
ABSTRACT 

VANIJJIRATTIKHAN, RANGSARIT. On Network-Based Control and Sensitivity 
Characterization of Mobile Robot in Intelligent Space. (Under the direction of Dr. Mo-Yuen 
Chow.) 
 

This dissertation addresses the problem of path-tracking control of a mobile robot, also 

called an Unmanned Ground Vehicle (UGV), in Intelligent Space, where the controller is 

located on an entity different from the robot and communicates with the robot over a 

communication network. The involvement of a communication network leads us to the core 

of this research, the network time-delay factor. The existence of a network delay presents a 

challenging problem that might degrade the overall system performance and even destabilize 

the closed-loop control system.  

The existing research area for the aforementioned scenario is called Network-based 

control system (NBC) mostly focused on a general linear system for which the controller 

must be redesigned so that the overall NBC system can work properly. Distinct from the 

existing research, and innovative in its own right, the research presented in this dissertation 

focuses on a specific nonlinear system, the remote UGV path-tracking. More specifically, we 

focus on the methods that allow the existing workable path-tracking controller to be reused in 

the NBC environment.  

In this work, Accumulated effect parameter tuning method is firstly proposed to tune the 

geometrical path-tracking controller used in UGV before operating over communication 

network; then sensitivity analysis is introduced to consider how the system is sensitive to 

noise or perturbation so that the operating condition, such as UGV speed and path curvature, 

may be changed to limit the effect from noise or perturbation; afterwards, Feedback pre-



processor (FP) is proposed to alleviate the effect of network delay by using UGV position 

estimation through UGV kinematics model; along with FP, UGV response time is proposed 

to demonstrate the effect of different UGV characteristics on path-tracking performance; 

finally, the effect of using Gain scheduler (GS) with two-dimensional and one-dimensional 

gain table is investigated for the capability to alleviate the network delay on remote UGV 

path-tracking.  
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CHAPTER I                                                               

INTRODUCTION 

 
Automated Guided Vehicle (AGV) is usually referred to a mobile robot that can 

automatically move from one place to a desired place without the need for human 

intervention. There are several applications that emerge with the evolution of the AGV, such 

as automated delivery system, patrol and security, and house hold application. AGV has 

gained much attention due to the need for efficient transportation[1], reducing human 

workload, decreasing cost[2], and enhancing human life style[3]. Some examples of AGV in 

action are: 

1. Fork Lift Vehicle (FLV) AGV from Egemin®[4] that can automatically move the 

pallet for material handling task in several industries such as automotive, paper & 

printing, and textile. 

2. Mobile robot from KIVA Systems®[5] that can automatically move product 

inventory in the distribution center such as WalGreens’ and Staple’s in order to 

facilitate online order fulfilment.  

3. ADAM AGV from RMT Robotics®[6] used in the tire industry to transfer tires 

between work stations. 

4. TransCar AGV from Swisslog®[7] used in hospital that can navigate through multi-

floors facilities for material delivery. 

5. RoboCleaner from Karcher®, Roomba from iRobot®, and Tribolite from 
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Electrolux®[3], the autonomous vacuum cleaning robots that can do intelligence 

planning to traverse the floor area. 

6. Automower from Husqvarna®,  Robomower from Friendly Robotics®, and Lawnbott 

from Zucchetti®[3], the autonomous robot that can automatically mow the lawn and 

come back to the dock station for battery charging without human interaction. 

There are several research areas related with the algorithms that control the AGV such as 

artificial intelligence, path-planning, path-tracking, and collision avoidance ([8] and 

references therein, [9-11]). As the main purpose of the AGV is to be autonomous, the 

controller that drives the robot is usually installed locally on the robot itself. This is distinct 

from the research area in our focus where the mobile robot is controlled by using 

communication network for data exchange in the control loop. The aforementioned research 

area can be a basis for a new area of applications because, in several situations of mobile 

robot path-tracking control, the best decisions can be made from a remote site. For example, 

in the situation where the AGV is tracking the path in a complex environment (such as a 

maze), the local sensors and controller on the AGV may not have enough information to 

guide the AGV to avoid obstruction and go to the destination. The sensors and controller 

installed somewhere else, such as at the ceiling of the room, can acquire more useful 

information and guide the robot more efficiently. Or, in the situation that the controller 

requires computing power such as interpreting human behavior by image processing, then the 

controller should locate on a computer with high computing power instead of on a small 

robot. The aforementioned situations are in line with a new application framework called 

Intelligent Space[12] in which intelligent service is delivered based on global information.  
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The research presented in this dissertation focuses on the problem of controlling a 

mobile robot to track a predefined path in which the exchanged data between the path-

tracking controller and the mobile robot is conducted over a communication network.  This 

chapter introduces the motivation of our research including the challenge and the literature 

survey of the existing researches in the same area. This chapter is organized as follows: 

Section I introduces the concept, structure, and advantage of an application area for remote 

UGV path-tracking called Intelligent Space; Section II introduces the network delay problem 

of Network-based control system; Section III provides a survey on the methods proposed for 

network delay alleviation in NBC system. At the end of this chapter, we provide an outline of 

the rest of our dissertation. 

I. INTELLIGENT SPACE 

The existence of computational device and computer systems provide plenty of useful 

applications such as robots in factory automation[13], computer numerical control milling 

machine in manufacturing process, automatic suspension control and anti-lock braking 

system in automobiles[14], mower robot in household application[3], etc. However, current 

applications of computational devices are mostly limited by their physical location, i.e. the 

computational device is embedded into a local object such as the robots or cars.   

A rapidly evolving and innovative trend in engineering research based applications is to 

spread computational devices including sensors and actuators into a space and to provide 

various types of automated services (e.g., making the room “intelligent” for providing 

nursing services by robots). This space of distributed connection of multiple computational 

devices, sensors and actuators, or Intelligent Space(iSpace), Smart Space, Interactive 
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Workspace or Intelligent Environment[12,15-17], as it has been called in published literature, 

is a novel way of providing the aforementioned services using autonomous agents with little 

or no human control effort involved. We will refer to such a system as iSpace. With advances 

in technologies such as sensor network, network-based control, mechatronics, miniaturization 

of sensors and actuators (MEMS, NEMS), distributed control, robotics, etc., iSpace has been 

rapidly evolving.  

To demonstrate some general aspects of the systems mentioned above, system 

definitions from published literature are described here. In [12], Hashimoto defines 

intelligent space (iSpace) as “a space where we can easily interact with computers and robots 

and get useful services from them”. In [16], NIST (National Institute of Standards and 

Technology) defines Smart Space as “a work environment with embedded computers, 

information appliances, and multi-modal sensors allowing people to perform tasks efficiently 

by offering unprecedented levels of access to information and assistance from computers.” 

And, in [17], Huang and Trivedi define Intelligent Environments as “systems that are aware 

of the spatial information and activities within them through sensors and interact with people 

in a natural and unobtrusive way.” All of these definitions emphasize on a natural way of 

human-machine interaction and providing services according to human’s need.   

As an example corresponding to the concept, Fig. 1 shows a room with a number of 

CCD cameras installed to observe the behavior of human beings in the room. The data from 

the CCD cameras will be processed to extract the useful information in order to assign tasks 

for the robot to provide services to humans.  



Human

Webcam

Webcam

Mobile Robot

          

MicrophoneMicrophone

Webcam

Webcam

 

Fig. 1. Human-robot interaction in an iSpace.  
 

This scenario can be applied to a hospital where a patient is having difficulty helping 

himself. If he is in iSpace, the patient can use verbal or posture command to ask the robots to 

help him get water and food, or allow the robots to take appropriate action in case of an 

emergency.  

In this manuscript, we adopt the iSpace architecture from the viewpoint of Hashimoto 

[12] because the structure that had been laid out is simple and covers all the major 

functionalities of iSpace.  

iSpace has 3 main types of components as shown in Fig. 2. 

• Control Agent 

• Communication Network 

• Action Agent (such as robots performing physical services) 
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Action Agent
(ROBOT) HUMAN Action Agent

(ROBOT)

Sensor
Computational

Devic
e Sensor

Computational
Device

Sensor

Computational

Device

Communication Network

Physical Space

Control Agent

Control AgentContro
l A

gent

 
Fig. 2. Intelligent Space. 

 
Control Agent composes of a computational device and sensors. The functionalities of 

Control Agent are  

• Observing events in the space via sensors such as camera, microphone, ultrasonic 

sensors, etc. 

• Processing data and transferring processed data to other Control Agents through 

computer network in a sensor-independent format for further processing 

• Making decisions according to the event observed by itself or by other Control 

Agents on the network. 

• Commanding the Action Agents, e.g. robots, to perform physical actions. 

Communication Network (wired or wireless) is used to transfer data among Control 

Agents and Action Agents. 

Action Agent in this manuscript is an actuator that is not connected directly with Control 

Agents but through the communication network. The main responsibility of the Action Agent 
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is to execute tasks to support people in the physical space. 

In order to provide a service, Control Agents in iSpace make 

(1) local decisions based on it’s own sensor information or  

(2) global decisions based on aggregated information from other Control Agents 

(collaborative decision and control) as shown in Fig. 3 and Fig. 4 respectively.  

As a result, Control Agents can compute distributively when compared to an integrated 

computational device. 

 
 

Sensor
(Camera)

Computational
Device

Control Agent

1. Sensor read data from the
environment

2. Control Agent makes
decision for appropriate
actions based on local
computational device

3. Control Agent send the
commands to the Action Agent

Action Agent
(ROBOT)  

Fig. 3. Local decision making in Control Agent. 
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Sensor
(Camera)

Computational
Device

Control Agent

1. Multiple sensors read data
from the environment

2. Multiple Control Agents
cooperate in decision making

for appropriate actions

3. Control Agent send the
commands to the Action Agent

Action Agent
(ROBOT)

Sensor
(Camera)

Computational
Device

Control Agent

Sensor
(Camera)

Computational
Device

Control Agent

 
Fig. 4. Global decision making in Control Agents. 

 
Many different research areas such as human-machine interface, human position 

prediction, face recognition, omnivision sensors, and robot navigation [17-20] are currently 

involved in investigating and developing iSpace. There are still many issues and open 

problems that need much more investigation. One important research topic that arises in 

iSpace is to solve the network delay problem that occurs when remote controllers (control 

agents) send control signals to the actuators (action agents) through a communication 

network. 
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In general, integration/collaboration among computational device, sensors, and actuators 

to offer a service starts from sensors getting data from the environment. Then, the data is 

transferred to the computational device for processing and collecting useful information. 

After that, an appropriate command, according to the information collected, will be sent to 

the actuators to perform a physical service. The procedure mentioned above requires a certain 

amount of time for computation and data communication. Network delay can occur while 
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command/reference signal is sent between computational device, sensors, and actuators. As a 

result, the actuators’ performance (e.g., accuracy, stability, robustness) might degrade. One 

reason for the performance degradation is the time shift where the actuators receive a control 

command that is not appropriate for the current time period.  

We can formulate this network delay issue in the iSpace as a closed-loop control system 

operated over a communication network. In the next section, we introduce the problem of 

control performance degradation that may be caused by network delay. 

II. NETWORK-BASED CONTROL SYSTEM AND NETWORK DELAY PROBLEM 

Control system can be classified as open-loop control system or closed-loop control 

system (feedback control system). In general, open-loop control system refers to the control 

system where the controller ignores the outcome of the controlled process. The controller 

only uses the signal from the reference input r to determine the control signal u. On the other 

hand, closed-loop control system or feedback control system refers to the control system that 

the controller can observe the result of the controlled process (controlled variable, y) in 

addition to only the objective (reference input, r) available in open-loop control system.  

For conventional feedback control system, data transfer between controller and 

controlled process is direct and immediate. But, in some cases, the connection between 

controller and controlled process is implemented by a communication network. This can 

introduce several advantages to the control applications such as reducing investment and 

maintenance cost for wiring complexity (e.g., in factory automation), enabling teleoperation, 

and rendering new control concepts and applications [12,16,21-23]. 

The application of communication networks can vary from short distance data 



communication within a single computer to global and massive information sharing over the 

Internet. Communication networks also take part in control system applications such as the 

control network in automobiles, teleoperation of robot arm manipulators, and distributed 

control of multiple robots [21,24,25]. This network-based control (NBC) system, networked 

control system (NCS), or distributed control system [26-28] is an emerging topic that has 

gained a lot of attention during the last decade.  
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N

There are several structures for the NBC system implementation. Denoting controller by 

Cn, sensor by Sn, and actuator by An, 1, 2, ,n = … , a control system with communication 

network can be configured in a Direct Structure as shown in Fig. 5, or in a Hierarchical 

Structure as shown in Fig. 6. 

 

S1

A1

C1 Network
Control signal

Sensor measurement  
Fig. 5. Simplified diagram of Network-based control system, Direct Structure. 

 

S1
A1

C1

S2
A2

C2

S3
A3

C3

CM

S1
A1

C1

S2
A2

C2

S3
A3

C3

CM

Network

 
Fig. 6. Distributed control system, Hierarchical Structure. 

 
For the Hierarchical Structure (as shown in Fig. 6), we can see that the controller shares 

it’s responsibilities with the central controller, CM and the local controllers C1, C2, C3 in each 



of the subsystems. An example of the cooperation is that Cm provides reference inputs to C1, 

C2, and C3 while C1, C2, and C3 control their own actuator according to the received 

reference input. Because the components of the control system in both Fig. 5 and Fig. 6 are 

physically decentralized, we also call these kind of systems as distributed control system 

[29].  

In this dissertation, we will focus only on the direct structure which can be represented 

by the block diagram shown in Fig. 7.  

 

CONTROLLER

Control
signal, u CONTROLLED

PROCESS
Controlled variable, y

COMMUNICATION
NETWORK, Nt

Reference input, r

+ _
Error, e

SENSOR

 
Fig. 7. Network-based control system. 

 
The sequence of operation for network-based control (NBC) system starts from the 

controller generating control signal (u), from the error (e) between reference input (r) and 

controlled variable (y) (Fig. 7). The control signal u is sent through the communication 

network Nt to actuate the controlled process or actuator. According to the system dynamics, 

the output of controlled process is generated, measured by sensor, and then, sent back to the 

controller to complete the process cycle. The controller then starts to generate a control 

signal and sends it to the actuator for the next cycle. Studies show that the network delay 

induced by the communication network can degrade the performance and reduce the stability 

region of the NBC system [28,30-38]. The following example is used to illustrate the 

performance degradation issue in NBC. 
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We simulate a NBC system composed of an actuator/plant, a controller and 

communication delays as shown in Fig. 8. The plant is a third-order system described by a 

transfer function 30( )
( 3)( 6)

G s
s s s

=
+ +

. The controller is a proportional controller with gain 

of one.  The reference signal of the feedback control loop is provided by a step function. 

 
Fig. 8. An example of feedback control system with network delay. 

 
The simulation results of the step response with various constant delays are depicted in 

Fig. 9. These results demonstrate that increasing delay time also increases the system 

overshoot and settling time. Hence, the system performance is degraded as the delay time is 

larger. If delay time is larger than a certain limit, the system can even be unstabilized. 
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Fig. 9. Step responses of feedback control system with various network delay. 

 
The simulation results in Fig. 9 show that it is important to have the effect of network 

delay considered when designing a NBC system. In the next section, a survey on existing 

literature that had been proposed to alleviate the effect of network delay is presented. 

III. SURVEY ON NBC SYSTEM 

Control applications using communication networks can reduce investment and 

maintenance cost for wiring complexity (e.g., in factory automation), and render new control 

concepts and applications such as iSpace[12,18,39-41]. One major area of application of a 

control system with network is teleoperation, such as the Jason project[42] with an undersea 

robot exploring the famous sunken ship Titanic, the Mercury project[23] with the first on-line 

robotics arm to explore the terrestrial surfaces, the Xavier project[43] with the first on-line 

mobile robot moving to a destination preset by the remote user, the USAR (Urban Search 

And Rescue) mobile robots [44] with the ability to survey the environment that is dangerous 

for human, the daVinci surgical system[21] with the tools that allow surgeons to perform 
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minimal invasive surgery, and NASA’s Mars Exploration Rovers[22] with the ability to 

survey Martian terrain. 

Among all the control systems with network, one major challenge is the existence of a 

network delay that might degrade the overall system performance and even destabilize the 

closed-loop control system in the network.  

There exist several approaches to alleviate the effect of delay time. As in teleoperation 

where the human operator can use a master robot to remotely control a slave robot located far 

away, the simplest method is to use human intuitive to learn about the effect of network 

delay and perform “move and wait”, in which the operator slightly moves the master robot at 

a time [45]. Then, the operator waits to observe the slave robot to see if the movement is 

under control. In this way, the operator can get some knowledge of the delay effect and be 

able to control the master robot to the extent that the slave robot is still working as expected. 

Another method to deal with the network delay is “teleprogramming” where there exists an 

extra controller at the remote plant as shown by the hierarchical structure in Fig. 6 [46]. The 

central controller (human or a program) needs to send only a command or a task to the 

remote plant. Then, that extra controller will take responsibility to finish the task and network 

delay will not have any effect on this local operation. This method presents a solution of the 

communication delay problem in a system in which the delay does not need to be directly 

considered. As a result, the system tends to be less flexible and less interactive compared to 

the system that directly uses the information of the delay time and has the feedback loop span 

over the communication network. This aspect is the primary focus of the research presented 

in this dissertation. 
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One well-known direction in dealing with communication delay in NBC is by using 

passivity theorem. Along this line, Anderson and Spong [31] used the power variable in force 

feedback teleoperation to successfully stabilize the NBC system in passive environment 

under an arbitrary size of the delay. Niemeyer and Slotine [47] introduced the wave variable 

instead of power variable for information exchange in force feedback teleoperation. In 

addition to robustness and system stability to arbitrary network delay, wave variable has the 

benefit to reduce the complexity of the system implementation. In [33,48], Hannaford and 

Ryu harnessed the concept of passivity to enhance the haptic interface system which has the 

information flow in two directions, like force feedback teleoperation system. They used a 

real-time energy measurement module and adaptive energy dissipative element in order to 

interactively control the net energy of the system so that the stability of the system is 

achieved with less conservative than a rigid passivity based design. 

Another direction to address the NBC problem is focusing at the communication 

network to derive a suitable network characteristic such as the communication protocol, 

scheduling algorithm, transmission rate, and bandwidth. In [32,49] Halevi and Ray proposed 

an analytical technique to test the stability of a specific NBC system whose communication 

delay can be assumed periodic. Their approach can be applied to a token passing network, 

such as token ring. They also proposed a time skew varying method to reduce the vacant 

sampling and message rejection of the data packet transmitted between the controller and the 

plant through a communication network. This method will help the controller to have higher 

probability of getting the most updated data from the sensor and eventually improve the 

system performance. In [30], Walsh et al. proposed a novel control network protocol, try-
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once-discard (TOD), for multiple-input-multiple-output (MIMO) NBC system. TOD allows 

the node that has the highest priority to get the transmission while ensuring the maximum 

allowable transfer interval of every node to guarantee stability. In [34], Zhang et al. studied 

the relationship between the network round-trip-time delay (RTT), controller sampling 

period, and the stability of a system. They proposed an analytical method to find a stability 

region given controller sampling period and RTT for a specific case of the system. Their 

results also include the stability condition of a NBC hybrid system, system with packet 

dropouts, and multiple-packet transmission. In [28] Lian et al., proposed a guideline to find a 

relationship between the control quality of performance (QoP) and the network and control 

parameters. They provided a method to choose a proper sampling period so that the rate of 

the data exchange between the controller and the plant is high enough to maintain an 

acceptable performance but not too high until the network is congested. 

Another direction to deal with network delay in NBC system is by using techniques 

based on soft computing such as Neural network and Fuzzy logic. In [38] Almutairi et al. 

uses fuzzy logic compensation method to compensate network delay effect by externally 

updated PI controller gain with respect to the system output error caused by network delay. 

In [50], Lee et al. proposed the remote fuzzy logic controller method in which a typical PID 

controller is replaced by a fuzzy logic controller. For both methods, the expert knowledge 

can be embedded within the fuzzy rules to calculate the control signal based on the system 

error in order to alleviate the effect of delay. On the other hand, Neural network (NN) does 

not need the expert knowledge but uses learning capability to cope with the delay effect. In 

[51], Huang and Lewis uses NN to extend the concept of Smith predictor to the nonlinear 
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system control under constant delay. Smith predictor is a famous method to control a system 

with delay using an accurate model-based prediction [52]. Huang and Lewis propose to use 

recurrent neural network to compensate the nonlinear effect of the plant so that the plant can 

be treated as a linear system to be controlled using Smith predictor. 

Several researchers approached the network delay problem by considering model-based 

predictor. In [53], Luck and Ray use observer-based compensator to alleviate the effect of 

network delay. They use observer to determine the state of the plant from the plant output. 

Then, based on the plant model, the compensator can estimate the current plant state from the 

delayed plant state so that the controller will get the most updated state to calculate the 

control signal. In [54], Chan and Ozguner used the estimated state of the plant based on the 

transmission queue length information embedded in the data packet before sending it from 

the plant. The queue length can determine how many time periods have passed after the plant 

output is measured. Then, a model-based predictor can predict the state of the plant so that 

the control signal can be prepared accordingly. In [37], Montestruque and Antsaklis use 

model-based prediction to predict the future state of the linear plant. A stability condition is 

also provided so that the maximum period of two consecutive data transmissions can be 

determined to reduce the network load while the system remains stable. 

The stability of the NBC system is also studied using the counterpart of the Lyapunov 

stability condition, Lyapunov-Krasovskii and Razumikhin stability condition. There is 

emerging literature focussing in this direction such as [36,55] and the references therein. For 

a linear NBC system in general, the stability can be tested by formulating the L-K or 

Razumikhin stability condition into convex optimization problem. The problem is 



represented by Linear Matrix Inequalities which can be efficiently solved by existing 

algorithm [56]. 

