
strategy can efficiently compensate for the network delay 
and also the off-line simulation results are very similar to 
the real-time practical experiment results.

controller that can provide a stable system within a 12-step 
time delay in both the forward and feedback channels 
using the networked predictive control scheme was 
designed as

(31)
C(z)
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Figure 3. Step responses of the closed-loop Intranet based 
control system without network delay compensation (i.e., 
no networked predictive control).
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Figure 5. Step responses of the closed-loop Internet based control 
system without network delay compensation.
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Figure 4. Step responses of the closed-loop Intranet based 
predictive control system

Internet Based Predictive Control
For the Internet based control experiments, the NCB and 
NIB were put at different locations. The NCB with IP 
address 159.226.21.191 was physically located at the 
Chinese Academy of Sciences, Beijing, China and the NIB 
with IP address 193.63.131.219 was put at the University 
of Glamorgan, UK. The maximum of Internet time delay 
between these two boards were 7 sampling periods (i.e., 
280ms) in each network communication channel. Since the 
Internet has longer time delay than that of the Intranet, the 
controller designed for the Intranet based control is not 
able to stabilise the Internet based control system. The

Figure 6. Step responses of the closed-loop Internet based 
predictive control system

The control performance of Internet based control system 
without considering network delay compensator is shown 
in Figure 5, where it can be seen that there is a large 
overshoot and oscillation in the step responses of the 
system. When the proposed NPC is applied to this Internet 
based servo position control system, the control 
performance shown in Figure 6 is very similar to both the 
practical local control and simulation results although 
there exist modelling errors, disturbances and 
nonlinearities in the real servo plant. From the practical 
experiments, the conclusion can be drawn that the NPC 
can actively compensate for the network delay of Internet 
based control systems.
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5 CONCLUSIONS

The networked predictive control scheme has been 
introduced for networked distributed control system with 
random network transmission delay and also the stability 
criterion of the closed-loop networked predictive control 
systems has been obtained in this paper. The networked 
predictive conn-oiler generates control predictions to 
satisfy the system performance requirements and 
overcome the random network transmission delay. The 
stability analysis of the closed-loop networked predictive 
control system has given the analytical criterion for 
network transmission delays. The control performance of 
the proposed networked predictive control scheme has 
been demonstrated using practical Intranet/Internet based 
control experiments. The paper provides a generic design 
procedure for networked control systems. In practice, there 
always exist uncertainties to a certain degree. The 
robustness of networked control systems with 
uncertainties, which has not been discussed here, will be 
studied in future papers.
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