Optimal stochastic control and robust control have also been reported to have the 

capability to alleviate the network delay problem. In [35], Nilsson proposed an optimal 

stochastic control method to control a NBC system in which the random round-trip-time 

delay is less than the sensor sampling period. This method can derive an optimal control 

signal subjected to minimizing a predefined cost function. In [57], Shousong and Qixin 

formulate a NBC system so that the optimal stochastic control framework can be applied to 

the NBC system where the delay time is larger than the controller sampling period. In 

[58,59], robust control framework is used to alleviate the effect of delay time. Random delay 

is treated as bounded system uncertainties and the robust controller is designed for all system 

variation under uncertainties to ensure a predefined limit of the error amplification (i.e., the 

plant output can track the reference signal within a bound). In [60], Kyoo Kim et al. 

formulate a NBC system into several patterns according to the history of the delay. Several 

 controllers are designed to form a switched H∞ H∞  controller in order to ensure a bounded 

error amplification corresponding to the pattern of the delay history for each time instant. 

The aforementioned researches mostly focus on a general linear system for which the 

controller must be redesigned so that the overall NBC system can work properly. Distinct 

from the existing research, and innovative in its own right, the research presented in this 

dissertation focuses on a specific nonlinear system, the remote UGV path-tracking. More 

specifically, we focus on the methods that allow the existing workable path-tracking 

controller to be reused in NBC environment. Our methods use additional modules embedded 
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into the existing system so that the outputs from the UGV is preprocessed before using them 

in the control signal calculation and the control signals are adjusted appropriately for current 

network traffic condition and path-tracking environment. 

The succeeding chapters are organized as follows. In chapter II, we focus on the 

parameters tuning of path-tracking algorithm as it is important that the path-tracking 

parameters should be finely tuned before operating in NBC environment. Chapter III focuses 

on how the path-tracking error is sensitive to the UGV speed, path curvature, and magnitude 

of network delay so that we can carefully compensate when those signals have noise or 

perturbation. Chapter IV focuses on the Feedback Preprocessor module to preprocess the 

sampled data from the UGV before using them in path-tracking controller in order to 

alleviate the effect of network delay. Chapter IV introduces the concept of UGV response 

time to predict the level of performance degradation caused by network delay. Finally, 

Chapter V focuses on applying Gain Scheduler Middleware with a variation of gain table to 

alleviate the effect of network delay in Intelligent Space by externally adjusting the path-

tracking controller gain. 
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ACCUMULATED EFFECT PARAMETER TUNING METHOD 

FOR GEOMETRICAL PATH TRACKING OF WHEELED   

MOBILE ROBOTS 

Abstract - This paper proposes a novel method for parameter tuning in geometrical path 

tracking algorithms for wheeled mobile robots. Geometrical path tracking has the advantage 

in its ease of implementation. However, before using such an algorithm, several critical 

parameters need to be found experimentally. Such a procedure is quite time consuming and 

unreliable. Moreover, there is no certainty that the parameters found using this method will 

hold for different kinds of paths. The research presented in this paper addresses this 

particular issue. A tuning method called Accumulated Effect (AE) parameter tuning method 

is proposed for determining the appropriate parameter values which will hold for different 

paths under different conditions. This method is based on the steady state of a mobile robot, 

tracking a circular path. The effectiveness of this method has been demonstrated using 

simulation results for three different path tracking algorithms. 

 
Keywords: mobile robot, parameter tuning, path tracking 

 

I.   INTRODUCTION 

 Path tracking of wheeled mobile robot has gained substantial research attention in last 

decade due to extensive applications of wheeled mobile robot such as automatic inventory 

system in factory and warehouse, innovative applications such as Intelligent Space [1, 2] and 
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Network-based control applications [3, 4]. 

There are three basic problems related with the path tracking of wheeled mobile robot. 

We can categorize the existing literature based on these three problems: 

• The first problem is path following where there exists a path known by the 

controller and the mobile robot needs to follow the path. 

• The second problem is trajectory tracking where there exists a virtual reference 

robot moving along the desired path and the actual mobile robot needs to be 

controlled to converge to the reference robot. 

• The third problem is set point stabilization where there exists a final posture 

where the robot at an initial posture is required to converge to. 

Ideally, a path tracking algorithm should address all of these problems. Most existing 

algorithms address one or a combination of these problems. Some existing works are 

geometry based path tracking controller proposed by Amidi [5], Yoshizawa [6], and Wit [7], 

which can address the path following problem and the trajectory tracking problem. The 

kinematics model based stable non-linear path tracking controller proposed by Kanayama et 

al. [8] and adaptive fuzzy logic-based controller by Das and Kar [9], addresses the trajectory 

tracking problem. Globally stabilizing time-varying feedback approach proposed by Samson 

[10] and dynamic feedback linearization approach proposed by Oriolo et al. [11], addresses 

both the trajectory tracking and set point stabilization. Robust adaptive controller based on 

neural network and backstepping paradigm by Fierro and Lewis [12], addresses all of the 

problems. Each of these approaches has their own nuances. For example, [8, 10, 11] consider 

only the kinematics model to derive stabilizing nonlinear controller. [9, 12] considers both 
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the kinematics and dynamics for controller design. [9, 12] also has the capability to adapt the 

controller based on model uncertainty. [5, 6] considers only the position error between the 

robot and the path/trajectory while the other algorithms also consider the heading error.  

In this paper, we focus on the path following problem implemented by geometrical 

algorithms [5-7]. These algorithms are relatively easy to implement after the information of 

the path is known since there is no need to generate the trajectory of the virtual reference 

robot as aforementioned in the trajectory tracking problem. However, using these 

geometrical algorithms require tuning of some parameters which are typically done by 

experiment and can be time consuming. Therefore, we propose a parameter tuning method 

called Accumulated effect (AE) parameter tuning approach based on the numerical result of 

the steady state, while the robot tracks a constant circular path. A bound of path deviation 

error is used in the tuning process so that the robot using the tuned parameter has path-

deviation error approximately within the assigned bound. 

The parameter tuning for geometrical path tracking is a vital issue which merits 

meticulous research. There is an existing work [13] that addresses the look-ahead distance for 

a stable pure pursuit path tracking system. However, there is no analysis on the path tracking 

performance. Some other literature [9, 12] address the issue of the unknown robot dynamics 

parameter, but up to our awareness, there has been no specific detailed study of geometrical 

path tracking parameter tuning. 

This paper is organized as follows: in section II, the system setup is described, section III 

discusses the parameter tuning method of geometrical path tracking algorithm, section IV 

discusses the simulation results, and the paper is concluded in section V. 



II. SYSTEM SETUP 

In this section, we give an overview of the unmanned ground vehicle (UGV) path 

tracking system used in this research. The focus here will be on path following problem 

where the path can be varied according to the environment and the information of the path is 

known by the path tracking controller (e.g., UGV for services in hospitals, offices, homes, or 

industrial plants [2]).  

A. Uumanned ground vehicle model 

In this research, we considered the path tracking of a differential drive mobile robot with 

two driving wheel and one or more caster wheels. The UGV can turn by driving the wheels 

with two different speeds. The center of turn is treated as the point-wise position of the UGV 

for path tracking error calculation. The center of turn can be different from the center of 

gravity (CG) because the position of the wheel may be away from the most density part of 

the mass. 
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]

The model of the UGV is used to describe the behavior of the UGV according to the 

control signal which is reference speed and turn rate, u . This UGV model is 

composed of the UGV kinematics & dynamics, the motor dynamics, and the motor speed 

controllers. The simulation in this paper is based on the nonholonomic UGV kinematics & 

dynamics described in [14] and the DC motor and gear train model described in [15]. 

[ T
ref refv ω=

B. Path tracking algorithms 

In this paper, we focus on three geometrical path tracking algorithms, Vector Pursuit 

(VP) [7], Quadratic Curve (QC) Path Tracking [6], and Pure Pursuit (PP) [5]. These 

algorithms can generate control signals such as the UGV speed and turning rate in order to 



drive the UGV along a predefined path.  

In order to track the path, the UGV needs to target one reference point on the path at a 

time and steer towards that point. The reference point  will lead the 

UGV and keep a distance, called look-ahead distance (d0), ahead of the UGV as shown in 

Fig. 1. As the UGV follows the reference point and the point moves along the path, the UGV 

eventually tracks the predefined path. 

( ) [ ]Tref ref reft x y=x

GΣ

 
Fig. 1. UGV path tracking using geometrical algorithm. 

 
d0 can be a fixed constant as in PP and VP or a function of the tracking condition as in 

QC. In QC, the look-ahead distance is adjusted based on the curvature of the path, using the 

quadratic coefficient (A), as calculated by Eqn. (1) where dmax and β  are constants, A is 

equal to 1 2 UGVR . 

0 max (1 )d d Aβ= +  (1) 

For all three algorithms, after the path tracking controller knows where the reference 

point in each calculation step is, the UGV needs to find the speed gain K and the circular 

radius of the UGV trajectory RUGV in order to calculate  and refv refω  according to Eqn. (2)-(3)  

refv K=  (2) 

 

30



UGVref K Rω =  (3) 

where  is the speed of the UGV in m/s and refv refω  is the turn rate of the UGV describing 

how the heading angle changes in rad/s. By using the control signal from Eqn. (2)-(3), the 

UGV will run along a circle path radius RUGV with the speed K m/s. In VP and PP,  is 

typically kept constant. However, in QC,  is changed according to the path curvature as 

shown in Eqn. (4) 

refv

refv

( ) (1 )xrefv sign e Aα= +  (4) 

where α  is a constant, ( )xsign e  is 1 if the reference point is ahead of the UGV and -1 if it is 

behind the UGV. For the detailed calculation of K and RUGV for VP, QC, and PP, please refer 

to [5-7]. 

III. PARAMETER TUNNING FOR GEOMETRICAL PATH TRACKING 

ALGORITHM  

There are several constant values that appear in the path tracking algorithms such as d0 

and K in VP and PP and dmax, β  and α  in QC. Note that dmax and β  in QC is used to 

calculated d0 which is required to find the reference point the same way as in PP and VP. All 

of these constants are the parameters that must be carefully tuned because of their critical 

effect on path tracking performance. For example, if d0 is too large the robot can take a 

shortcut while tracking the path and cause a large error. If d0 is too small, the robot may 

oscillate around the path and take a long time to reach the destination. 

Tuning method provided in this section will be a guideline for the eligible parameters to 

 

31



be easily selected. At the end of this section, we will provide a data table for parameter 

lookup based on the characteristics of the robot such as the speed and the controller 

sampling period T. This can simplify the implementation process of the path tracking 

algorithm. In this paper, we first discuss tuning d0, and then tuning dmax, 

refv

β . 

A. Look-ahead distance (d0) tuning  

Tuning for a suitable look-ahead distance d0 for using in the path tracking algorithm is 

not an obvious task since there are a lot of factors we need to consider such as the initial 

position and heading of the UGV, the speed of the UGV, the sampling rate of the UGV, and 

the shape of the path. Ideally we need to define a mapping function between d0 and the path 

tracking performance so that we can adjust d0 to tune for the best path tracking performance 

using the least possible information.  

Our method for tuning d0 is called Accumulated effect (AE) parameter tuning approach. 

The approach is based on an observation of the UGV while tracking a fixed radius circular 

path. Given enough time, the UGV tends to converge to a steady state where the distance 

between the UGV and the path is constant. We call this distance as the path-deviation error 

at steady state or steady state error where the distance between the robot and the path is 

constant as shown in Fig. 2. 
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Fig. 2. UGV trajectory while using QC to track a constant curvature path with d0 = 0.5 m 

(left) and d0=0.4m (right). 
 

Fig. 2 shows the trajectories of the same UGV while using QC to track the path with 

constant d0 = 0.5 and 0.4 m. The UGV starts from the origin and successively track the 

circular path as showed by the arrows. We can observe the difference in the path-deviation 

error with different values of d0. Our AE method provides a way to find the steady state error 

of the UGV path tracking. Given the path-deviation tolerance eε ∈R  as the maximum bound 

of the error, we can adjust d0 so that the error at steady state is less than eε . If there are 

several values of d0 causing the steady state error less than eε , we will select the value of d0 

that makes the UGV converge to the steady state the fastest, since this value of d0 would 

imply a good response of the UGV to regulate the path-deviation error. As a result, this AE 

approach can provide a data table so that we can look up for an appropriate d0 according to 

the UGV speed, the sampling period, and the minimum radius of the tracking path. 

We can describe our approach in the following steps: 

(i) Define discrete-time state transition function of the UGV 

In our AE approach, the steady state error of the UGV path tracking can be found by 
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successively calculating the next state of the UGV from the current state. The simulation can 

be used to acquire the state of the UGV at any given time. However, the result would depend 

highly on the detail specification of the UGV such as the mass, dimension, and motor 

parameters, making it difficult to draw a general conclusion. Therefore, we propose a discrete 

time state transition equation with the assumption that the turn radius and the exact distance 

the UGV traveled in each sampling period is known to represent the UGV in general. The 

proposed discrete-time state transition function of the UGV is shown in Eqn. (5) 

( )1 0( ) ( ), , ,ii Ub b b patht t d R s+ =x f x GV  (5) 

where d0 is the look-ahead distance, Rpath is the circular path radius having positive value 

when the path center is on the left of the robot,  is the distance that the robot travels 

within one sampling period, 

UGVs

( )b ⋅f  is the state transition function elaborated in the appendix, 

and  is a transformed state of the UGV. We use the transformed state  here to reduce 

the information we need to consider. Since we focus on the path-deviation error to be 

calculated in each step, we don’t need to know the exact position of the UGV. Therefore, we 

can represent the state of the UGV, by the distance between the UGV and the path, and the 

heading angle of the UGV referenced with a perpendicular line from the path denoted by 

bx bx

[ T
b b bx ]φ=x , as shown in Fig. 3. This representation of state can help us easily keep track of 

the path-deviation error as the error is equal to bx . 
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Fig. 3. UGV trajectory to illustrate the state representation. 

 
Another benefit of new state representation is that it is easier to calculate the state of the 

UGV for the next period because the calculation is done in the adjusted world 

coordinate , described by (XGb, YGb) where the position of the UGV on YGb axis is always 

zero. 

GbΣ

(ii) Find steady state error based on the system parameters 

We can observe from Fig. 2 that there is a situation where the trajectory of the UGV 

converges to the state that has constant path-deviation error. We call this constant value of 

the error as the steady state error. Our goal is to find this steady state error according to sUGV, 

Rpath, and d0. Steady state error is denoted as *
bx  in * * * T

b b bx φ⎡ ⎤
⎢ ⎥⎣ ⎦

=x  which can be described by 

the proposed state transition equation as shown in Eqn. (6). 

( )* *
0, , , UGVb b b pathd R s=x f x  (6) 

We can numerically find  by using the state transformation equation to successively 

find the next state from the current state. When the next state is equal to the current state, 

then we obtain the steady state . In practical scenario,  is found by checking for the 

difference between the current state and the next state to be within a small bound for several 

*
bx

*
bx *

bx
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periods. Associated with  are d0, Rpath, and sUGV. A smaller value of steady state error 

contributed by d0 indicates a good tracking performance which implies that the path-

deviation error is small. We select d0 that makes the steady state error stay within a small 

bound of

*
bx

eε . We denote this optimal value of d0 by . In addition, to ensure that the robot 

will converge to the path fast and has a small path-deviation error,  is selected so that the 

UGV takes the least state transformation steps to converge to steady state.  

*
0d

*
0d

(iii) Collect the optimal d0 and generate a lookup table  

For each path tracking algorithm, we collect the data of  for several values of *
0d pathR  

and  as shown in Table 1-Table 3 given UGVs eε =0.05 m. Note that is represented by KT 

for VP & PP and is represented by 

UGVs

Tα for QC. From the tables, if we know α  or K used in 

the path tracking algorithm, the radius of the path pathR , and the sampling period T, we can 

determine the optimal look-ahead distance  for the path tracking algorithm. If the path to 

be tracked comprises of several circular curves with different radius,  will be looked up 

from the smallest 

*
0d

*
0d

path 0R  because  should be suitable for the worst case since the UGV has 

the most difficulty tracking the circular path with smallest radius. 

*d

 
Table 1.   for VP path tracking. *

0d
 d*0 (m) 
 Rpath=0.15m Rpath=0.60m Rpath=1.20m Rpath=1.80m 

KT=0.01 0.011192 0.012185 0.015894 0.012715 
KT=0.05 0.051954 0.051788 0.055629 0.058808 
KT=0.10 0.106358 0.103709 0.103576 0.107285 
KT=0.15 0.149007 0.156556 0.159205 0.155364 
KT=0.20 N/A 0.208212 0.206887 0.209801 
KT=0.25 N/A 0.25947 0.254834 0.264238 
KT=0.30 N/A 0.312318 0.311523 0.310728 
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Table 2.   for QC path tracking. *

0d
 d*0 (m) 
 Rpath=0.15m Rpath=0.60m Rpath=1.20m Rpath=1.80m 
αT=0.01 0.010629 0.015762 0.019338 0.019868 
αT=0.05 0.016523 0.036821 0.047947 0.048079 
αT=0.10 0.033477 0.072053 0.093245 0.099735 
αT=0.15 0.052483 0.112053 0.142517 0.155762 
αT=0.20 0.077119 0.15298 0.188609 0.208212 
αT=0.25 0.096589 0.193113 0.24106 0.263046 
αT=0.30 0.118642 0.243841 0.290331 0.311523 

 
Table 3.   for PP path tracking. *

0d
 d*0 (m) 
 Rpath=0.15m Rpath=0.60m Rpath=1.20m Rpath=1.80m 
KT=0.01 0.01298 0.01298 0.015894 0.011921 
KT=0.05 0.062252 0.064636 0.063576 0.069934 
KT=0.10 0.126623 0.125695 0.129801 0.131126 
KT=0.15 0.149007 0.190728 0.185695 0.193907 
KT=0.20 N/A 0.251921 0.250596 0.254305 
KT=0.25 N/A 0.311391 0.313907 0.316689 
KT=0.30 N/A 0.375762 0.379073 0.375894 

 

B. Find dmax and β  for QC algorithm 

According to QC algorithm,  at different *
0d pathR  is calculated from quadratic curve 

coefficient, A, as shown in Eqn. (1) where the relationship between A and pathR  can be 

derived as 1/(2 )pathA R=  when the UGV moves with UGV pathR R= . Therefore, instead of looking 

up  from *
0d pathR  and Tα , QC needs to look up dmax and β  for each Tα . We can find dmax 

and β  for each Tα  by using the information in Table 2 and nonlinear curve fitting based on 

Eqn. (1). An example for finding dmax and β  for one value of  Tα  from each row of Table 2 

is shown in Fig. 4. Then, we find a pair of dmax and β  for each value of Tα . The resulting 
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dmax and β  for each value of Tα are shown in Table 4. 
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Fig. 4.  Nonlinear curve fit. 

 
Table 4. Tuned dmax and β . 

 dmax β  dmin 
αT=0.01 0.021335 0.350524 0.010629
αT=0.05 0.065985 0.926369 0.016523
αT=0.10 0.127774 0.887889 0.033477
αT=0.15 0.187675 0.786966 0.052483
αT=0.20 0.247314 0.750866 0.077119
αT=0.25 0.305059 0.666884 0.096589
αT=0.30 0.36021 0.588742 0.118642

 

Note that, even QC can adjust d0 according to several values of path curvature; our tuned d0 
in  

Table 2 has a lower bound according to the smallest path radius in consideration. While 

using QC path tracking, we need to ensure that the value of d0 is not less than the minimum 

value dmin because using the value of d0 less than the tuned minimum value can cause 

unpredictable result. 

C. Effect of UGV dynamics on table lookup 

So far, we assume that the UGV can regulate the speed to be close to the reference speed 

vref , and =vrefT. However, in some cases, the dynamics of the UGV has substantial 

effect, and causes the speed of the wheel to take some time period to change from the current 

UGVs
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value to a reference value. Consider the case that the wheel of the UGV is desired to run at 

vref m/s (= vref/rwheel rad/s) between time period [0, T) and stop beyond that as shown in Fig. 5 

(left). For the ideal case, the speed of the wheel can drop down to zero in no time. However, 

in a practical scenario, the wheel may take some time to slow down and the distance that the 

UGV travels within one period is not vrefT but includes all of the extra shaded area in Fig. 5 

(right). Because the extra distance the UGV travels can cause excessive error,  should be 

selected according to that extra distance or KT and 

*
0d

Tα  equal to the entire shaded area, as in 

Fig. 5 (right). Therefore, it is recommended to acquire the information as to how fast the 

actual UGV of interest can change its speed (e.g. from a step response) before finding KT and 

Tα  for table lookup. 

   

Fig. 5. Area showing the distance the UGV moves caused by exerting the reference signal for 
one sampling step (left), Area showing the distance the UGV moves affected by the UGV 

dynamics  (right). 
 

IV. SIMULATION RESULTS 

A. Simulation setup 

We use the model of the UGV as described in section II with the parameters in  
 

Table 5 to simulate the movement of a small UGV named Ana2 while tracking a 

predefined path as shown in Fig. 6. 
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Table 5. UGV parameters. 

Parameters values 
Distance between the driving wheels and the axis of symmetry (b1) 0.0865 m 
Distance between the center of turn and center of gravity (b2) -0.09 m 
Radius of the wheel (r) 0.036 m 
Mass of each wheel and rotor (mw) 0.025 kg 
Moment of the UGV about the center of turn (Ic) 2.434e-02 
Moment of inertia of each wheel about the wheel diameter (Im) 3.375e-06 
Moment of inertia of the wheel about the wheel axis ( ) wI 1.62e-05 kgm2 
Damping coefficient  of the motor (bmotor) 2e-07 
Moment of inertia of the rotor plus the gears’ ( ) motorJ 1.5e-07 kgm2 
Motor gear ratio (Na) 333.6375 
Motor inductance ( ) motorL 2.0e-03 H 

7.4 ohms Motor armature resistance ( ) motorR
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Fig. 6. Tracking path used in simulation. 
 

For each run, we stop the simulation when the robot reaches the goal or the simulation 

time reaches 120 sec. In the simulation, using VP and PP, the path is tracked with constant 

speed 0.09 m/s, while QC tracks with maximum speed 0.126 m/s. The sampling time is 0.1 s. 

However, the step response of the UGV behaves like a first order system with time constant 

= 0.2756 s. The tuned parameters from our proposed method is d0=0.0354 m for VP (given 

k=2.5 [7]), dmax=0.0630 m for QC, and d0 = 0.0423 for PP. 

The criterion to compare the result comes from the cost function that can measure how 
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large the path-deviation error is and how fast the robot reaches its destination. We will use a 

weighted cost function from the integration of the path-deviation error and the tracking speed 

of UGV defined by 
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)( ) (
0

2 2
( ) ( ) ( ) ( )1

ft
J x t x s y t y s dtp t p t

t
= − + −∫  (7) 

2 0
f

dtJ t tf
= − −

 (8) 

 (xp,yp) is a function describing the coordinate of the path closest to the robot at time t, 

( , )x y  is the current position of the mobile robot,  is the time we start the simulation, tf is 

the time we stop the simulation, dtf is the distance along the path from the starting point to the 

projected point of the UGV on the path at t=tf. The weighted cost function is defined by 

0t

1 1 2 2 3J w J w J w= + +  (9) 

In a practical scenario, these weights are found by comparing several outcomes of UGV 

path tracking. The eligible weights would generate the cost that conforms to human heuristic 

sense. One suitable set of the weights that we found are w1 = 5.555, w2 = 61.455, and w3 = 

5.109.  

B. Result and discussion 

The path tracking parameter tuning method can be evaluated by considering the 

simulation result. We ran the simulation for the three path tracking algorithms VP, QC, and 

PP. Then, we varied the look-ahead distance used in the algorithm (d0 for VP and PP, dmax for 

QC) and observed the path tracking performance as shown in Fig. 7. 
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Fig. 7. Path tracking cost according to different values of look-ahead distance (the dashed 

line is the tuned look-ahead distance). 
 

The dashed line in Fig. 7 is corresponding to the value of the tuned look-ahead distance. 

Note that the cost while using tuned look-ahead distance is near to the smallest cost value. 

Only in case of QC, the tuned parameter is substantially less than the actual optimal dmax.  

Another set of simulation was run, with noise to simulate the position measurement error 

of the UGV. The additive noise is the uniform random distribution with the range [-.008, 

.008] m for the UGV coordinate in x and y axis and [-3, 3] degree for the heading angle of 

the UGV. This noise can occur in the actual system where the UGV position is acquired from 

a camera image with quantization error imposed by the image pixel. The cost of the result is 

plotted as shown in Fig. 8. 
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Fig. 8. Path tracking cost according to different values of look-ahead distance with added 

noise. 
 

As shown in Fig. 8, we can observe that there is a small change on the shape of the graph 

for VP and PP as the minimum cost moves slightly to the right. For QC, the minimum cost 
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moves to the right more than the other two algorithms. The results in Fig. 7 and Fig. 8 show 

that our tuned look-ahead distance provides a lower bound of the value corresponding to the 

minimum path tracking cost. In practical scenario, for VP and PP, we should use the look-

ahead distance slightly greater than the tuned value to reduce the sensitivity of the cost 

according to the noise. For QC, we might need to do some experiment with several larger 

values of look-ahead distances in order to find the one corresponding to the lowest cost. 

V. CONCLUSION 

In this paper, we have proposed a parameter tuning technique for geometrical mobile 

robot path tracking. Three geometrical path tracking algorithms, vector pursuit, quadratic 

curve path tracking and pure pursuit were considered. The result is a lookup table from which 

a suitable value of look-ahead distance can be easily found. The effectiveness of the tuning 

method is demonstrated by the results from simulation which consider the dynamics of the 

mobile robot and the dynamics of the motor. The results show that the tuned parameter 

corresponds closely to the optimal path tracking performance for VP and PP. Further fine 

tuning can be achieved by considering the tuned parameter as the lower bound to find the 

look-ahead distance corresponding to the lowest cost. 

APPENDIX 

Implementation of the UGV state transition equation 

The state equation function in Eqn. (5) can be implemented by breaking into several 

steps as follows: 

1) Find the reference point (xref,yref) referenced with the adjusted global coordinated ,G bΣ  
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from the current state by 

( ) ( )2 2
0 2 2ref b path bx d x R x= − − +  (10) 

2 2( )ref path ref pathy R x R= − +  (11) 

Note that d0 must be greater than the distance between the UGV and the path in order for 

(xref,yref) to be real number. If d0 is too small, that value of d0 will be rejected because it 

cannot handle excessive error. 

2) Find the circular UGV trajectory  based on the path tracking algorithm of our 

choice. Since the UGV uses differential drive to turn, the UGV will have circular trajectory 

with constant radius . 

UGVR

UGVR

3) Find the position of the UGV for the next sampling period. The position difference of 

the UGV between each consecutive period on the UGV coordinate can be described by 

Eqn.(12)-(14). 

UGV UGVs RφΔ =  (12) 

sin( )UGVx R φΔ = × Δ  (13) 

cos( )UGV UGVy R R φΔ = − × Δ  (14) 

Then, by using coordinate transformation we can find the updated position of the UGV 

( ) on the adjusted global coordinate 
T

temp temp tempx y φ⎡
⎣=x ⎤

⎦ ,G bΣ  as follows: 

cos( ) sin( )temp b bx x x y bφ φ= +Δ −Δ  (15) 

sin( ) cos( )temp b by x yφ φ= Δ +Δ  (16) 

temp bφ φ φ= +Δ  (17) 
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where tempφ  is the heading angle of the UGV. 

4) Find the UGV state  from the UGV position. In this step, we need to find the UGV 

state for the next step  from the position of the UGV based on

bx

1 1( ) ( ) ( ) T
i i ib b bt x t tφ+ + +⎡⎣=x 1 ⎤⎦ ,G bΣ . 

It is similar to changing the coordinate ,G bΣ  by moving the origin to the projected point of 

the UGV on the path and having YGb align with the path. We calculate 1( ib )x t +  based on how 

far the UGV away from the circular path and calculate 1( ib t )φ +  based on the heading angle of 

the UGV referenced to the new  as follows: ,G bΣ

2
2

1( ) sgn( ) temp tempib path path pathx t R R x y R⎛ ⎞
⎜ ⎟+ ⎝ ⎠

= + + −

y

 (18) 

1( ) atan2 sgn( )

, sgn( )( ) .

temp tempib path

temppath path

t R

R R x

φ φ ⎛
⎜+ ⎝

⎞
⎟
⎠

= + −

− − −

 
(19) 

Finally, we can combine all the steps in this appendix to define ( )0, , , UGVb b pathd R sf x  as the 

state transition equation of the UGV path tracking. 
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THE SENSITIVITY ISSUE OF MOBILE ROBOT PATH-

TRACKING PROBLEM: A DISCUSSION OF NETWORK-

BASED CONTROL SYSTEM UNDER NETWORK DELAY 

CONSTRAINTS 

 
Abstract - Sensitivity analysis (SA) is a method to show how the outputs of a model 

changed with the variations of its parameters. In this chapter, we use this method to examine 

the Network-based Control System (NCS) which combines communication networks and 

control systems. A network-based mobile robot path-tracking problem is formulated and 

analytic sensitivity is obtained through mathematical formulation. This approach provides us 

guidelines on how to choose feasible/optimal operating conditions for NCS with the concern 

of the change system parameters.  

Keywords: Sensitivity Analysis, Network-based Control System, Mobile Robot, Path-

tracking, Network delay 

I. INTRODUCTION 

Sensitivity analysis (SA) studies the relationship between information flowing in and out 

of the model and shows how a model’s performance changes with variations in its parameters 

[1]. According to the performance changes, the sensitivity values can identify which 

parameters are the most important or most likely to affect the performance. Consequently, we 

can focus on tuning or controlling the values of these critical parameters to effectively 

improve the system performance. Sensitivity can be calculated as a function of time or a 
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function of operating conditions changing with time. In real time control systems, we can use 

this information to estimate or predict the system behaviour under various perturbations in 

order to adjust the system parameters or re-allocate resources to maximize the overall system 

performance. 

SA has been used in different research areas and projects. To name a few: A regression-

based sensitivity analysis was used in the risk assessment of the nuclear waste disposal which 

is modelled in an uncertainty framework [1]. In [1], SA was used in the field of solid state 

physics, investigating the stability properties of an inverse problem. [2] used SA to measure 

the robustness of a fault detection/diagnosis artificial neural network. Inspired from many of 

the SA applications, this chapter investigates the use of SA in the analysis of remote 

intelligent humanitarian robotic control system, such as Intelligent Space (iSpace) [3], which 

is a large scale mechatronics system, as shown in Fig. 1. The information from the distributed 

sensors in the iSpace is fused via wireless communication environment, analyzed and sent to 

the controller to provide appropriate control to the robots in the space. For example, when a 

patient in a nursing home wants to drink water, the iSpace senses the request from the patient 

(e.g., voice recognition from the patient), communicates with a mobile robot, and navigates 

the robot to carry the water, go through the corridor and deliver the water to the patient. 

These kinds of applications belong to a remotely controlled mobile robot path-tracking 

problem in network-based control systems. 



 

Fig. 1. The overall structure of an iSpace. 
 

Network-based Control (NBC) technologies have been investigated and developed to 

combine communication networks with control systems to form Network Control System 

(NCS) (e.g., control network in automobiles, the teleoperation and coordination of distributed 

Unmanned Ground Vehicles (mobile robot) and teleoperation of robot arm manipulators [4]). 

The components in a NCS (physically located far away from each others in most cases) can 

communicate with each other through networks. Fig. 2 shows a typical NCS in which the 

controller controls the plant through a communication network. The control signals and 

feedback measurements from the plant are all transmitted via a network. The control 

applications using NCS can reduce investment and maintenance cost for wiring complexity 

(e.g., in factory automation), enable teleoperation, and enable new control concepts and 

applications. 
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Fig. 2. Network-based control system. 
 

In the NBC path-tracking problem using Internet Protocol (IP), due to the stochastic 

nature of the IP network delay, with the same control strategy, the path-tracking error can be 

significantly different under different environmental and the robot operating conditions. 

However, the effect on tracking error under different environmental and robot operating 

conditions in presence of the network delay has not been discussed before. In this chapter, we 

will use the sensitivity analysis method to investigate and obtain quantitative measures on 

how the robot tracking error will be under different environments and robot operating 

conditions, such as network delay, path curvature and the operating robot speed. With this 

quantitative information, we can focus on the investigation and tune several parameters to 

effectively improve the overall system performance. 

The chapter is organized as follows. In section II, we introduce two types of sensitivity 

functions. In section III, we mathematically formulate the remote mobile robot path-tracking 

problem. In section IV, the cost and analytical sensitivity functions for remote mobile robot 

path-tracking are mathematically derived and an application of sensitivity data is discussed 

Finally, in section V, we conclude the results of this study. 
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II. SENSITIVITY OF THE DYNAMICS SYSTEM 

This section briefly describe two types of sensitivity analysis [5].  

A. Analytical sensitivity 

Analytical sensitivity functions are used when the system under study is relatively 

simple, well defined and mathematically well behaved. Analytical sensitivity functions 

generally take the form of partial derivatives. The derivatives have the system parameters as 

their inputs and can be plotted as the functions of these variables. We could easily analyze 

the system according to the derivative functions.  

A simple analytical sensitivity S of the function F to variation in the parameter α  is 

given by 

F

NOP

FSα α
∂

=
∂ , 

(1) 

where
NOP

F
α
∂
∂

 denotes the partial derivative evaluated at the normal operating point (NOP) 

where all the parameters are at their nominal values.  

B. Empirical sensitivity 

Empirical sensitivity functions are often point evaluations of a system’s sensitivity to a 

given parameter(s) when other parameters are known and at fixed values. Since many 

engineering systems are not simple enough to be mathematically well defined, their partial 

derivative can not be easily described. Consequently, the sensitivity functions are derived 

empirically. Various methods are deployed to vary system parameters across the domain of 

environment and operating conditions of interest in order to obtain meaningful and useful 
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information on how the parameters affect the system output/performance. Experiments are 

performed and appropriate input-output data are collected by perturbing the system operating 

condition from its nominal operating condition.  

With the empirical sensitivity functions, the sensitivity determined is only valid near the 

nominal operating condition. When there is an operating range instead of an operating point, 

we need to select appropriate operating points over the entire operating range and perform 

similar experiments on all the operating points. The operating points are selected so that the 

sensitivity surface constructed by interpolating the sensitivity at each operating points are 

representatives of the overall system sensitivity under different environments and operating 

conditions One concern with the empirical sensitivity is that the number of experiment 

increases geometrically with the number of parameters being studied. Empirical sensitivity 

can be acquired from the following equation:  

0

( ) (lim
h

F F h F
h

)α α
α →

∂ + −
=

∂
 (2) 

where α  is the parameter that we perturb to observe how cost function F sensitive to. 
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III. REMOTE MOBILE ROBOT PATH-TRACKING PROBLEM 

( )⋅N

CRτ

RCτ

u

y

( , )=x f x u
=y Cx( )⋅g

T

z

 

Fig. 3. Mobile robot path-tracking network-based control system. 
 

The overall system of the robot (differential drive robot is used in this chapter) path-

tracking control over a communication network is depicted in Fig. 3. The path information 

and the position of the robot are assumed known or measurable to the controller. This 

information is used to calculate the control signals to drive the wheels of the robot to track 

the path.  

A. Mathematic model of the remote mobile robot path-tracking problem 

As shown in Fig. 3, the system is composed of a mobile robot, a communication network 

 with the delay time ( )⋅N CRτ  and RCτ , and a path-tracking controller . The communication 

network considered here is a packet switching network where the data is transferred in chunk 

from time to time. The communication network separates the system into a remote plant site 

and a central controller site. The robot on the remote plant site can be modeled by state space 

description  as follows: 

( )⋅g

( )⋅f
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( )( ) ,t =x f x u  (3) 

where  x
r l

T
r l r l a a r lx y i i z zθ θ θ θ⎡= ⎣

⎤
⎦  is the robot states; ,

T
ref refv ω⎡ ⎤= ⎣ ⎦u  is the control signal from 

the path-tracking controller. Note that ( , )x y  is the robot coordinate, θ and θ  are the angular 

displacement and angular velocity of the wheel,  is the state of the motor electrical 

dynamics,  is the state of the integrator in PI speed controller. r and l denote the right and 

the left wheel, respectively. For the control signal, it composes of reference speed ( ) and 

reference turn rate (

ai

z

refv

refω ) for the mobile robot. The output signal of the robot is a subset of its 

states denoted by y Tx y φ= ⎡ ⎤⎣ ⎦  where φ  is the heading angle of the robot which can be 

calculated from rθ  and lθ .  

Before sending the output signal of the robot through the communication network to the 

path-tracking controller, the output signal is sampled and held over every constant period T. 

Denoted as z, the sampled and hold output signal is sent to the path-tracking controller and 

used as the input for calculating control signals. Then, the control signal is sent back to the 

robot through the communication network. The calculation of the control signal can be 

described by Eqn. (4). 

( ) { }( ) ( ) , , 1, 2,3,...i ik k
it t t k T iτ τ+ = − ∈ + =u g y  (4) 

where  is the time instant that the robot output signal is sampled, ik T i ik k k
RC CR

iτ τ τ= +  is the 

round-trip-time delay associated with sampling index ki, { } { }1 2 3, , ,... 0,1,2,3,...k k k ⊂ . T is 

assumed to be substantially small compared with ikτ .  Note that this equation describes the 

control signal as perceived by the robot. Since the robot output signal is delayed by ik
RCτ  
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before reaching the controller and the control signal is delayed by ik
CRτ  before reaching the 

robot, the robot will get the control signal based on the output of the robot at time 

i ik k
RC CRt τ τ− − ikt τ= −  in the past. Since we use packet switching network in this model, the 

robot will receive updated control signal only at a certain time instant ( ik
ik T τ+ ) when a new 

data packet has arrived. Then, robot will use the arrived control signal until the next data 

packet comes. In this chapter, we focus on the system that z will be sent out to the path-

tracking controller only after u, corresponding to the previous z, had arrived at the robot. 

Therefore, we enforce a constraint that 1
ik

i ik T k T τ+ > + . Hence, 

 and .  ) )1
1 1, ,i ik k

i i i ik T k T k T k Tτ τ +
+ +⎡ ⎡+ ∩ + =⎣ ⎣ ∅ 0, 0≥) [ )1

1 1 0, ,i ik k
i i ik T k T t tτ τ +∞
= +⎡∪ + + = ∞⎣

B. Network delay effect on the remote mobile robot path-tracking 

A sequence of the information exchanges between the mobile robot and the controller is 

depicted in Fig. 4. The position of the mobile robot will be measured and sent out.  

(
)

(
)ik

t

t

τ

+

⎛

⎞

=

−
⎜

⎟

⎝

⎠

u

g
y

(

)i
k

t
τ−

y

t

CRτ

CRt τ−

RCτ

RC CRt τ τ− −
rθlθ

 

Fig. 4. Information exchange between the mobile robot and the central controller. 
 

As shown in Fig. 4, the control signal comes from the controller to the mobile robot 

whenever the controller receives the output signal from the robot. The output signal is 

delayed by RCτ  while it is being sent through the communication network to the controller. 
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The control signal is delayed by CRτ  while it is being sent through the communication 

network to the robot. Therefore, the control signal is calculated based on the position of the 

mobile robot in the last τ  sec as shown by the term ( )ikt τ−y  in Eqn. (4). This τ  time gap 

makes the controlled signal always out of date of the current mobile robot state and increases 

the path-tracking error, or even fails to track the path in a certain time. Note that we have 

developed a feedback pre-processor (similar to a Smith predictor) to compensate this delay 

out of sync problem [6]. However, in this chapter, we are mainly interested in the sensitivity 

of our system performance according to system parameters such as communication delay, 

tracking path curvature, and robot speed. Thus, we assume that there is no feedback 

preprocessor to compensate the effect delay.  

When there is no network delay and the controller locally controls the mobile robot, the 

controller generates control signal every sampling period T which is usually much smaller 

than the network delay τ . Fig. 5 shows that the mobile robot can track the path well when it 

is locally controlled by the path-tracking controller.  

On the other hand when there is communication delay in the control loop, the delay time 

from the controller to the mobile robot is 
CR

τ , the delay time from the robot to the controller 

is 
RC

τ , and the round-trip-time delay is 
CR RC

τ τ τ= + . Because of the delay, the control signal 

will arrive at the robot totally τ  sec later after the measured state. This τ  time gap makes the 

controlled signal always out of date of the current mobile robot state and decreases the 

efficiency of the path-tracking algorithm, or even can not track back to the path in a certain 

time, which can be regarded as unstable. In Fig. 6, with two different delays 
1 2
τ τ> , path-
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tracking error from the case 1 (regular line) is larger then that from case 2 (dashed line). This 

leads us to believe that the path-tracking error or other cost functions can be quantitatively 

related with the system parameters and it would be important to study the how the change 

these parameters affect the change in path-tracking error.  

(0)y

( )Ty

(2 )Ty

(3 )Ty

(4 )Ty

( )Tu

(2 )Tu

(3 )Tu

(4 )Tu

rθlθ

 

Fig. 5. Path-tracking error without network delay. 
 

(0)y

( )τy

(2 )τy

(3 )τy

(4 )τy

(0)u

( )τu

rθlθ

(2 )τu (3 )τu

 

Fig. 6. Path-tracking error with network delay τ . 
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IV. SENSITIVITY OF REMOTE MOBILE ROBOT PATH-TRACKING  

A. Path-tracking cost functions  

In this chapter, we investigate the sensitivities of the path-tracking cost with respect to 

three system parameters, time delay τ , path curvature κ , and robot speed v. We selected 

these three parameters to study because they directly affect the shortest distance between the 

robot trajectory and the tracking path which constitutes the path-tracking cost. They are also 

subjected to the change of system parameters. For example, randomness of the 

communication delay can perturb τ  to be a value slightly different from the average value; 

distortion of the view (while using camera and image processing to acquire robot position) 

may cause a difference between path curvature κ  known by the path-tracking controller and 

the actual path on the floor; the robot actual speed may be perturbed from a reference speed 

from time to time because the motor speed controller requires a settling time period to 

regulate motor speed.  In this section, we find analytical sensitivity of the mobile robot path-

tracking cost so that we will know how much the path-tracking cost is affected by the 

aforementioned change of system parameters.  

The path-tracking cost J is defined as an area formed by the shortest distance between 

the robot and the tracking path as shown by the shaded area in Fig. 7. 
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Fig. 7. Path-tracking cost J (gray area) formed by robot trajectory. 
 

Fig. 7 illustrates the tracking path trajectory with curvatures κ  and a mobile robot 

trajectory. The mobile robot’s initial position is at (0, 0), heading toward along the y+ axis. 

The path is a half circle which leads the left with radius pathR  satisfied 
1

path

d

ds R

φ
κ = = , where 

φ  and s  are the angle and the length of the same arc on the circle. As the robot tracks the 

path, the shortest distance between the robot and the path forms an area which represents the 

path-tracking cost J. 

To calculate J, the tracking path must be well described beforehand. In this chapter, the 

tracking path is described by    where d is the distance along the path 

from the starting point. For example, we can define a half circle path with radius 

( )dpx [ ( ) ( )]x d y d Tp p=

pathR  by 

( )cos( / ) 1 ; 0R Rx d R dpath pathp path π×= × − ≤ ≤  

( )sin( / ) ; 0R Ry d R dpath pathp path π×= × ≤ ≤ . 
(5) 
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B. Analytic sensitivity of the mobile robot path-tracking 

In this section, we focus on analytic sensitivity of the mobile robot path-tracking cost 

accumulated over one RTT period. The considered period starts from the robot receiving a 

control signal from the controller until it receives the next control signal. The advantage of 

considering only one sampling period is to reduce complexity when deriving analytic 

sensitivity. The mobile robot path-tracking scenario that we had selected for sensitivity 

analysis is illustrated Fig. 7 where the robot is moving from a straight path to a constant 

curvature path. Assume that the robot receives the control signal when the robot is at the 

beginning of the constant curvature path. The robot will receive the next control signal after 

τ  sec. Because the effect of delay and the robot was tracking a straight path before reaching 

the constant curvature path, the robot got the control signal that makes it move straight 

forward. This scenario represents the effect of time delay while the robot is moving from one 

segment of the path to another segment which is a major cause of remote mobile robot path-

tracking error. 

As we focus on three system parameters, time delay τ , path curvature , and robot 

speed v for the acquiring of path-tracking cost sensitivities, we denote these parameters as 

. A specific set of  represents an operating condition in which the 

sensitivity value is acquired. The acquired sensitivity value can be varied according to 

different operation condition. The sensitivity of remote mobile robot path-tracking cost J 

according to a parameter 

κ

Γ [ ]1
T

nγ γ= … [ ]Tvτ κ= Γ

iγ  while the system is operating using system parameters Γ  is 

denoted as 
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J

i i

JS
γ γ

∂
=
∂ Γ

. (6) 

(i) Analytical cost function 

As defined, cost function J is the area between the tracking path and the robot trajectory, 

which is the shaded area in Fig. 7. This area can be calculated by:  

2

21 1
arctan( / )

2 2

1 1 1
arctan( )

2 2

J R R R

v

v vpath path path

v

τ τ

τ
τκ

κ κ

= −

= −

 (7) 

Eqn. (7) roughly indicates that the cost function increases with the increase of mobile 

robot speed and delay time and the decrease of the tracking path curvature. 

(ii) Analytic sensitivity 

The sensitivities of the cost function on τ ,  and v κ  can be derived according to Eqn. (6) 

and Eqn. (7) as: 

2

1 1
1

2 1 ( )

J J v

v
Sτ

τ κ τκ

∂
= = −
∂ +

⎡ ⎤
⎢ ⎥⎣ ⎦

 (8) 

2 2

1 1 arctan( )
1

2 1 ( )

J J v v

v
Sκ 3

τ τκ

κ κ τκ κ

∂
= = − + +
∂ +

⎡ ⎤
⎢ ⎥⎣ ⎦

 (9) 

2

1 1
1

2 1 ( )

J
v

J

v v
S

τ

κ τκ

∂
= = −
∂ +

⎡ ⎤
⎢ ⎥⎣ ⎦

. (10) 

Note that the sensitivity values are different according to each operation condition 

. We can calculate the sensitivity value at different operating conditions as shown Γ [ ]Tvτ κ=
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in Fig. 8-Fig. 10. 
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Fig. 8. Path-tracking cost sensitivity respected to round trip time delay, JSτ .  
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Fig. 9. Path-tracking cost sensitivity respected to path curvature, JSκ .  

 

0
1

2

0

5
0

0.1

0.2

0.3

τ

v=0.10

κ

S
J v

0
1

2

0

5
0

0.1

0.2

0.3

τ

v=0.20

κ

S
J v

0
1

2

0

5
0

0.1

0.2

0.3

τ

v=0.30

κ

S
J v

 
Fig. 10. Path-tracking cost sensitivity respected to robot speed, J

vS .  
 

These plots show the path-tracking cost sensitivity respected to τ , , and v . The range 

of operating condition we plot here is 

κ

τ [0, 2]∈ , κ [0, 5]∈ , and v [0.1,0.3]∈ . Since there are 

three parameters defining the operating condition and we can only vary the first and second 
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parameters on x and y axis of the 3D sensitivity surfaces plot, we then use several surface 

plots to represent the variation of the third parameter. 

The surface graphs in Fig. 8 show JSτ , the path-tracking cost sensitivity according to τ . 

These graphs tell us that the system is more sensitive to the variation of time delay when 

,τ κ , and v is larger. However, when ,τ κ , and v are large as shown by Fig. 8 on the right, 

larger  can decrease sensitivity as the rate of change of path-tracking cost is decreased 

when the robot in Fig. 7 moves away from the path. This same trend goes with Fig. 10 where 

the path-tracking cost sensitivity according to v (

κ

J
vS ) is illustrated. For Fig. 9 , the path-

tracking cost sensitivity respected to κ  ( JSκ ) has different trend. The sensitivity is increased 

as  is decreased and κ τ , v are increased which illustrates that the variation of  has more 

effect when the tracking path is straight and has less effect when the tracking path has a high 

curvature. 

κ

(iii) Application of sensitivity data 

An application of using sensitivity data is to determine an operating environment 

parameters (τ , , and v) that is proper for a level of the change of a system parameter. Since κ

JSτ , JSκ , and J
vS  describes the relationship between the change of path-tracking cost ( JΔ ) 

and the change of parameters ( τΔ , κΔ , or vΔ ), we can use JSτ , JSκ , and J
vS  to estimate 

how the path-tracking cost changes if one of the system parameter is changed. We can also 

use JSτ , JSκ , and J
vS  the other way around. We can estimate the change of parameter ( τΔ , 

, or ) if we know a small change on the path-tracking cost (κΔ vΔ JΔ ). Therefore, if we set 
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the magnitude of  allowed to happen to the system, we can specify the boundary 

magnitude of the parameter change that can be tolerated by the system for each operating 

condition from Eqn. (11). Then, we can use this data to find the operating condition that is 

proper for a given boundary magnitude of the parameter change. 

JΔ

J
JJ

J Sτ

ττ ∂ Δ
Δ ≅ ×Δ =

∂
 

J
JJ

J Sκ

κκ ∂ Δ
Δ ≅ ×Δ =

∂
 

J
v

v Jv J
J S
∂ Δ

Δ ≅ ×Δ =
∂

 

(11) 

In order to find τΔ , , and κΔ vΔ , we need to select one value of  as the magnitude 

of the path-tracking cost that is allowed to be changed. 

JΔ

JΔ  here should be a small value that 

has a meaningful representation. We can consider a scenario happened as in  Fig. 7 where a 

mobile robot tracking the path with speed 0.1 m/s is affected by RTT τ =0.1 sec. Then, the 

robot will move forward for 0.1 0.1 0.01× =  m during the period that the robot receives 

consecutive control signals. Suppose that the change of parameters (either τΔ , , or κΔ vΔ ) 

cause the increasing of the path-tracking error for 0.01 m along the 0.01 m trajectory. 

Therefore,  for this scenario can be calculated as JΔ JΔ 0.01 0.01= × 410−= . After we 

choose a value of , we can find JΔ τΔ , κΔ , and vΔ for each operating condition as shown 

in Table 1-Table 3.  
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Table 1. τΔ , κΔ , and vΔ  when v=0.1 m/s. 
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κ (1/m) τΔ  
κΔ  1.0 2.0 3.0 4.0 5.0  vΔ

0.1 
20.0020  

  600.1080  
   20.0020  

10.0040  
600.4321  
10.0040  

6.6727  
600.9725  
  6.6727  

5.0080  
601.7297  

5.0080  

   4.0100
602.7041

 4.0100

 
 

0.2 
    5.0020  
   75.0540  
    2.5010  

 2.5040  
75.2162  
1.2520  

1.6727  
75.4871  
0.8363  

1.2580  
75.8674  
0.6290  

1.0100
76.3583
0.5050

 
 
 

0.3 
    2.2242  
   22.2582  
    0.7414  

1.1151  
22.3665  
0.3717  

0.7467  
22.5478  
0.2489  

0.5636  
22.8033  
0.1879  

0.4544
23.1347
0.1515

 
 τ

(sec) 

    1.2520  0.6290  0.4227  0.3205  0.2600
    9.4020  9.4834  9.6201  9.8138  10.06670.4 
    0.3130  0.1572  0.1057  0.0801  0.0650
    0.8020  0.4040  0.2727  0.2080  0.1700
    4.8216  4.8869  4.9971  5.1542  5.36110.5 
    0.1604  0.0808  0.0545  0.0416  0.0340

 
 

vΔτΔ  when v=0.2 m/s. Table 2. , κΔ , and 
κ (1/m)  τΔ

 κΔ 1.0 2.0 3.0 4.0 5.0  vΔ

0.1 
2.5010  

75.0540  
 5.0020  

1.2520  
 75.2162

2.5040  

 0.8363  
  75.4871

1.6727  

0.6290  
  75.8674 

1.2580  

  0.5050
  76.3583

 1.0100

 
 

0.2 
    0.6260 

9.4020 
0.6260  

 0.3145 
9.4834 
0.3145 

0.2113 
9.6201 
0.2113 

0.1602  
9.8138  
0.1602  

0.1300
10.0667
0.1300

 
 
 

0.3 
    0.2788 

 2.7958 
 0.1859  

0.1409  
2.8504  
0.0939  

0.0956 
 2.9430 
 0.0637 

0.0734  
3.0761  
0.0490  

0.0606
 3.2534
 0.0404

 
 τ

(sec) 

   0.1573 0.0801 0.0551 0.0431 0.0362
1.1854 1.2267 1.2977 1.4020 1.54460.4 
0.0786  0.0401 0.0275 0.0215  0.0181

    0.1010  0.0520 0.0363 0.0290 0.0250
0.6109  0.6443 0.7027 0.7908 0.91590.5 
0.0404  0.0208  0.0145  0.0116  0.0100

 



vΔτΔTable 3. , 
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κΔ , and , when v=0.3 m/s. 
κ (1/m)  τΔ

 κΔ 1.0 2.0 3.0 4.0 5.0  vΔ

0.1 
0.7414  

22.2582  
 2.2242  

0.3717  
 22.3665

1.1151  

 0.2489  
 22.5478 

0.7467  

0.1879  
 22.8033 

0.5636  

0.1515
23.1347
0.4544

 
 

0.2 
     0.1859 

 2.7958 
 0.2788  

0.0939 
2.8504 
0.1409  

0.0637
 2.9430
 0.0956 

0.0490 
3.0761 
0.0734  

0.0404
3.2534
0.0606

 
 
 

0.3 
  0.0830 
 0.8351 
 0.0830  

0.0425
0.8720
0.0425  

0.0294
0.9360
0.0294 

0.0232 
 1.0311 
0.0232  

0.0198
 1.1635
 0.0198

 
 τ

(sec) 

  0.0470 0.0245 0.0174 0.0142  0.0126
0.3563  0.3845 0.4350 0.5136  0.63030.4 
0.0352  0.0184  0.0131 0.0107  0.0094

   0.0303 0.0161 0.0119 0.0101 0.0093
0.1851 0.2082 0.2513  0.3227  0.43860.5 
0.0182  0.0097  0.0071   0.0060   0.0056

   
These tables show a comparison for the value of τΔ , κΔ , and  in each operating 

condition. For example, Table 2 when 

vΔ

τ τΔ=0.2, κ =3.0, and v=0.2, we got =0.0956, 

=2.9430, =0.0637, shows the level of the change on the parameters that induce the 

same effect in increasing the path-tracking cost for 

vΔκΔ

=10-4. As JΔ τ  is increased by 0.0956 

sec (while the other parameters remain constant), it will produce the same result as increasing 

 by 2.9430 m-1 or increasing v by 0.0637 m/s. Assumed that JΔ  should not be more that 

, we should operate the system in the condition that 

κ

τ410− , κ , and v have the parameter 

change less than 0.0956, 2.9430, and 0.0637 respectively. To consider if the system is too 

sensitive to any parameter or not, we need to consider the parameter change that happen in 

the actual system. We should consider operating the system at some other different operating 

condition if the level of the parameter change is larger than the value of the calculated τΔ , 

, or  for current operating condition. For example, we can consider changing the robot vΔκΔ
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speed such as using a lower speed or designing a new tracking path with different path 

curvature so that the mobile robot operates in a different operating condition that is less 

sensitive to the system parameter change. 

V. CONCLUSION 

This chapter proposes an analytical sensitivity analysis of a NBC mobile robot path-

tracking system according to operating environment. The analytical results are obtained from 

a mathematical formulation of a path-tracking scenario. The sensitivity data can be used to 

determine how the path-tracking cost is sensitive to each system parameter and which 

parameter must be carefully concerned. The sensitivity data also provides us a guideline on 

how to choose an operation condition for network control system (NCS) problem given a 

magnitude of the change of the system parameter.  
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FEEDBACK PREPROCESSED UNMANNED GROUND 

VEHICLE NETWORK-BASED CONTROLLER 

CHARACTERIZATION 

 
Abstract - This chapter characterizes the performance of a Feedback Preprocessor (FP) 

that is used to alleviate the effect of the delay time on an Unmanned Ground Vehicle (UGV) 

path tracking problem in Network-Based Control (NBC) environment. FP estimates the UGV 

state in order to compensate for the effect of a constant time delay induced by the network. 

FP technique can be implemented as an external module appending to an existing nonlinear 

control system without having to redesign the controller. This technique uses the UGV 

kinematics to estimate the future position of the UGV under network-based control. The 

overall NBC system performance is investigated via simulation in terms of UGV 

characteristics and network time delay magnitudes. The approach and results from this paper 

can be used to estimate the performance of a similar UGV operating in a NBC environment. 

An intermediate parameter, UGV response time, may be used to relate the result in this 

chapter to other UGV in general. This chapter is based on one of our papers published in the 

30th Annual Conference of the IEEE Industrial Electronics Society (IECON '04) with a 

different set of the simulation result. The simulation result in this chapter is regenerated for a 

small-sized UGV that we focus on through out the dissertation. 
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I. INTRODUCTION 

The application of communication networks can vary from short distance data 

communication within a single computer to global and massive information sharing over the 

Internet. Communication networks also take part in control system applications such as the 

control network in automobiles, teleoperation of robot arm manipulators, and distributed 

control of multiple robots. This network-based control (NBC) system, networked control 

system (NCS), or distributed control system [1-3] is an emerging topic that has gained much 

attention during the last decade.  

Control applications using communication networks can reduce investment and 

maintenance cost for wiring complexity (e.g., in factory automation), enable teleoperations, 

and render new control concepts and applications such as iSpace [4]. Among all the 

Network-Based Control systems, one major challenge is the existence of a network delay that 

might degrade the overall system performance and even destabilize the closed-loop control 

system in the network. Several techniques have been proposed to reduce the effect of 

network delay [1, 5, 6], most of which are only appropriate for linear systems or some 

specific forms of nonlinear systems.  

One major area of application in NBC is teleoperation, such as the Jason project [7] with 

an undersea robot exploring the famous sunken ship Titanic, the Mercury project [8] with the 

first on-line robotics arm to explore the terrestrial surfaces, and the Xavier project [9] with 

the first on-line mobile robot moving to a destination preset by the remote user. The history 

of the teleoperation systems has emerged along with the existence of the communication 

network. Among several existing techniques that deal with the time delay problem in 
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teleoperation, Gain Scheduler Middleware (GSM) is a distinguished one that can improve 

system performance with less modification on the system. Tipsuwan and Chow have 

proposed the use of GSM to compensate for the effects of communication network delay in 

the Network-Based Control (NBC) path tracking problem on Unmanned Ground Vehicle 

(UGV) in [5]. In this paper, we focus on the system estimation module in the GSM, the 

Feedback Preprocessor (FP), and investigate the effects of different time delay magnitudes 

and UGV characteristics on the overall teleoperation performance.  

FP approach is based on the concept introduced in the famous Smith predictor [10] that 

has been widely accepted for dealing with processes having dead-time [11, 12]. The concept 

of Smith predictor has been adopted and applied with several other techniques such as wave 

variable, Kalman filter, and passivity theory to reduce the effect of time delay [13, 14]. 

Similar to the Smith predictor approach, FP approach uses an estimated plant state to 

compensate for the effect of time delay. However, the structure of FP is more direct and 

simple. FP approach can be augmented to an existing controller to compensate for the 

network delay effect, even though the controller had not been designed for the NBC 

environment. This paper will investigate the effect of a Feedback Preprocessor (FP) module 

from the GSM to alleviate the effect of constant delay time in a NBC path tracking problem 

on the UGV. Preliminary results on this problem with different UGV characteristics under 

various network delay magnitude will be described and discussed.  

This paper is organized as follows: in section II, the problem is formulated, section III 

describes the model of FP and the UGV state estimation mathematically, section IV discusses 

simulation results, and the paper is concluded in section V. 



II.  SYSTEM DESCRIPTION 

UGV tracking paths can be categorized into static and dynamic paths. For static path, the 

guidelines are statically installed on the landmark. For dynamic path, the path is dynamically 

programmed based on the perception system such as real-time image processor, range 

sensors, sonars, or dead reckoning techniques. This paper will focus on a UGV tracking a 

dynamic path where the information of the path and the position of the UGV are assumed 

known by the controller. This information is used to calculate the control signals to drive the 

wheel of the UGV to track the path. The overall system of the UGV path tracking control 

over a communication network is depicted in Fig. 1.  

( )⋅N

CRτ

RCτ

u

y

( , , )=x f x p u
=y Cx( )⋅g

T

z

 
Fig. 1. UGV path tracking network-based control system. 

 
As shown in Fig. 1, the system is composed of the UGV, the communication network 

 with the delay time ( )⋅N CRτ  and RCτ , and the path tracking controller ( )⋅g . The 

communication network considered here is a packet switching network where the data is 

transferred in chunk from time to time. The communication network separates the system 
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into a remote plant site and a central controller site. The UGV on the remote plant site can be 

modeled by state space description ( )⋅f  as follows: 

( )( ) , ,t =x f x p u  (1) 

where 
1

T

1, , nx x⎡ ⎤
⎥⎦

1n∈R⎢⎣
=x ∈R

∈R

 is the UGV states;  is the system 

parameters. The UGV receives the control signal from the path tracking controller denoted 

by . The output signal of the UGV is a subset of its states denoted by 

2
2

T
, , n

np p⎡ ⎤
⎢ ⎥⎣ ⎦

=p

3
3

T

1, , n
nu u⎡ ⎤

⎢ ⎥⎣ ⎦
=u

y =Cx .  

Before sending the output signal of the UGV through the communication network to the 

path tracking controller, the output signal is sampled and held every constant period T. 

Denoted as z, the sample and hold UGV output signal is sent to the path tracking controller 

and used as the input for calculating control signals. Then, the control signal is sent back to 

the UGV also through the communication network. The calculation of the control signal can 

be described by Eqn. (2). 

( ) { }( ) ( ) , , 1, 2,3,...i ik k
it t t k T iτ τ+ = − ∈ + =u g y  (2) 

where  is the time instant that the UGV output signal is sampled, ik T i ik k k
RC CR

iτ τ τ= +  is the 

round-trip-time delay associated with sampling index ki, { } { }1 2 3, , ,... 0,1,2,3,...k k k ⊂ . T is 

assumed to be substantially small compared with ikτ .  Note that this equation describes the 

control signal as perceived by the UGV. Since the UGV output signal is delayed by ik
RCτ  

before reaching the controller and the control signal is delayed by ik
CRτ  before reaching the 
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UGV, the UGV will get the control signal based on the output of the UGV at time 

i ik k
RC CRt τ τ− − ikt τ= −  in the past. Since we use packet switching network in this model, the 

UGV will receive updated control signal only at a certain time instant ( ik
ik T τ+ ) when a new 

data packet has arrived. Then, UGV will use the arrived control signal until the next data 

packet comes. In this paper, we focus on the system that z will be sent out to the path 

tracking controller only after u, corresponding to the previous z, had arrived. Therefore, we 

enforce a constraint that 1
ik

i ik T k T τ+ > + . Hence, ) )1
1 1, ,i ik k

i i i ik T k T k T k Tτ τ +
+ +⎡ ⎡+ ∩ +⎣ ⎣ = ∅  

and ) [ )1
1 1 0, ,i ik k

i i ik T k T t tτ τ +∞
= +⎡∪ + + = ∞⎣ 0, 0≥ . The following sections describe each 

individual module in the UGV path tracking network-based control system. 

A. Unmanned Ground Vehicle (UGV) 

The UGV is composed of a chassis, two driving wheels, a free running support wheel, 

two motors, and two proportional-integral (PI) speed controllers.  The reference UGV speed 

and reference turn rate (how fast the UGV turns) from the path tracking controller will be 

transformed to motor reference wheel speeds for PI speed controllers. Based on reference 

wheel speeds, PI speed controllers will provide electricity to drive the motors which generate 

torques to drive the wheels of the UGV. The simulator in this paper uses the UGV kinetics 

model to describe the behavior of UGV according to the driving torques. The UGV kinetics 

is described by the mathematical model of the non-holonomic two-driving wheeled mobile 

robot (illustrated in Fig. 2) from [15]. The model is restated in appendix A for convenient 

reference.   

As shown in Fig. 2, the center of gravity (CG) of the UGV does not need to be the same 
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point as the center of turn CT. The wheels with the radius r and the chassis have their own 

mass and moment of inertia. 

φ

 
Fig. 2. Unmanned Ground Vehicle (UGV). 

 
Combining the UGV kinetics model, the DC motor model, and the PI controller gives 

the UGV model that describes the behaviour of the UGV according to the reference speed 

and turn rate as shown in Eqn. (1). The state of the UGV composed of the state of UGV 

kinetics, dc motors, and PI controllers is described by  x r l

T
r r a a rl l lx y i i zθ θ θ θ z⎡ ⎤

⎢ ⎥⎣ ⎦
=  where 

( , )x y  is the UGV coordinate, θ and θ  are the angular displacement and angular velocity of 

the wheel,  is the state of the motor electrical dynamics,  is the state of the integrator in 

PI speed controller. r and l denote the right and the left wheel, respectively. 

ai z

B. Path Tracking Controller 

The path tracking controller ( ( )⋅g ) generates the reference speed and reference turn rate, 

, for the UGV to track the path. Among the published path tracking 

algorithms, pure pursuit [16] is a well-known and one of the most efficient algorithm. Based 

on a simple geometric consideration, pure pursuit tracks the path by repeatedly fitting a 

,
T

ref refv ω⎡
⎢⎣

=u ⎤
⎥⎦
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circular arc trajectory for the vehicle from its current position to a reference point on the 

path. As the vehicle moves forward, the reference point also moves forward along the path. 

This algorithm will generate the reference speed for both wheels of the vehicle to track the 

fitted arcs and will eventually drive the vehicle to track the path. However, the pure pursuit 

method does not specify “how” to choose the reference point on the path. Therefore, we use 

an alternative algorithm called quadratic curve algorithm [17]. This algorithm is slightly 

modified from the pure pursuit algorithm, in which it also provides a mean to choose an 

appropriate reference point r such that the UGV can effectively track a predefined path. The 

conceptual diagram of the quadratic curve algorithm is depicted in Fig. 3. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.48

0.5

0.52

0.54

0.56

0.58

0.6

0.62 path
UGV position
reference point
quadratic curve

( )nTy

( )( 1)n T+y

( )( 2)n T+y

( )nTr ( )( 1)n T+r ( )( 2)n T+r ( )( 3)n T+r
( )( 3)n T+y

 
Fig. 3. Conceptual diagram for quadratic curve algorithm. 

 
The UGV position is represented by a set of coordinate and a heading 

angle, [ ]Tx yφ=y . As shown in Fig. 3, the algorithm will drive the UGV position to track a 

parabolic curve. The curve is repeatedly drawn from the position of the UGV to the tracking 

path. The algorithm will drive the vehicle along the curve and eventually track the desired 

path [17]. 

The path tracking controller is embedded with a navigation module for providing an 

updated reference point  for the UGV to follow. The path description is [ T
ref refx y=r ]
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assumed known to the navigation module and is described by 

( )dP       [ ( ) ( )] ( )Tp p px d y d d= = x  (3) 

where xp(d) and yp(d) are the mathematical functions parameterised by d to describe the path.  

For example, a 90 degree turn path can be described by  

( )px d        0; 0.5
0.5; 0.5 1.5

d
d d
⎧⎪
⎨
⎪⎩

≤=
− < ≤ (4) 

( )py d        ; 0.5
0.5; 0.5 1.5

d d
d

⎧⎪
⎨
⎪⎩

≤=
< ≤ (5) 

Given , the navigation module acquires a new reference point for the UGV by 

looking for a point on the path that keeps a certain distance  away from the UGV. Since 

 can be determined from the quadratic curve algorithm, the new reference point is 

acquired by solving the following equation: 

( )p dx

0d

0d

2 2
0( ( )) ( ( ))p px x d y y d d− + − = . (6) 

where d is the variable to be found and the reference point is [ ( ) ( )]Tp px d y d=r  . 

Because the reference point should only move forward along the path to guide the UGV 

to the destination, we enforce a constraint that our reference point will not move backward 

along the path. In the case that the UGV wanders away from the path or move backward, we 

will use the previous reference point against the new reference point acquired from Eqn. (6) 

that has a smaller value of d. Moreover, in addition to the original algorithm, we enforce a 

constraint to limit the minimum value of d0 so that . This can eliminate the situation 

where d0 is too small causing the UGV to highly oscillate around the path. 

0 mind d≥
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III. FEEDBACK PREPROCESSOR 

As depicted in Fig. 1, the controller and the UGV exchange data through the 

communication network, which is the main factor constituting signal delay. Fig. 4 illustrates 

a timing diagram of signals exchanged between the controller and the UGV.  

(
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(
)ik

t

t

τ
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⎛

⎞
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−
⎜

⎟

⎝
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y

(
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t

τ−
y

t

CRτ

CRt τ−

RCτ

RC CRt τ τ− −

 
Fig. 4. Timing diagram for data transmission between UGV and the controller. 

 
At time { }, 1, 2,3,...ik

it k T iτ∈ + =  the UGV receives the control signal 

 from the controller (as described in Eqn. (2)). The position  of the 

UGV at time 

(( ) ( )ikt t τ+ = −u g y ) y

ikt τ−  is employed in the calculation. Consequently, the UGV receives the 

control signal that is proper for the previous position of the UGV at time ikt τ− . This is one 

of the reasons why the UGV path tracking performance is worse when the control signal and 

the sensor data are sent through a communication network. 

Feedback Preprocessor (FP) can help to alleviate this time delay influence on the overall 

system performance by providing the controller with an estimated value of the UGV’s 

current position . Considering the same timing diagram as described previously, at time t 

the UGV will receives the control signal  that was calculated from  instead of 

ŷ

( )tu ˆ ( ) ( )t ≅y y t

( )ikt τ−y .  predicts  as shown in Eqn. (7): ˆ ( )ty ( )ty
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k kt t t( )ˆ ˆ( ) ( ), ( ),i i ikτ τ τ+ = − −y ψ y u { }, , 1, 2,3,...ik
it k T iτ∈ + =  (7) 

This relates to the case where the UGV receives the control signal  relative to the current 

UGV position  which virtually eliminates the effect of the network delay. FP can be 

embedded into the UGV path tracking NBC system in Fig. 1 as a result shown in Fig. 5.  

( )tu

( )ty
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( )⋅N

u
CRτ
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y

( )⋅ψ

τ̂

( )ξ ⋅

( , , )=x f x p u
=y Cx

T

z

ŷ

 
Fig. 5. UGV path tracking NBC system applied with Feedback Preprocessor. 

 
Fig. 5 illustrates the overall system embedded with a FP. In order to predict the current 

UGV position , FP requires three parameters, the control signal ( )ty ( ikt )τ−u , the position of 

the UGV in the past ( ikt )τ−y , and the estimated round-trip-time delay ˆ ikτ . ˆ ikτ  can be 

estimated by the Network Traffic Estimator module ( )ξ ⋅  from the history of data packet sent 

across the network (e.g. use an average value of previous delays). Because the functionality 

of FP is separated from the controller, one can implement FP without modifying the existing 

controller to compensate for the network delay effects.  

FP uses kinematics model of the UGV to solve for an estimated UGV position as 

follows: 

 



(1) Relocate terms and apply an integration 

The kinematics model of the UGV describing how the UGV move according to the 

reference speed ( ) and reference turn rate (refv refω ) is described in Eqn. (8). 

x
y
φ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

cos ( )
sin ( )

ref

ref

ref

v t
v t

φ
φ

ω

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (8) 

where φ  is the heading angle of the UGV. Note that the kinematics model concerns only the 

movement of the UGV and does not take into account the force and torque that drives the 

UGV. The UGV is assumed to be able to run accurately at the reference speed and reference 

turn rate. In the case that the actual speed and turn rate are known by the controller, they 

should be used in this model instead of reference values. 

From the kinematics model, we can substitute 
T

x y φ⎡ ⎤⎣ ⎦  by   
Tdx dy d

dt dt dt
φ⎡ ⎤

⎢ ⎥⎣ ⎦
 and 

relocate terms. Then, we integrate both side of the equation as follows: 

dx
dy
dφ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
∫

cos ( )
sin ( )

ref

ref

ref

v t
v t

φ
φ

ω
dt

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦
∫  (9) 

 

(2) Solve for estimated UGV position 

Since ( )ty [ ]Tx y φ= , ˆ ( )ty ˆˆ ˆ
T

x y φ⎡ ⎤= ⎣ ⎦ , and a constant control signal 

is used by the UGV during period ( )ikt τ− =u ( ) ( )i
Tk

ref refv t tτ ω τ⎡ − −⎣
ik ⎤⎦ ),ikt τ⎡ −⎣ t , we can 

rewrite Eqn. (9) as: 
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( )ty
ˆ

( ) cos ( )
ˆ ( ) ( ) ( ) sin ( )

( )

i

i i

ki i

k
reft

k k
ref

kt
ref

v t
t t v t d

tτ

τ φ ζ
τ τ φ ζ ζ

ω τ−

⎡ ⎤−
⎢ ⎥≅ − + −⎢ ⎥
⎢ ⎥−⎣ ⎦

∫y y  (10) 

Then, we can solve for ˆ( )tφ  given that ikτ  is estimated by ˆ ikτ . We need to estimate the 

value of ikτ  here because FP calculates  before the actual value of ˆ ( )ty ikτ  exists. After we 

solve for ˆ( )tφ , we need to replace ˆ( )tφ  back into Eqn. (10) and solve for ˆ( )x t  and  as 

the solution shown below. 

ˆ( )y t

ˆ( )tφ  ˆ( ) ( )i ik k
reft t ikφ τ ω τ τ= − + − ×  

ˆ( )x t ( )( )( )
ˆ( ) sin ( ) ( ) sin (

( )

i

i i i i

i

k
refk k k k

k
ref

v t
x t t t t

t
τ

τ φ τ ω τ τ
ω τ

−
= − + − + − × − −

−
)ikφ τ  

ˆ ( )y t ( )( )( )
ˆ( ) cos ( ) cos ( ) ( )

( )

i

i i i

i

k
refk k k

k
ref

v t
y t t t t

t
τ

τ φ τ φ τ ω
ω τ

−
= − + − − − + − ×

−
i ik kτ τ  

(11) 

In the next section, we show the simulation result of the system in Fig. 5 for the round-

trip-time, RC CRτ τ+ , between 0.0 and 0.8 sec which should the range of intercontinental 

internet delay. The effects of using different UGVs with different masses and motor 

electromotive force constants are also illustrated. 

 

IV. SIMULATION RESULTS AND ANALYSIS 

This section shows the simulation result of the UGV tracking performance. The results 

will be analyzed with respect to representative parameters of the UGV and communication 

delay. We focus on the simulation result when the overall system operated: 

(1) without the Feedback Preprocessor (FP), and 

(2) with the Feedback Preprocessor (FP).  

In each case, we investigated the time delay effects on UGV path tracking performance 
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with different masses (M), motor electromotive force constants (Km), and round-trip-time 

delays (τ ). Mass M reflects different sizes and/or payload of the UGV. M under 

consideration is in the range of [1.5, 15.5] kg, not including the wheels. Motor electromotive 

force constant Km of the dc motors that are used to propel the UGV reflects how the 

responsiveness of the UGV with respect to its speed control. Km under consideration is in the 

range of [0.25e-3, 2.00e-3] N·m/Amp. Constant round-trip-time delay τ  reflects the time 

required for data communication between the UGV and the controller. τ  under consideration 

is in the range of [0.0, 0.8] sec (since most Internet time delay is within this range, but is not 

constant). 

The UGV in this study is a small size mobile robot with parameters as listed in Table 1 , 

Table 2, and Table 3. 

Table 1. UGV chassis parameters. 
Parameters values 

Distance between the driving wheels and the 
axis of symmetry (b1) 

0.0865 m 

Radius of the wheel (r) 0.036 m 
Mass of each wheel and rotor ( ) wm 0.025 kg 
Moment of inertia of each wheel about the 
wheel diameter ( ) mI

3.375e-06 
kg ⋅m2 

Moment of inertia of the wheel about the wheel 
axis ( ) wI

1.620e-05 
kg ⋅m2 

Table 2. Motor parameters. 
Parameters values 

Electric resistance (Rmotor) 7.4 ohms 
Electric inductance (Lmotor) 2e-3 H 
Damper (bmotor) 2e-7 N m ⋅ s ⋅

Moment of inertia of the rotor (Jmotor) 1.5e-7 kg m2 ⋅

Gear ratio (Nmotor) 333.6375 
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Table 3. Quadratic curve path tracking parameters. 
Parameters values 

Maximum look ahead distance (dmax) 0.2473 m 
Minimum look ahead distance (dmin) 0.0771 m 
Look ahead distance decreasing factor ( β ) 0.7509 
Maximum speed (α ) 0.156 m/s 

 

A straight path with a 90 degree turn, as shown in Fig. 6, is used as the test path for our 

investigation. This test path is chosen because it resembles the step input function test for a 

classical single-input single output system so that we can investigate the “step response” of 

the UGV subjected to time delay. 

0.5 m

1.0 m

GOAL

UGV

TRACKING PATH

 
Fig. 6. The test path used for the time-delay effect analysis. 

 
Two cost functions are used to evaluate the performance of the overall network-based 

control system. The first cost function, J1, indicates the deviation of the UGV from the path: 

1J
0

( ( ), ( ))
ft

t
D x t y t dt= ∫  (12) 

where D is the shortest distance between the position of the UGV ( ( ), ( ))x t y t  and the tracking 

path as depicted in Fig. 7. is the initial time preset as 0t 0 0t = , and ft  is the final time when 

the UGV reaches the destination. The second cost function, J2, is the traveling time for the 

UGV to reach the destination: 
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2J 0f ft t t= − =  (13) 

 

U
G

V

D(x(t),y(t))

TRACKING PATH

UGV TRAJECTORY

(x(t),y(t))

 
 Fig. 7. The shortest distance between the UGV and the path. 

 
A. Simulation Results  

This section compares the results of the UGV under NBC path tracking simulation 

between with and without using the Feedback Preprocessor.  

(1) Without Feedback Preprocessor (FP) 
 

Fig. 8 shows the simulation result of the overall system without FP according to a range 

of the communication round-trip-time delay τ .  

As the layered surface graphs of cost functions are higher with a larger τ , Fig. 8 

indicates that J1 and J2 increase with increased τ , increased M, and decreased Km. Both J1 

and J2 have a similar shape due to the inherent definition of these cost functions. Since the 

UGV travels a longer distance, the deviation from the path J1 will be larger when the 

traveling time J2 is larger. The UGV trajectories according to several cases are also shown to 

indicate how the UGV behaves due to the changing of τ , M, and Km. Conforming with Eqn. 

(12) and (13), the higher J1 and J2 indicate the higher overshoot and oscillation amplitude of 

the UGV trajectory.  
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(2) With Feedback Preprocessor 
 

Fig. 9 shows the simulation of the overall system when operated with a feedback 

preprocessor.  
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Fig. 8. Simulation Result, J1 and J2 (without Feedback Preprocessor). 
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Fig. 9. Simulation Result, J1 and J2 (with Feedback Preprocessor). 

 
One can observe from Fig. 9 that τ  has less effect on J1 and J2 compared with the same 

situation in Fig. 8. This is deduced from the surface graphs that remain almost in the same 

level as τ  increased. When the UGV mass is small and the motor electromotive force 

constant is large, the model works extremely well. This confirms the effectiveness of FP to 

alleviate the effect of time delay in the UGV path tracking problem. The UGV trajectories 

are also shown with less overshoot and oscillation.   

B. Performance Analysis with Respect to UGV Characteristics 

   Since UGVs can have different characteristics (e.g., wheel radius, distance between the 

wheels, mass, moment of inertia, motor characteristics, motor power, etc.), it is difficult to 

determine the factors that affect the NBC path tracking performance. In order to investigate 

the path tracking problem, we use the UGV response time to characterize the UGV. 
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In this paper, we define the UGV response time TUGV as “the time required for the UGV 

angular wheel speed to reach 50% of the angular step reference speed” as shown in Eqn. 

(14). 

( ) 0.5 RUGVT = ×ω ω  (14) 

The mapping from UGV characteristics to TUGV can be determined from a typical UGV 

step response of the UGV wheel speed as shown in Fig. 10.  
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Fig. 10. Step response of UGV wheel speed with response time T1, T2, T3 according to mass 

M = 1.5 kg and various motor electromotive force constants Km. 
 

Fig. 10 shows the step responses of the UGV with predefined parameters as shown in 

Table 1-3 and various values of motor electromotive force constant Km. One can easily plot 

this step response graph from an experiment by applying desired wheel speed as the 

reference input to the UGV and measure the actual wheel speed. The time required for the 

UGV to start moving and reach 50% of the reference speed is the UGV response time. Fig. 

11 shows TUGV with respect to different UGV masses (M) and different Km.   
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Fig. 11. UGV response time with various M and Km. 

 
Fig. 11 clearly indicates that TUGV is proportional to the mass M and inversely 

proportional to the motor electromotive force constant Km. The results agree with heuristics 

that the heavier the UGV is, the more time it requires to pick up speed; in addition, the more 

powerful the motor is, the faster the UGV can pick up speed.  

By mapping from M and Km to TUGV, the simulation result in Fig. 8 and Fig. 9 can be 

plotted based on TUGV and τ  as depicted in Fig. 12.  The surface plots in Fig. 12 shows the 

mapping between TUGV  and the average cost corresponding to TUGV and τ .  
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Fig. 12. J1 and J2 with respect to TUGV and τ . 

 
  One can notice from Fig. 12 that, when the path tracking controller operate without FP, 

 

91



the cost function J1 and J2 increase as TUGV and τ  increase; when operated with FP, the cost 

is only slightly changed due to TUGV. The contour plots illustrated in Fig. 13 shows a more 

obvious comparison. 
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Fig. 13. Contour plots of J1 and J2 with respect to TUGV and τ . 

 
The contour plots in Fig. 13 clearly illustrate the effect of the cost function according to 

the UGV response time TUGV and the network delay time τ . The contour lines show the 

parameter regions that have the same cost value. The plots provide additional information 

especially for FP case indicating how different the cost functions increase with increasing 

TUGV and τ ; the delay time τ  clearly has less effect on the cost functions as J1 and J2 increase 
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slower according to the increasing τ  compared with the without FP case.   

Fig. 13 also provides a relationship between TUGV, τ  and Ji. This relationship can be 

used as a guideline to estimate the behaviour of a UGV under NBC path tracking system. For 

example, when the operating point is changed from τ =0.0 to 0.4 sec, a UGV with TUGV=0.5 

sec operating without FP at point A1 must be considered to be modified (e.g., decrease the 

load, increase the motor performance) such that TUGV is decreased from 0.5 to 0.1 sec to 

operate at point B1 in order to maintain the performance; otherwise the system will operate at 

point C1 and the cost J2 will be increased from 21.40 to 43.50 sec in which the UGV spends 

more than twice of the original tracking time. When using FP at τ =0.4 sec, the UGV 

operates at point C2. The UGV uses the tracking time closed to the no delay system case at 

point B2 without any modification on TUGV. 
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V. CONCLUSION 

This paper has investigated the effects of using a Feedback Preprocessor (FP) based on 

the concept of the Smith predictor in a NBC path tracking problem on a UGV. The problem 

is formulated mathematically along with the structure and the description of FP. FP estimates 

the UGV state in the future to be used by the path-tracking controller in order to compensate 

the effect of time delay induced by the network. FP augments an existing controller, designed 

to operate in delay-free condition, to externally compensate the time delay effect for 

Network-Based Control applications without redesigning the controller. 

Simulation results have affirmed the effectiveness of using FP to reduce the time delay 

effect on the NBC path tracking problem. The approach and result in this paper can be used 

to estimate the performance of any similar UGV operating in a NBC environment. An 
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intermediate parameter, UGV response time, may be used to relate the result in this paper to 

other UGVs in general. It provides a means to estimate the performance of the UGV path-

tracking performed under different UGV characteristics such as different UGV’s weights and 

motor electromotive force constants. 
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MOBILE AGENT GAIN SCHEDULER CONTROL IN 

INTELLIGENT SPACE 

 
Abstract – Intelligent Space (iSpace) is a space (room, corridor, or street), with 

distributed sensory and mobile agents, that are capable of providing intelligent services. In 

this chapter, the iSpace prototyping project at North Carolina State University is introduced. 

The current infrastructure of the project has the capability to command the mobile agent to 

automatically move payload from current position to a desired position. The research topic to 

be focused on is the remote mobile robot path-tracking problem where the mobile agent is 

controlled over communication network. The presence of a network time-delay, more often 

than not, compounds to the challenging nature of the topic. A network-based control 

technique called Gain Scheduler Middleware is employed in the control loop to alleviate the 

effect of time delay. A high fidelity simulation model is proposed in order to simulate the 

iSpace project at NCSU. The simulation results of the mobile robot path-tracking is used to 

demonstrate the effectiveness of using Gain Scheduler Middleware to compensate the time 

delay effect on remote mobile robot path-tracking control over the Internet. Variations of the 

GSM method with one-dimensional and two-dimensional gain tables are compared in order 

to show the effectiveness and limitations of the method. 

keywords: Intelligent Space, Networked Control System, Tracking Control, Gain 

Scheduler Middleware  
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I. INTRODUCTION 

Intelligent Space (iSpace) [1] is a relatively new concept to effectively use distributed 

sensors, actuators, robots, computing processors, and information technology over a 

physically connected space or spaces connected using communication networks, to provide 

intelligent services to human beings. The space can be a room, a corridor, a hospital, an 

office, or even a planet. iSpace fuses global information within the space of interest to 

effectively and efficiently make intelligent decisions. For example, when Captain Picard in 

StarTrek says “coffee”, the voice recognition module in iSpace would send a command to the 

central controller, where it computes and processes any necessary procedures to send a 

mobile robot to bring a cup of coffee from the coffee maker to Captain Picard. When iSpace 

research development matures, this “Enterprise dream” will soon become a reality. Another 

example is in a manufacturing plant where action agents are needed to automatically convey 

payload from point A to point B as shown in Fig. 1. The space is continuously surveyed and 

monitored by distributed sensors such as video cameras, acoustic sensors, biosensors, etc. 

The distributed sensors will continuously send information (e.g., video camera images) to 

control agents which will analyze data, extract features, and fuse the measured information 

from the images and the information stored in database (e.g., equipment location, feasible 

pathway) to extract the current operating conditions. Then the control agents will do a real-

time path planning and send the reference signal for the action agent (e.g., a mobile robot) to 

carry a payload from point A to point B. 



Intelligent Space

action 
agent I

Internet

control agent

A

B

action 
agent II

 
Fig. 1. Intelligent space in manufacturing plant. 

 
Advanced Diagnosis, Automation, and Control (ADAC) Lab in the Department of 

Electrical and Computer Engineering at North Carolina State University has developed an 

iSpace prototyping project "Ana2 plays fetch in iSpace" as shown in Fig. 2. In this project, a 

space with obstacles is continuously monitored by a sensor (webcam in this case). A mobile 

robot named Ana2 is sent a control signal to automatically and autonomously move as 

quickly as possible, while avoiding collisions, from its current location to a specific 

destination chosen by a user remotely. This project can be applied in industrial automation 

where the mobile robot is needed to automatically carry payload from one location to another 

location without the need for constant human monitoring and control. 
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Main Controller

Remote Station

Email, Ftp, Video Platform  

Fig. 2. iSpace at NCSU prototype configuration. 
 

There exists a time delay within the control loop of iSpace at NCSU caused by 

computational devices, communication over the network, image acquisition, and image 

processing. Time delay becomes an important issue once we start to address real-time 

control. In general, time delay issues can cause network-based performance degradation and 

instability of the closed-loop system. Among the delays, the computation delay is usually 

bounded and well behaved so that we can design controllers to compensate for the 

computational delay accordingly. The communication delay, on the other hand, is more 

challenging to handle as it is random and unbounded. 

In [2], we apply a technique proposed in [3] called Gain Scheduler Middleware to 

alleviate the delay time problem in iSpace. The results show that the mobile robot can 

successfully track the path from the starting point to the destination even if only a scalar gain 

is employed in gain scheduler module. In this chapter, we extend the previous study by using 
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a variation of one dimensional and two dimensional gain tables in the gain scheduler module 

instead of using a scalar gain. We investigate the advantage and limitation of using these gain 

tables about how they alleviate the time delay problem. This chapter also proposes a high 

fidelity simulation program for iSpace at NCSU for generating simulation results. The mass 

and moment of inertia of the robot are considered in the simulation for obtaining a result 

which will be very close to the actual real world experience.  

This chapter is organized as follows: In section II, the Intelligent Space project at NCSU 

is explained. In section III, the overall system is described including the model of the mobile 

robot so called Unmanned Ground Vehicle and the Quadratic curve path-tracking controller. 

Section IV describes the Gain Scheduler Middleware to be applied to the remote UGV path-

tracking. Section V illustrates the simulation result and provides discussion. The chapter is 

concluded in section VI. 

II. INTELLIGENT SPACE AT NCSU 

The overall structure of iSpace at NCSU is depicted in Fig. 3, which shows the 

information flow among all the components of iSpace, including actuators, sensors, the main 

controller (a control agent), and the network communication structure. 



 

Fig. 3. iSpace structure diagram. 
 

The project involves hardware, software, and communication network modules. The 

software portion of the project includes the image acquisition, image processing, path 

generation, and path tracking controller modules. The hardware portion includes sensors 

(webcam), and actuators (motors on Ana2). The communication network portion includes 

wired and wireless IP connection between the microcontroller board on Ana2 and the remote 

computer controller. This project has realized and developed an iSpace infrastructure to 

investigate research related to time sensitive network-based control and teleoperation [4-5]. It 

can be used to demonstrate how iSpace can make superior decisions based on global 

information from distributed sensors to control the actuators (Ana2) to complete a given task. 

This system is designed such that “iSpace at NCSU” may be controlled from anywhere in the 

world. The iSpace project is therefore transformed from a locally connected space to a 

virtually connected space. 
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Fig. 4. Main controller GUI program. 
 

To demonstrate the effects of time-sensitive applications in iSpace, the project uses the 

game of a dog playing fetch with its owner. The goal of the game is to intelligently monitor 

an area so that a mobile robot can be commanded to go from its current location to a specific 

destination as quickly as possible while avoiding collisions. The user can specify the mobile 

robot destination with a mouse click on the map displayed on the Main Controller GUI 

Program, as shown in Fig. 4. To accomplish this goal, this project utilized image processing 

techniques, as well as path generation and path tracking algorithms to command the mobile 

robot to go from a starting point to a destination point while avoiding collisions with 

obstacles. In this chapter, we focus on the problem of controlling the mobile robot tracking a 

predefined path when there is communication delay in the control loop. This is an important 

part in realizing iSpace since the delay time can have an adverse effect on path-tracking 

performance. We consider that there are two parts of the communication delay, the delay 
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when the data is sent from central controller to the remote plant (mobile robot) CRτ  and the 

delay when the data is sent from the remote plant to central controller RCτ . RCτ  includes the 

delay from image acquisition and image processing in addition to the internet delay while 

CRτ  only includes the internet delay when the data is sent from the central controller to the 

robot. Here, we assume that the path to be tracked is passed to the path-tracking controller 

from a path generation module. We apply a variation of Gain scheduler middleware method 

proposed in [3] to alleviate the effect of time delay. 

III. GAIN SCHEDULER MIDDLEWARE 

In recent years, there has been a significantly amount of emphasis and effort on 

developing middleware. Middleware can be viewed as a technology to seamlessly link 

applications and users over a network while making the network transparent to the users. A 

Gain Scheduler Middleware (GSM) has been developed by Tipsuwan and Chow [3-6] to 

alleviate the network time delay effect on network-based control systems. The GSM handles 

all network connections between the controller and the remote system to be controlled over a 

network. These include network operations such as sending and receiving packets, bandwidth 

and resource allocation, network traffic monitoring, etc. 

This section will briefly explain the features and properties of GSM where the system 

dynamics of a remote system (to be controlled) is described as: 

( , , )R R R R R=x f x p u  (1) 

( , , )R R R R R=y h x p u  (2) 

and a general form of the controller not including GSM can be described by: 
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,( , )RC C C=u g y p  (3) 

where  is the state variable of remote system, n
R∈x R m

R∈y R  is the remote system output, 

 is the control signal from the central controller, z
C∈u R z

R∈u R  is the delayed control 

signal when arrived at the remote system, w
R∈p R  is the remote system parameters, 

 is the controller gains. A method to compensate network delay effects is to adapt 

the controller gain  by 

r
C∈p R

Cp γ +∈R  using a gain scheduling approach. This paper introduces an 

external gain scheduling method to enable existing controllers for networked control with 

variable time delay. The main concept of this approach is to find a β +∈R  gain such that: 

( , ) ( , )R R R RC C C .β β γ= ≅u g y p g y p  (4) 

The β  gain adjusting the controller output  from the outside is equivalent to 

adjusting the controller gain  by the gain 

Cu

Cp γ  from the inside of the controller [7]. This β  

gain can be determined from different optimal objectives, and be applied on  to 

compensate network delays with respect to , ,  and q  where  is the network 

variable representing network traffic conditions. Network variables represented in q  can be 

statistics of network delays such as mean delay, delay variance, loss rate, and other network 

QoS (Quality of Service) variables. A schematic diagram of the GSM is shown in Fig. 5. 

Cu

Rx Cu Cp d∈q R
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Fig. 5. A schematic diagram of Gain Scheduler Middleware (GSM). 
 

The components of the GSM shown in Fig. 5 are Network traffic estimator, Feedback pre-

processor, and Gain scheduler. 

(1) Network traffic estimator (NTE). The network traffic estimator estimates the current 

network traffic conditions, which are characterized by the network variable . Various data 

in  such as mean delay and loss rate are then utilized by feedback preprocessor and gain 

scheduler. The network traffic estimator monitors the network conditions by sending probing 

packets to the remote system periodically (e.g., once a second). The estimator then 

characterizes the network conditions by updating the estimated network variable  based on 

the monitored probing packet roundtrip measurements. 

q

q

q̂

(2) Feedback pre-processor (FP). The feedback preprocessor pre-processes the feedback 

data  such as motor speed and current from the remote system before forwarding the 

pre-processed signal  to the controller. Preprocessing in this case can be, for example, 

filtering noises in the feedback data, or prediction of remote system states. Necessity of these 

operations depends on the gain scheduling algorithm used in the gain scheduler. 

( )C ty

ˆ,ˆ ( )C tτy

(3) Gain scheduler (GS). By using an external gain scheduling algorithm, the gain scheduler 

unit modifies the controller output  to  which provides an optimal performance ( )C tu , ( )C tβu
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for the current network conditions characterized by q  [3]. The algorithm to modify the 

controller output depends on the overall system configuration of the controller and the 

remote system. The overall GSM operations for networked control and teleoperation can be 

summarized in Fig. 6. 
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Fig. 6 Time diagram of the GSM operations. 
 

1. Feedback preprocessor waits for feedback data from the remote system. Once the 

feedback data arrives, the preprocessor processes the data using the current 

values of network variables and passes the preprocessed data to the controller. 

2. The controller computes the control signals and sends them to the gain scheduler. 

3. The gain scheduler modifies the controller output based on the current values of 

network variables and sends the gain improved control signals to the remote 

system. 

IV. GSM FOR REMOTE MOBILE ROBOT PATH-TRACKING 

The conceptual diagram of the remote mobile robot path-tracking with GSM is depicted 

in Fig. 7.  
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Fig. 7. Remote mobile robot path-tracking model applied with GSM. 
 

The diagram shows the dataflow between the navigation module, path-tracking 

controller, GSM, and the mobile robot. If we consider the data flow started from the data 

sampled from the mobile robot , the FP in GSM receives the state of the robot in the 

past 

( )R ty

( ) ( )RC t t RCτ= −y y  and the estimated round-trip-time delay ˆ RC CRτ τ τ≅ +  from NTE in 

order to estimate the robot state (position) in the future, . The navigation module 

having the tracking path generated by artificial potential functions [8] (e.g., obstacle 

avoidance) calculates the reference point  from the current estimated position of the 

robot. Path-tracking module then generates the reference wheel speeds  for driving the 

mobile robot from  to .  will be updated by the GS module to be  

and then be transmitted to drive the mobile robot.  

ˆ,ˆ ( )C tτy

( )C tr

( )C tu

( )C ty ( )C tr ( )C tu , ( )C tβu

As mentioned in the previous section, the NTE estimates the network traffic condition, 

the FP preprocesses the feedback data, and the GS modifies the control signal according to 

the current network condition. For the robot-path-tracking problem: 

1. The Network Traffic Estimator (NTE) predicts the Round-Trip-Time (RTT) delay 

defined as: 
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CR RCτ τ τ= +  (5) 

As proposed in [3], τ  is estimated from mean (μ ) and median (η ) of the RTT data logged 

in the NTE based on a generalized exponential distribution. The estimated RTT (τ̂ ) is 

calculated by: 

{ }ˆ max ,τ η μ=  (6) 

2. The Feedback Preprocessor (FP) estimates the robot position when the control signal 

arrives at the remote plant. The effect of the FP on robot with delay time is illustrated in Fig. 

8. 
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Fig. 8. The effect of the delay time on path-tracking mobile robot without FP (left) and with 
FP (right). 

 
Fig. 8 (left) shows how the network time delay affects the path-tracking mobile robot. 

When the robot position is at A, the position of the robot is sampled. Without network delay, 

the robot should receive the feedback control signals almost instantaneously. In such case, 

the control signal should drive the robot to C to track the reference point on the path. 

However, when using the IP network as a signal transmission media, the control signal sent 

to the robot is delayed by CR RCτ τ+  sec. By that time, the robot has already moved to the 

position B and will be driven to position D because of the delayed control signal. To avoid 

this situation, a FP is used to reduce the effect of time delay by estimating the position of the 
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robot when the robot receives the control signals at B. The control signal is then calculated 

based on the estimated position of the robot in the future which will be appropriate for the 

robot while receiving the control signal as shown in Fig. 8 (right). More discussion in the FP 

can be found in chapter 4.  

3. The Gain Scheduler (GS) adjusts the speed gain K  of the path-tracking controller 

according to the network traffic, the robot speed, and the path curvature for an optimal 

performance. Higher speed gain tends to be more appropriate if the robot is tracking a 

straight path for faster speed (thus short travelling time) while it may cause more path-

tracking error if the robot is tracking the curve path. The GS is developed to provide an 

optimally adjusted gain newK Kγ=  at any given time based on these varying environmental 

factors as shown in Eqn. (4).  

From Eqn. (4), β  is the gain calculated in real-time for the GS module to modify K  of 

the path-tracking controller. By multiplying  with Cu β , it is equivalent to multiplying K  

with γ  for the path-tracking controller. Since K  is proportional to the speed of the robot 

tracking the path, β  should be calculated to get the optimal tracking performance by 

minimizing the path-tracking error and maximizing speed. With hard real-time control 

constraints, it will be difficult to calculate β  to get the optimal tracking performance. 

Alternatively, we will use a sub-optimal gain to approximate the optimal gain selection. This 

is equivalent to selecting the gains  that minimizes the travelling time and also allows 

the deviation error of the robot to occur only in a certain bound. The detail of the 

implementation of this GS module can be found in appendix C.  

newK
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V. SIMULATION RESULTS AND DISCUSSION 

This section illustrates the effectiveness of GSM by simulation results. The simulation 

program is developed by using Matlab/Simulink® based on the model of the Unmanned 

ground vehicle (UGV) in the appendix A. The simulation results demonstrate the 

performance of the remote UGV path-tracking for both with and without GSM. The 

performance can be compared by using the integration of path-tracking error and the speed of 

the UGV. 

We also investigate a variation of gain table generation by using two dimensional gain 

table and one dimensional gain table in this section. Using 2-D gain table provides more 

degree of freedom for the UGV to adjust its speed gain than 1-D gain table. However, the 

implementation of 1-D would be simpler. Taking into account this factor, our simulation 

generates several remote path-tracking results using 1-D gain table in order to compare with 

2-D gain table. 

The simulation result in this section is related to a small size UGV whose physical 

parameters and motor parameters are listed here. The gain tables used in the simulation are 

also illustrated here by graphs to show how the speed of the UGV would be adjusted 

according to the remote UGV path-tracking conditions.  We present the simulation 

parameters, the gain tables, and then the simulation results and discussion successively. 

A. Simulation parameters 

The simulation was done for a small size UGV whose parameters listed in Table 1. 

These parameters describe physical quantities of the UGV model mentioned in appendix A. 

Since the UGV is driven by two DC motors, the characteristics of those motors would also be 



important in the simulation. The parameters of those DC motors are listed in  

Table 2. The DC motor speeds for tracking the path are determined by the path-tracking 

algorithm, the path-tracking parameters of Quadratic curve path-tracking algorithm are listed 

in Table 3. 

Table 1. UGV chassis parameters. 
Parameters Values 

Distance between the wheel and the line of 
symmetry (b1) 

0.0865 m  

-0.09 m Distance between the center of turn and center 
of gravity (b2) (negative value here means CT is 
behind CG) 
Radius of the wheel (r) 0.036 m 

0.025 kg Mass of each wheel and rotor ( ) wm

Moment of inertia of each wheel about the 
wheel diameter ( ) mI

3.375e-06 
kg ⋅m2 

Moment of inertia of the wheel about the wheel 
axis ( ) wI

1.620e-05 
kg ⋅m2 

Mass of the chassis (mc) 1.5625 kg 
Moment of inertia of the chassis around the 
center of turn (Ic) 

0.02434 
kg ⋅m2 

 
Table 2. Motor parameters. 
Parameters values 

Electric resistance (Rmotor) 7.4 ohms 
Electric inductance (Lmotor) 2e-3 H 
Damper (bmotor) 2e-7 N m ⋅ s ⋅

Moment of inertia of the rotor (Jmotor) 1.5e-7 kg m2 ⋅

Gear ratio (Nmotor) 333.6375 
Torque constant (Kt) which equals to generator 
constant (Ke) 

2.2179e-3 
N ⋅m/A 
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Table 3. Quadratic curve path-tracking parameters. 

Parameters values 
Maximum reference speed (α ) 0.45 m/s 
Maximum look ahead distance (dmax) 0.2473 m 
Minimum look ahead distance (dmin) 0.0771 m 

0.7509  Look ahead distance adjustment factor (β ) 
 

As we operate iSpace at NCSU in local area network, the communication delay is small 

compared to the delay caused by the image acquisition and image processing delay. The sum 

of image acquisition and image processing delay represents the RTT delay in the control loop 

as shown in the histogram in Fig. 9. 
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Fig. 9. Histogram of the random delay between ADAC lab and Hashimoto lab. 
 

From Fig. 9, the RTT delay in iSpace at NCSU is random with the mean value of 0.2369 

sec. The RTT has the minimum value at 0.2100 sec and the maximum value at 0.2810 sec 

with the standard deviation value of 0.0127 sec. We will use this set of random delay in the 

simulation to generate the results. 
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B. Generated gain table 
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)As represented by , the gain table is a function of UGV trajectory 

curvature  and estimated value of the next RTT delay 

1ˆ( , ik
new UGVK κ τ +

UGVκ 1ˆ ikτ + . The values within the gain 

table represent the adjusted speed of the UGV. Given a value of ε , the tolerance of tracking 

error, one can generate gain table by using the bisection algorithm as discussed in the 

appendix. The generated gain table of  with 1ˆ( , ik
new UGVK κ τ + ) 0.12ε =  is shown by surface 

graph in Fig. 10.  
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Fig. 10. 2-D gain for GS module. 
 

From Fig. 10, we can observe that Knew is large when the radius of UGV trajectory is 

large (small ) and UGVκ 1ˆ ikτ +  is small and vice versa. Therefore, the UGV path-tracking using 

GSM will use high speed when it tracks a straight line with small RTT. In the case that RTT 

is very small, Knew can be very large and beyond the physical speed of the actual UGV. 

Therefore, we set an upper bound for Knew at 1 m/s, which is fastest speed of the UGV we are 



using in the simulation.  

 
 

Fig. 11. Scenario when the UGV tracks a straight path length l (left) and the distance ε  that 
the UGV travels because of the adjusted speed (right). 

 
The implication of the gain table in Fig. 10 for the behavior of the UGV is as follows. 

Consider Fig. 11 as the UGV needs to move along a tracking path composed of a straight line 

length l and a circular path. When the UGV is at point A, it receives a control signal to move 

forward. Because of the network delay, the UGV receives an updated control signal only 

every τ  sec. Ideally, the adjusted speed should make the UGV move as fast as possible from 

point A upto point B (where it receives an updated control signal to make a turn at the right 

time). The adjusted speed should be equal to v l τ=  because the UGV will move for the 

distance l within τ  sec. GSM is a module inserted in remote UGV path-tracking system 

between the path-tracking controller and the network. In this thesis, the cost function used to 

develop the GSM table only receives the information of the control signal and the UGV state 

at the current time that passes through the module. The cost function does not consider 

external information such as the path curvature. Therefore, the GS module does not have the 

information of the length of the path l and cannot schedule the optimized speed v l τ=  for 
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the UGV in this segment. Instead, GS module schedules the gain so that the UGV will move 

forward for a “safety distance” ε  meters before receiving an updated control signal as shown 

in Fig. 11 (right). This setting allows the UGV to get the control signal soon enough so that it 

can correctly make a turn when it is near point B. As a result, the values of the UGV speed in 

the gain table when  is 0UGVκ = newK v τε= = . As we set the upperbound of the speed equal 

to 1 m/s to reflect physical limitation, the graph of the speed gain is clipped at vτ ε= 0.12 1=  

sec as shown by point D in Fig. 10 and Fig. 12. 

We also generate the gain table when we fix either the value of UGVκ  or the value of 1ˆ ikτ +  

to compare the performance of using 2-D and 1-D gain table. Our 1-D gain table can be 

represented by either  or 1ˆ( ik
newK τ + ) ( )new UGVK κ  as shown in Fig. 12. Later on in this section, 

we will compare the performance of remote UGV path tracking while using 2-D gain table 

and 1-D gain table to see the characteristics of GSM according to each independent variable 

in gain table. 
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Fig. 12. 1-D gain table for GS module,  on the left and  on the right. 1ˆ( ik
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The left figure of Fig. 12 shows the values of the speed gain  in three gain 1ˆ( ik
newK τ +
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tables generated by using different fixed values of UGVκ . We select three values of UGVκ  so 

that it will cover different range of tracking path curvatures. The minimum value of  UGVκ  is 

0.0 since it is corresponding to a straight path. The maximum value of  is 11.5607 = 1/ 

0.0865 since the distance between the wheel and the UGV’s center of turn is 0.0865 m and 

the practical path should not have the radius of turn smaller than that. The other value of 

=1.8573 is selected from the average path curvature value of the tracking path used in 

this chapter. As we can expect, the highest values of Knew is corresponding to the lowest 

value of  at 0.0. The lowest values of Knew is corresponding to the highest value of 

UGVκ

UGVκ

UGVκ UGVκ  

at 11.5607.   

For the right figure of Fig. 12, we show the speed gain ( )new UGVK κ  in the gain table 

generated by using fixed value of 1ˆ ikτ + . We select three values of 1ˆ ikτ + , the minimum, the 

mean, and the maximum, to cover different range of the RTT in iSpace at NCSU whose 

histogram is shown in Fig. 9. The minimum value of RTT is 210.0 msec, the mean value of 

RTT is.236.9 msec, and the maximum value of RTT is 281.0 msec. We observe that the 

smallest RTT is corresponding to the largest gain. Vice versa, the largest RTT is 

corresponding to the smallest gain. 

C. Simulation results and discussion 

In this section, we present the simulation result of the remote UGV path-tracking for 

several different setups. We can separate the results into three set so that they can be easily 

compared. The setups of all cases are shown in Table 4. By considering these simulation 

results, we can gain a better understanding on how GS operates and how the gain table 
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should be prepared for using with GSM.  

For each case, we use the same tracking path as shown in Fig. 13. The tracking path can 

be separated into 5 different segments according to different path curvatures. For 

comparison, the performance between different segments of the path can be distinguished by 

dashed lines as shown in the simulation results. 

Table 4. Setups of the remote UGV path-tracking to be simulated. 
Set A Set B Set C 

No delay, No GSM With delay & GSM, 1-D gain 
table at UGVκ =0.0 

With delay & GSM, 1-D gain 
table at 1ˆ ikτ + =210.0 msec 

With delay, No GSM With delay & GSM, 1-D gain 
table at UGVκ = 1.8573 

With delay & GSM, 1-D gain 
table at 1ˆ ikτ + =236.9 msec 

With delay & GSM With delay & GSM, 1-D gain 
table at UGVκ = 11.5607 

With delay & GSM, 1-D gain 
table at 1ˆ ikτ + = 281.0 msec 
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Fig. 13. Tracking path used in the simulation. 

 
The path tracking performance is indicated by the UGV accumulated tracking error and 

the tracking speed. The quantitative value of the accumulated tracking error can be calculated 

by J1 as shown in Eqn. (7 where ( )D ⋅  is the shortest distance between the robot position 

( )( ), ( )x t y t  and the tracking path as depicted in Fig. 14. The tracking speed is calculated by J2 
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in Eqn. (8). The overall cost for evaluation J can be calculated by weighting between two 

cost functions as shown in Eqn. (9). 
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(7) 

02 ft tJ −=  (8) 

1 1 2 2J w J w J= +  (9) 

where t0 is the starting time, tf is the time when the UGV reaches the destination. w1 = 8.8652 

and w2 = 0.0272 as we normalized the costs so that J1 and J2 have an equal weight to 

constitute the cost J, when the mobile robot tracking the path without network delay, to be 

equal to 1.  
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Fig. 14. The mobile robot while tracking the predefined path. 
 

The simulation result for each set is illustrated as follows: 

(1) Simulation result for set A 

From the result in Fig. 15, the first column illustrates the UGV trajectory while tracking 

the path. The second column shows the path-tracking error. The third column shows the 

 

119



 

120

accumulated path-tracking error and the forth column shows the speed of the UGV. On the 

first row, the result shows the case when there is no delay (i.e. the delay from image 

acquisition and image processing is omitted) and no GSM is used. The UGV driven by QC 

can closely track the path. QC also adjusts the speed of the UGV according to the path 

curvature. The UGV is slowed down while tracking the high curvature path (e.g. path 

segment #4) and uses higher speed while tracking a straight path (path segment #1 & #5). On 

the second row, the result shows the case when there is delay time but no GSM. The UGV 

path-tracking is degraded by time delay which makes the tracking error larger and the 

tracking period longer. As the UGV oscillates around the path, the UGV speed changes up 

and down significantly. This is because QC algorithm implies that the path curvature keeps 

changing as the quadratic curve between the UGV and the reference point on the path has a 

changing coefficient. On the third row, the result shows the case when there is delay time and 

GSM is applied. Obviously, the result shows a substantially less path-tracking error than not 

using GSM. In this particular case, the speed of the UGV is quite similar to the no delay case. 

It shows that FP can alleviate the delay problem and the help from GS is not required. This 

may happen because RTT is relatively small and GS schedules the UGV speed gain to the 

values higher than the speed gain from QC algorithm. Therefore, the speed from QC 

algorithm (which is lower) is used to drive the UGV because GS will not schedule the speed 

gain to a higher value than the original speed gain as it might be over the physical limit of the 

UGV.  

For a quantitative comparison, the path-tracking costs are calculated as shown in Table 

5. The calculated costs is consistent with the tracking result in Fig. 15 as the overall cost J 



largely increases when there is delay in the system. After GSM is introduced into the system, 

the cost J is then decreased significantly toward the level of the case when there is no delay. 

Table 5. Path tracking cost for the simulation result set A. 
Set A J1 J2 J 
No delay, No GSM 0.0564 18.3654 1.00 
With delay, No GSM 0.6022 28.7812 6.12 
With delay & GSM 0.0746 21.1533 1.24 

 
For comparison, the case that the RTT is larger is shown in Fig. 16 and quantitatively 

shown in Table 6 as a constant delay is added to the iSpace delay by 0.35 sec. The result 

shows that GS schedules the gain by generally making the speed slower according to path 

curvature so that the UGV path-tracking can still keep small path-tracking error. It also 

shows how GS module adjusts the UGV speed according to the delay time so that we do not 

need to worry if the characteristics of the network delay is changed. 

Table 6. Path tracking cost for the simulation result set A with additional network delay. 
Set A J1 J2 J 
No delay, No GSM 0.0564 18.3654 1.00 
With delay, No GSM 10.4125 141.7000 96.16 
With delay & GSM 0.2038 46.6640 3.08 

 

(2) Simulation result for set B 

As we use 1-D gain table  for the simulation set B, we expect to see a 

compromised path-tracking performance compared with the result from 2-D gain table 

because the speed gain will not be scheduled by changing the UGV trajectory curvature. 

Because the speed gain is changed only according to the RTT and the random RTT has a 

relatively small variance compared with the change of path curvature, the change of the UGV 

speed while tracking the path is expected to be small. However, the result of set B in Fig. 17 

1ˆ( ik
newK τ + )
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shows different profiles of UGV speed. First, consider the third case where the gain table is 

generated for the highest curvature in the tracking path at UGVκ =11.5607. We can observe 

steady speed profile on the forth column as we expected. As the gain table is tuned for a 

smaller value of , the speed profile should be steady but higher in magnitude. However, 

the speed seems to change according to the curvature as shown in the first and second case. 

This happens because the UGV will use the smaller speed gain between the speed gain from 

GS and the original speed from QC. Therefore, if the looked up speed gain from GS is too 

large, the original speed will be used.  

UGVκ

Considering the quantitatively calculated cost in Table 7, the cost J in the second and 

third case is greater than the GSM with 2-D gain table in Table 5. However, when the 1-D 

gain table with fixed =0.0 is used, the cost is slightly lower than using 2-D gain. This 

reflects one nature of GS module, that GS uses the gain optimizing the cost for only one 

small step at a time. GS does not optimize for the whole path-tracking since GS does not 

have the knowledge of the whole path beforehand. Therefore, the path-tracking cost while 

using 2-D gain table may be small but may not reflect the minimum cost. 

UGVκ

Table 7. Path tracking cost for the simulation result set B. 
Set B J1 J2 J 
With delay & GSM, 1-D gain 
table at =0.0 UGVκ

0.0772 20.1441 1.23 

With delay & GSM, 1-D gain 
table at = 1.8573 UGVκ

0.0687 22.0942 1.21 

With delay & GSM, 1-D gain 
table at = 11.5607 UGVκ

0.3760 94.2455 5.90 
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(3) Simulation result for set C 

Simulation set C use 1-D gain table ( )new UGVK κ  with different fixed values of 1ˆ ikτ + . We 

expect to see a compromised path-tracking performance compared with the result from 2-D 

gain table because the speed gain will not be scheduled by the changing RTT. Fig. 18 shows 

the result that conforms to our expectation as the tracking error for all three cases are 

generally larger than using the 2-D gain table. This can also be observed by the calculated 

cost in Table 8 as the cost J for all cases are larger than 2-D GS. For the first case, when 

using fixed RTT at the smallest value at 210.0 msec, the UGV uses faster speed compared 

with the others and the UGV reaches the destination in a shortest time. The last case with 

fixed RTT at the largest value at 281.0 msec, the UGV uses slowest speed and has the 

smallest tracking error. For all three cases, the costs J only have a small difference from each 

other. Since the cost for all three cases are only slightly different from 2-D gain table, we 

may consider using 1-D gain table with fixed RTT instead of 2-D gain table for easier 

implementation given that the characteristics of the random RTT is known and the variance 

of the RTT is small. 

Table 8. Path tracking cost for the simulation result set C. 
Set C J1 J2 J 
With delay & GSM, 1-D gain 
table at 1ˆ ikτ + = 210.0 msec 

0.0933 21.1110 1.40 

With delay & GSM, 1-D gain 
table at 1ˆ ikτ + = 236.9 msec 

0.0940 22.1754 1.44 

With delay & GSM, 1-D gain 
table at 1ˆ ikτ + = 281.0 msec 

0.0804 23.9761 1.36 
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VI. CONCLUSION 

In this chapter, we introduce a new concept of application called Intelligent Space or 

iSpace as it can provide intelligent services to human beings. A preliminary project, iSpace at 

NCSU, is used as a platform to study the problem of time-delay in iSpace. The delay problem 

is demonstrated through a simulation of remote Unmanned Ground Vehicle (UGV) path-

tracking in iSpace. The problem is alleviated by a technique called Gain Scheduler 

Middleware (GSM) that can apply to a nonlinear system like a UGV or mobile robot. Three 

set of simulation results are demonstrated to compare seven implementations of gain tables in 

GSM such as two dimensional and one dimensional gain table to show the advantage, 

limitation, and practical consideration of gain scheduler module within GSM. The result 

shows that two dimension gain table is more adaptive to the changing system parameters 

such as path curvature and delay magnitude. In the case that characteristics of system 

parameter is known and the parameter has only a small variation, we can consider using one 

dimensional gain table due to its simplicity of implementation. 
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Fig. 15. Remote UGV path-tracking simulation result for set A when there is no delay, when there is delay but without GSM, and 
when there is delay and GSM. 
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Fig. 16. Remote UGV path-tracking simulation result for set A with 0.35 sec additional delay. 
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Fig. 17. Remote UGV path-tracking simulation result for set B when using GSM with 1-D generated gain table having UGVκ  fixed at 
0.0, 1.8573, and 11.5607 respectively. 
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Fig. 18. Remote UGV path-tracking simulation result for set C when using GSM with 1-D generated gain table having 1ˆ ikτ +  fixed at 
210.0 msec, 236.9 msec, and 281.0 msec respectively. 
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CHAPTER VI                                                              

CONCLUSION 

 
The research presented in this dissertation proposes the methods for time delay problem 

alleviation in remote mobile robot path-tracking system in which the path-tracking controller 

communicates with the mobile robot through a communication network. The effect of delay 

time in the system can range from system performance degradation to system instability. The 

uniqueness of the proposed methods is their non-requirement of the controller redesign and 

their applicability to a range of different mobile robot characteristics and operating 

environments. 

In chapter III, we propose an analytical sensitivity analysis of the Network-based control 

mobile robot path-tracking system according to operating environment. The analytical results 

are obtained from a mathematical formulation of a path-tracking scenario. The sensitivity 

data can be used to determine how the path-tracking cost is sensitive to each system 

parameter and which parameter must be carefully looked at. The sensitivity data also 

provides us a guideline on how to choose an operation condition for a networked control 

system (NCS) problem given a magnitude of the change of a system parameter. In chapter 

IV, we introduce an intermediate parameter, UGV response time, used to relate the 

demonstrated remote mobile robot path-tracking performance to other UGVs in general. 

Chapter IV also investigates the effects of using a Feedback Preprocessor (FP) based on the 

concept of the Smith predictor in NBC path tracking problem. FP estimates the UGV state in 
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the future to be used by the path-tracking controller in order to compensate the effect of time 

delay induced by the network. FP augments an existing controller, designed to operate in 

delay-free condition, to externally compensate the time delay effect for Network-Based 

Control applications without redesigning the controller. The approach and results from 

chapter IV can be used to estimate the performance of any similar UGV operating in a NBC 

environment via UGV response time.  In chapter V, the delay problem is alleviated by a 

technique called Gain Scheduler Middleware (GSM) that can apply to a nonlinear system 

like a UGV or mobile robot. Several set of simulation results are demonstrated to compare 

several implementations of gain tables in GSM such as two dimensional and one dimensional 

gain table to show the advantage, limitation, and practical considerations of gain scheduler 

module within GSM. The result shows that two dimensional gain table is more adaptive to 

the changing system parameters such as path curvature and delay magnitude. In the case that 

characteristics of system parameter is known such as the random distribution of the network 

delay, we can consider using one dimensional gain table for the simplicity of 

implementation. 

As the path-tracking controller should be finely tuned before operating either in no delay 

and Network-based control case, we also propose a path-tracking parameter tuning method 

for geometrical path-tracking algorithm in chapter II. We can use this method to find a 

qualified set of parameters so that the robot can track the path with the path deviation error 

less than a certain bound. The detail of quadratic curve path-tracking algorithm used to 

control the mobile robot is demonstrated in appendix B for reference. We also demonstrate 

the mathematical model of the mobile robot used in implementing the simulation program 
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and GSM in appendix B and C respectively so that the result can be reduplicated. 

For future research, we can consider enhancing the Gain Scheduler Middleware module 

by using the whole tracking trajectory for gain tuning to optimize the overall path-tracking 

cost instead of optimizing the cost for one step at a time. This research direction may 

improve the NBC path-tracking performance as the controller gain can be scheduled based 

on the costs of several path-tracking steps ahead instead of the costs from only one step 

ahead. Moreover, we can consider using sensitivity data in gain table generation so that the 

effect of noise in remote mobile robot path-tracking is carefully taken into account. 
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APPENDICES 



APPENDIX A                                                              

MODEL OF UNMANNED GROUND VEHICLE (UGV) 

 
The UGV is composed of a chassis, two driving wheels, a free running support wheel, 

two motors, and two proportional-integral (PI) speed controllers.  The reference UGV speed 

and reference turn rate (how fast the UGV turns) from the path tracking controller will be 

used to calculate reference wheel speeds for PI speed controllers. Based on reference wheel 

speeds, PI speed controllers will provide electricity to drive the motors which generate 

torques to drive the wheels of the UGV. The simulator in this paper uses the UGV dynamics 

model to describe the behavior of UGV according to the driving torques. The UGV dynamics 

is described by the mathematical model of the non-holonomic two driving wheeled mobile 

robot (illustrated in Fig. 1) from [1].   

As shown in Fig. 1, the center of gravity (CG) of the UGV does not need to be the same 

point as the center of turn (CT). The wheels with radius r and the chassis have their own 

mass and moment of inertia. 

φ

 
Fig. 1. Unmanned Ground Vehicle (UGV). 

 

134



 
Combining the UGV dynamics model, the dc motor model, and the PI controller gives 

the UGV model that describes the behaviour of the UGV according to the reference speed 

and turn rate. The state of the UGV composed of the state of UGV kinetics, DC motors, and 

PI controllers is described by  x r l

T
r r a a rl l lx y i i zθ θ θ θ z⎡ ⎤

⎢ ⎥⎣ ⎦
=  where ( , )x y  is the UGV 

coordinate, θ and θ  are the angular displacement and angular velocity of the wheel,  is the 

state of the motor electrical dynamics,  is the state of the integrator in PI speed controller. r 

and l denote the right and the left wheel, respectively. 

ai

z

The model of UGV can be separated into components as shown by the block diagram in 

Fig. 2. The input of the model is 
T

ref refv ω⎡ ⎤= ⎣ ⎦u  while the output of the model is 

[ ]Tx y φ=y  where  is the reference speed of the UGV (in m/s), refv refω  is the reference 

turn rate (in rad/s), (x, y) is the position coordinate of the robot, and φ  is the heading angle of 

the robot. 

Transformation 
of control signal

PI controller

PI controller

DC motor

DC motor

Dynamics of 
the UGV to 
determine 

actual wheel 
speeds

Kinematics of 
the UGV

refv

refω

,r refθ

,l refθ

re

le

rV

lV

,mrT

,mlT

rθ

lθ

x

y

φ

 

Fig. 2. Block diagram of the Unmanned Ground Vehicle (UGV). 
 

From Fig. 2,  and refv refω  is transformed to the reference speeds for the right and the left 
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wheel of the UGV ( ,r refθ  and ,l refθ ). Then, subtracted by the actual speed of the wheels ( rθ  

and lθ ), the error signals are fed to the PI controller to generate the driving voltages (Vr and 

Vl) for the DC motors. After that, the DC motors provide the driving torques (Tdrive,r and 

Tdrive,l) to the wheels of the UGV which make the UGV run with the actual wheel speeds. 

Finally, the position of the UGV can be calculated from the actual wheel speeds by using 

UGV kinematics. 

Each component in Fig. 2 can be described as follows: 

(1) Transformation of control signal 

Based on the  and refv refω , the reference speed for each wheel of the UGV ,r refθ  and 

,l refθ  needed to be determined in order to control the wheel speed to meet the required 

reference speed and reference turn rate. To do that, we need to know the dimension of the 

UGV such as the wheel radius, r, and the distance between the wheels, which equals to 2b1 as 

shown in Fig. 1. The calculation of  ,r refθ  and ,l refθ  is illustrated in Eqn. (1) 

1

,

,

1 1

2 2

2 2

refr ref

refl ref

r r
v

r r
b b

θ
ωθ

−
⎡ ⎤
⎢ ⎥⎡ ⎤ ⎡ ⎤
⎢ ⎥=⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦ −⎢ ⎥⎣ ⎦

 (1) 

(2) PI controller 

PI controller generates the driving voltage, Vr and Vl, from the error between the 

reference speed and the actual speed, er and el. The calculation of the driving voltage for the 

right wheel of the UGV (which is the same as the left wheel) is illustrated in Eqn. (2)-(4) 

where zr is the state of the integrator used in the PI controller, Kp and Ki is the proportional 
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and integral gain respectively. 
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r,r r refe θ θ= −  (2) 

r rz e=  (3) 

( ) ( ) ( )
0

t

r P r I rV t K e t K e dξ ξ= + ∫  

( ) ( )r P rV t K e t K z= + I r  
(4) 

(3) Motor with gear train 

The motor coupled with a gear train can provide a larger driving torque albeit at the cost 

of the speed. An important parameter describing how the motor speed is decreased by the 

gear train is gear ratio Na as shown in Eqn. (5) where mθ  is the speed of the motor shaft, and 

θ  is the speed of the gear shaft connected to the wheel. Na also relates the load torque of the 

motor TL  with the load torque that drives the wheel of the UGV Tdrive  as shown in Eqn. (6). 

Note that the notations illustrated in this section are for the right wheel of the UGV which 

can also be used to describe the left wheel. 

,m r a rNθ θ= ×  (5) 

, ,drive r a L rT N T= ×  (6) 

The DC motor model with gear train can be simplified and described by Eqn. (7)-(8).  

The electrical dynamics of the motor is illustrated in Eqn. (7) where Lmotor and Rmotor are 

electrical inductance and electrical resistance respectively, Ke is the generator constant,  is 

the armature current. The mechanical dynamics of the motor is illustrated in Eqn. (8) where 

Jmotor is the moment of inertia of the rotor and Bmotor is the damper constant. The relationship 

rai



between electrical dynamics and mechanical dynamics is described in Eqn. (9) where Kt is 

the torque constant. 

,
r

rmotor motor r e m r
a

a
di

L R i V K
dt

θ+ = −  (7) 

, , ,motor m r motor m r L r m rJ B Tθ θ+ + = ,T  (8) 

, rm r t aT K i=  (9) 

Note that the effect of gear train such as the moment of inertia of the gear and damper 

can be embedded in the aforementioned motor parameters. The detailed model of the motor 

with gear train can be found in [2]. 

(4) UGV dynamics for determining the actual wheel speeds 

The actual wheel speed of the UGV exerted by the motor driving torque is governed by 

the UGV dynamics. The calculation of the wheel speeds needs to consider the dimension of 

the UGV, the mass and moment of inertia of UGV’s chassis, wheels, and motor rotors. This 

part of the UGV dynamics is determined by the Lagrange’s equation of motion as illustrated 

in detail in [3]. For convenience, we repeat the result derived in [3] here as shown in Eqn. 

(10)-(13). 

,

,

drive rT T Tr r

drive ll l

T
S MS S MS S E

T
θ θ
θ θ
⎡ ⎤ ⎡ ⎤ ⎡ ⎤

+ + =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦⎣ ⎦ ⎣ ⎦

 (10) 

1 1

1 1

cos cos
sin sin
1 0
0 1

cb cb
cb cb

S

φ φ
φ φ

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

; 12c r b=  (11) 
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2

sin
cos

w

cb2 2

2 2
2

2 2
2 2

2 2

0 sin
0 cos

sin cos
sin cos

c c

c c

c c c w c

c c c c

m m cb m
m m cb m cb

M
m cb m cb I I I

m cb m cb I I I

φ φ
φ φ

φ φ
φ φ

−⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥− +
⎢ ⎥− −⎢ ⎥⎣ ⎦

−
+

 (12) 

2
2

2
2

cos
sin

0
0

c

c

m b
m b

E

φ φ
φ φ

⎡ ⎤−
⎢ ⎥−⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (13) 

where  

mc is the mass of the UGV chassis without the driving wheels and the rotors of the DC 

motors; 

mw is the mass of each driving wheel plus the rotor of its motor; 

Ic is the moment of inertia of the chassis without the driving wheels and the rotors of the 

motors about a vertical axis through the center of turn; 

Iw is the moment of inertia of each wheel about the wheel axis; 

Im is the moment of inertia of each wheel and the motor rotor about the wheel diameter. 

We can use Eqn. (10) as a model to simulate the wheel speed of a UGV given UGV 

parameters and driving torques at both driving wheels.  

(5) UGV kinematics 

We can calculate the position of the UGV (x,y) and the heading angle φ  from the actual 

speed of the UGV by using geometry as shown in Eqn. (14) and (15). Integrating both side of 

Eqn. (15) and assuming that all the initial values are zero, we can find the φ  from the 

displacement of the right and left wheel as shown in Eqn. (16). 



cos cos
sin sin

r

l

x r r
y r r

φ φ θ
φ φ θ

⎡ ⎤⎡ ⎤ ⎡ ⎤
= ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 (14) 

( )
1

2
r l

r
b

φ θ θ= −  (15) 

( )
1

2
r l

r
b

φ θ θ= −  (16) 

Therefore, we can find the output of the overall UGV model by Eqn. (17). 

[ ]Ty x y φ= = Cx

1 1

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

2 20 0 0 0 0 0 0 0
r lr l r l a a r l

T
x y i i z

r r
b b

θ θ θ θ

⎡ ⎤
⎢ ⎥
⎢ ⎥ z⎡ ⎤= ⎣ ⎦⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
(17) 
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APPENDIX B                                                              

QUADRATIC CURVE PATH-TRACKING CONTROLLER 

 
The path tracking controller ( ( )⋅g ) generates the reference speed and reference turn rate, 

, for the UGV to track the path. Among the published path tracking 

algorithms, pure pursuit [1] is a well-known and a very efficient algorithm. Based on a 

simple geometric consideration, pure pursuit tracks the path by repeatedly fitting a circular 

arc trajectory for the vehicle from its current position to a reference point on the path. As the 

vehicle moves forward, the reference point also moves forward along the path. This 

algorithm will generate the reference speed for both wheels of the vehicle to track the fitted 

arcs and will eventually drive the vehicle to track the path. However, the pure pursuit method 

does not specify “how” to choose the reference point on the path. Therefore, we use an 

alternative algorithm called quadratic curve algorithm [2]. This algorithm is slightly 

modified from the pure pursuit algorithm, in which it also provides a means to choose an 

appropriate reference point r such that the UGV can effectively track a predefined path. The 

conceptual diagram of the quadratic curve algorithm is depicted in Fig. 1. 

,
T

ref refv ω⎡
⎢⎣ ⎦

=u ⎤
⎥
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Fig. 1. Conceptual diagram for quadratic curve algorithm. 

 
The UGV position is represented by a set of coordinate and a heading angle, 

[ ]Tx yφ=y . As shown in Fig. 1, the algorithm will drive the UGV position to track a 

parabolic curve. The curve is repeatedly drawn from the position of the UGV to the tracking 

path. The algorithm will drive the vehicle along the curve and eventually track the desired 

path [2]. The algorithm can be described in steps as follows: 

(1) Find reference point 

The path tracking controller is embedded with a navigation module for providing an 

updated reference point  for the UGV to follow. The path description is 

assumed known to the navigation module and is described by 

[ T
ref refx y=r ]

( )dP       [ ( ) ( )] ( )Tp p px d y d d= = x  (1) 

where xp(d) and yp(d) are the mathematical functions parameterized by d to describe the path.  

For example, a 90 degree turn path can be described by  

( )px d        0; 0.5
0.5; 0.5 1.5

d
d d
⎧⎪
⎨
⎪⎩

≤=
− < ≤ (2) 
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( )py d        ; 0.5
0.5; 0.5 1.5

d d
d

⎧⎪
⎨
⎪⎩

≤=
< ≤ (3) 

Given , the navigation module acquires a new reference point for the UGV by 

looking for a point on the path that keeps a certain distance  away from the UGV.  can 

be determined from the quadratic curve algorithm,  

( )p dx

0d 0d

max0 (1 )d d Aβ= +  (4) 

where  is the maximum look ahead distance, maxd β  is a constant, and A is the quadratic 

curve coefficient from the previous calculation of control signal described in Eqn. (7). The 

appropriate values of  and maxd β  was discussed in chapter II.  

The new reference point is acquired by solving the following equation: 

2 2
0( ( )) ( ( ))p px x d y y d d− + − = . (5) 

where d is the variable to be found and the reference point is 

[ ]Tref refx y=r [ ( ) ( )]Tp px d y d= . 

Because the reference point should only move forward along the path to guide the UGV 

to the destination, we enforce a constraint that our reference point will not move backward 

along the path. Therefore, in the case that the UGV wanders away from the path or move 

backward, we will use the previous acquired reference point. Moreover, in addition to the 

original algorithm, we enforce a constraint to limit the minimum value of d0 so that d0 is 

always greater than dmin where dmin is a constant discussed in chapter II. This can eliminate 

the situation that d0 is too small causing the UGV to highly oscillate around the path. 
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(2) Find error between the reference point and the UGV 

Define the UGV coordinate during [ ), ( 1)t kT k T∈ + , 1, 2,3,..i .=  as the coordinate that 

has the origin at the center of the UGV at time t kT=  and has the X axis point to the same 

direction of the UGV. For each point of time, the UGV has the error between the reference 

point and the current position on the UGV coordinate calculated by: 

T cos sin
sin cos

ref
x y

ref

x x
e e

y y
φ φ
φ φ

−⎡ ⎤⎡ ⎤
⎡ ⎤ = ⎢ ⎥⎢ ⎥⎣ ⎦ −−⎣ ⎦ ⎣ ⎦

. (6) 

(3) Find quadratic curve coefficient 

The error between the reference point and current UGV position will be used to find a 

quadratic curve line that links between current UGV position and reference point. From the 

parabola curve equation, we have 2
ye A ex= ×  where A is the parabolic curve coefficient. We 

can find A while considering the negative value of ex as follows: 

( ) 2sgn y
x

x

e
A e

e
= . (7) 

(4) Find control signal 

We need to find the control signal 
T

ref refv ω⎡ ⎤= ⎣ ⎦u  that will drive the UGV along the 

quadratic curve. We can find  by considering a small change of the distance the UGV 

travelled along the quadratic path on the UGV coordinate by: 

refv

 

( ) ( ) ( ) ( )2 2 2 2 24UGV UGV UGV UGV UGVds dx dy dx A x dx= + = +
2 . (8) 
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( )22 21 4ref UGV UGV

ds
v x A x

dt
= = + . (9) 

 
where ( ), ,UGV UGV UGVx y φ  represents the position of the UGV on the UGV coordinate. 

Note that Eqn. (9) always gives a positive value regardless of the position of the 

reference point. In order to consider the reference point behind the UGV, we assign the value 

of vref as 

2 2( ) (1 4 )ref x UGV UGVv sgn e x A x= + 2 . (10) 

Next, we need to find refω . We can find it by considering the definition of UGVφ  and the 

derivative of UGVφ  according to time t as follows: 

tan UGV
UGV

UGV

dy
dx

φ = . (11) 

( )1tan UGV UGVUGV
ref

d dy dxd d
dt dt dt
φ φ

ω
−

= = = . (12) 

( )
3 3

2 2 2

2 2
1 4

UGV UGV
ref

UGV UGV ref
2

Ax A
x A x v

ω = =
+

x
. (13) 

Eqn. (10) and (13) can be simplified by assuming that the control signal will be used 

only for a small period of time. Let UGVx  at [ ),( 1)t kT k T∈ +  be given by: 

( )UGVx K t kT= × − . (14) 

where ( )sgn
1xK e

A
α

=
+

, α  is a constant representing the maximum reference speed. 

 

145



Substituted UGVx  in Eqn. (10) and (13) and assumed that UGVx  is small as ( )  is 

small, the control signal driving the UGV along the quadratic curve can be estimated as: 

t kT−

refv K≅ , (15) 

2ref AKω ≅ . (16) 

Note that the UGV’s PI controller will control the speed of the UGV so that the UGV’s 

speed and turn rate will be close to  and refv refω   as much as possible. It can be illustrated by 

geometry that the UGV’s circular trajectory has the radius equal to UGVR  where 

UGV ref refR v ω= =1 UGVκ , and  is defined as the curvature of the UGV trajectory. UGVκ
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APPENDIX C                                                              

GSM FOR REMOTE UGV PATH TRACKING 

 
Gain Scheduler Middleware (GSM) is a gain scheduling method for alleviating the delay 

time effect on a NBC system. GSM externally adjusts the controller gain according to the 

operating condition and also preprocesses the feedback data from the plant before the 

controller uses them to calculate control signal. As shown in Fig. 1, there are three modules 

within GSM: 

- Feedback preprocessor (FP) 

- Network traffic estimator (NTE) 

- Gain scheduler (GS) 

( )⋅g

( )⋅N

u
CRτ

RCτ

y

( )⋅ψ

τ̂

( )ξ ⋅

( , , )=x f x p u
=y Cx

T

z

( )β ⋅

 
Fig. 1. Gain Scheduler Middleware for unmanned ground vehicle path-tracking. 

 
In general, FP is employed to preprocess feedback data before it arrives at the controller 

to decrease the effect of communication network. Depended on the application, FP can be 

used to perform various related operations such as noise filtering and plant state estimation. 
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To preprocess data according to the communication network, NTE is useful for estimating 

the network condition that will be experienced by the next data packet. The estimated 

network condition can be useful for both the FP and GS module. After the controller acquires 

the preprocessed feedback data and generates control signal, GS module scales the control 

signal so that the effect is the same as adjusting the controller gain for performance 

optimization according to predefined costs. 

This section focuses on the implementation of these three modules specifically for the 

remote UGV path-tracking based on the symbols described in chapter IV as follows: 

A. Feedback Preprocessor (FP) 

Feedback preprocessor (FP) alleviate time delay effect on the remote UGV path-tracking 

system by estimating the UGV’s position when the UGV receives the control signal in the 

future. The estimated position of the UGV will be used for calculating control signal instead 

of the actual position in the past. When the UGV receives the control signal, the position of 

the UGV would be closer to the estimated position than the actual position in the past 

because of the UGV movement. Therefore, by using the estimated position provided by FP, 

the path tracking performance would be less affected by time delay. We can compare the 

situation between not using FP and using FP as shown in Eqn. (1) and Eqn. (2) respectively. 

Not using FP, ( ) { }( ) ( ) , , 1, 2,3,...i ik k
it t t k T iτ τ+ = − ∈ + =u g y  (1) 

Using FP, ( ) { }ˆ( ) ( ) , , 1, 2,3,...ik
it t t k T iτ+ = ∈ + =u g y  (2) 

Eqn. (1) shows that the control signal the UGV gets at time ik
ik T τ+  is calculated based 

on the position of the UGV in the past at time . Distinct from Eqn. (1), Eqn. (2) shows ik T
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that the control signal is calculated based on the position the UGV is estimated to be at time 

t. 

FP can be described by a function as shown in Eqn. (3). Note that FP requires the 

position of the UGV in the past ( )ikt τ−y , the control signal in the past ( )ikt τ−u , and the 

estimated RTT ˆ ikτ . 

( )ˆ ˆ( ) ( ), ( ),i ik kt t t ikτ τ τ= − −y ψ y u  (3) 

As described in detail in chapter IV, FP can be implemented by using Eqn. (4). 

ˆ( )tφ  ˆ( ) ( )i ik k
reft t ikφ τ ω τ τ= − + − ×  

ˆ( )x t ( )( )( )
ˆ( ) sin ( ) ( ) sin (

( )

i

i i i i

i

k
refk k k k

k
ref

v t
x t t t t

t
τ

τ φ τ ω τ τ
ω τ

−
= − + − + − × − −

−
)ikφ τ  

ˆ ( )y t ( )( )( )
ˆ( ) cos ( ) cos ( ) ( )

( )

i

i i i

i

k
refk k k

k
ref

v t
y t t t t

t
τ

τ φ τ φ τ ω
ω τ

−
= − + − − − + − ×

−
i ik kτ τ  

(4) 

where ˆˆ ˆ ˆ( )
T

t x y φ⎡= ⎣y ⎤
⎦ ). Note that ( ik

refv t τ−  and ( ik
ref t )ω τ−  is used to estimate the 

speed and turn rate of the UGV at time ikt τ− . In the case that the information of the actual 

speed and turn rate of the UGV is available and the UGV has a slow response to the 

reference speed and turn rate, we should replace  ( ik
refv t )τ−  and ( ik

ref t )ω τ−  by using the 

actual speed and turn rate instead. 

B. Network traffic estimator (NTE) 

For the application of GSM in remote UGV path-tracking, Network traffic estimator is a 

module used to predict the round-trip-time (RTT) delay for the next data communication 

loop. NTE has an important effect on the performance of GSM in remote UGV path tracking 

because it provides an estimated RTT that will be used in Feedback preprocessor to predict 
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the position of the UGV in the future and will be used in Gain scheduler to adjust the gain of 

the controller to match current communication network condition. 

NTE uses the history of the RTT in order to perform the estimation. The history of RTT 

can be collected from the difference in the time at which the path-tracking controller received 

consecutive sampled data from the UGV. NTE can be described as a function shown in Eqn. 

(5). 

( )1 2ˆ , ,..., i Ni i i Nkk k kτ τ τ τ −− −= ξ TE  (5) 

NTE for remote UGV path-tracking estimates RTT by statistics such as mean and 

median of the RTT history. The implementation of FP can be described as 

ˆ max( , )ikτ η μ=  (6) 

where μ  and η  is the mean and median of the delay history respectively. We consider the 

mean value here, because, statistically, it is a good estimation of a random value as it reflects 

the least expected difference between the estimated value and the actual value. The median 

value is also considered here because, in some case when the distribution of the random 

delay is not normal but has a long tail either on the left or on the right, the median value can 

represents the majority of the random data better than the mean value. Then, we select the 

maximum value between the mean and median because we consider the worst case if we use 

the estimated delay in Gain scheduler module. The larger estimated delay would make GS 

lookup for the gain that is corresponding to slower UGV and has a larger safety margin for 

path-tracking error. 

We calculate mean and median values of the RTT based on a number of the latest delay 
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E

data. We may keep this latest delay data in a FIFO queue, whose size denoted by NNTE, by 

inserting new data in and fetching oldest data out. Therefore, the data remained in the queue 

is . Then, 1 2, ,..., i Ni i NTkk kτ τ τ −− − μ  and η  can be calculated from the data in the queue as shown 

in Eqn. (7)-(8).   

1

NTE
j

i N
k

NTE
j i

Nμ τ
−

= −

= ∑  (7) 

NTE

1

NTE

1; if N is an odd number
2

; if N is an even number
2 2

i NTE

i i
NTE

Ni

Ni

τ
η

τ τ +

+⎧ =⎪⎪= ⎨
+⎪ =

⎪⎩

 (8) 

where  { }1 2, ,..., NTENτ τ τ    is the ascending sorted sequence of  the data in the queue. 

C. Gain scheduler  

Gain scheduler for remote UGV path tracking provides a gain adjusted control signal 

that optimizes path-tracking cost based on current communication network and path tracking 

conditions. GS probes the communication network condition by using estimated RTT from 

FP. With limited information fed to GS, it probes the path tracking condition by using the 

control signal from the controller. The application of GS can be described by Eqn. (9)  

( )( ) ( )1ˆ ˆ ˆ( ) ( ) , ( )ikt t tyβ τ ++ = ×u g y g { }, , 1, 2,3,...ik
it k T iτ∈ + =  (9) 

where  is the control signal calculated by the path-tracking controller. 

= 

( ˆ ( ik
ik T τ+g y ))

)= + +⎣( )ˆ ( )ik
ik T τ+g y ( ) (i i

Tk k
ref i ref iv k T k Tτ ω τ⎡ ⎤⎦ [ ]TUGVK K R  where  K is the speed 

gain of the UGV, and RUGV is the UGV’s radius of turn. After GS is applied, ( )ik
ik T τ+u  is 



equal to [ ]Tnew new UGVK K R  where Knew is the new speed gain. 

The objective of GS here is to find Knew that optimizes the path-tracking costs. There are 

two quantities here that we should be concerned about for the performance of the remote 

UGV path tracking, the path tracking error and the UGV tracking speed. Therefore, we need 

to define cost functions subjected to an optimization that would reflect the lowest path-

tracking error and the highest tracking speed. Since the control signal from GS module will 

be applied only for one period until the UGV receive the next control signal, we define two 

cost function, JA and JB, to be evaluated for each period between two consecutive times the 

UGV received the control signal from the controller as illustrated in Eqn. (10) and (11). 

2 2 2( 1) ( 1) ( 1) ( 1)AJ i x i y i iφ+ = Δ + + Δ + + Δ +  (10) 

where [ ] 1
1( 1) ( 1) ( 1) ( ) ( )i i

T k k
i ix i y i i k T k Tφ τ τ+
+Δ + Δ + Δ + = + − +y y . 

1

1

1

1

( ) (( 1)
( ) (

i i

i i

k k
i i

B k k
i i

s k T s k TJ i
k T k T

)
)

τ τ
τ τ

+

+

+

+

+ − +
+ = −

+ − +
. (11) 

From Eqn. (10), JA is defined by the second norm of the difference between two 

consecutive states of the UGV. The larger JA reflects the larger path tracking error as the 

UGV running for too far before receiving an updated control signal. From Eqn. (11), JB is 

defined by the negative value of the average UGV speed magnitude where  represents the 

distance the robot at the specified time travelled along its trajectory from the starting point.  

( )s ⋅

For a typical optimization problem, we need to minimize the overall cost aggregated 

from JA and JB, for example the overall cost can be defined by weighting between  JA and JB 

such as A A BJ w J w J= + B . However, this remote UGV path tracking problem is related to a 
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nonlinear system whose analytical solution of the optimization problem is difficult to find. 

Moreover, we need to find the solution in realtime in order to schedule the speed gain for 

each control signal sent to the UGV. Therefore, we use the optimization constraints that 

minimize only JB according to a predefined condition on JA as shown in Eqn. (12) and (13). 

( 1)AJ i ε+ ≤  (12) 

min ( 1)BJ i +  (13) 

The proposed optimization constraints limit JA within an ε  bound so that the UGV’s 

path-tracking error caused by excessive RTT is limited to a certain bound. The constraints 

also minimize JB so that the UGV will run as fast as possible which contributes to better 

performance. 

Now, we need to find Knew , which contributes to the values of JA and JB that are 

corresponding to the optimization constraints. Note that the values of JA(i+1) and JB(i+1) 

belong to the future time period which is not here yet. Therefore, we need to be able to 

calculate predicted values of these costs based on the value of Knew and select Knew that 

makes the optimization constraints valid. The predicted values of the cost can be calculated 

based on the estimated position of the UGV which can be computed by using the same 

function as FP. Predicted JA denoted by ˆ
AJ  can be calculated as shown in Eqn. (14)-(15) as 

we assume that T is small compare with ikτ , then . 1
ik

i ik T k Tτ ++ ≅

2 2 2ˆˆ ˆ ˆ( 1) ( 1) ( 1) ( 1)AJ i x i y i iφ+ = Δ + + Δ + + Δ +  (14) 

where 1
1

ˆˆ ˆ ˆ ˆ( 1) ( 1) ( 1) ( ) ( )i i
T k k

i ix i y i i k T k Tφ τ τ+
+

⎡ ⎤Δ + Δ + Δ + = + − +⎣ ⎦ y y . 
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1 )+
1 1

1 1ˆ ˆ ˆ( ) ( ) ( ) (i i ik k k
i i i ik T k T k T k Tτ τ τ+ +
+ ++ − + ≅ + −y y y y  

                                             ( )1
1 1 ˆ( ), ( ), ( )ik

i i ik T k T k Tτ +
+ + += −ψ y u y 1  

(15) 

ˆ
AJ  can be determined and be classified into two cases when  as in 

Eqn. (16) and when  as in Eqn. (17). 

( )0UGV UGVRκ ≠ ≠ ∞

)∞

∞

(0UGV UGVRκ = =

When , ( )0UGV UGVRκ ≠ ≠

( )( ){ } ( )1 1

2
21 2

1 12
1

( )ˆ ˆ ˆ( 1) 2 2 cos ( ) ( )
( )

i iref i k k
A ref i re

ref i

v k T
J i k T k T

k T
ω τ ω τ

ω
+ ++

+ +
+

+ = − × + ×f i  

( )( ){ } ( )1 1
22ˆ ˆ2 2 cos i ik k

new UGV UGV new UGVK Kκ τ κ κ τ+ += − ⋅ ⋅ + ⋅ ⋅ . 

(16) 

 
When , ( )0UGV UGVRκ = = ∞

1
1

ˆ ˆ( 1) ( ) ik
A ref iJ i v k T τ +

++ = ×  

1ˆ ik
newK τ += × . 

(17) 

For the predicted value of , denoted by , we can use the reference speed or Knew to 

predict the avarage speed of the UGV as 

BJ ˆ
BJ

ˆ
BJ  can be calculated by Eqn. (18) 

ˆ ( 1)BJ i + newK= −  (18) 

Now, we can calculate  ˆ
AJ  and  based on the value of Knew, , and ˆ

BJ UGVκ 1ˆ ikτ +  where 

1ˆ ˆik k 1iτ τ+ ≅ + . Therefore, for each pair of UGVκ , and ˆ ikτ , we can find one value of Knew that 

complies with the constraints in Eqn. (12) and (13). Knew can be written as a function as 

. The purpose of GS module is to find  that generates 1ˆ( , ik
new UGVK κ τ + ) )1ˆ( , ik

new UGVK κ τ + ˆ
AJ  and 
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)

ˆ
BJ  according to the constraints. Since we need to find Knew in real-time, it is appropriate to 

implement  by using lookup table in which we can do offline search for 

optimized values to fill.  

1ˆ( , ik
new UGVK κ τ +

To do offline search for Knew, we define a range of possible Knew and use bisection 

algorithm as shown in Fig. 2 to find a qualified Knew for each pair of , and UGVκ ˆ ikτ . The 

algorithm separates the possible range into two equal ranges and checks for the range that 

contains the qualified value of Knew. The eligible range is then subdivided into smaller and 

smaller ranges until the size of the range is very small and the difference of Knew and the 

boundary of the range is negligable. We can set the number of iterations we need, N, to be 

used in the algorithm. 

 

Fig. 2. Bisection algorithm for each operating condition in GS gain table generation. 
 

Note that we can use this algorithm because  is a decreasing function of Knew  and ˆ
BJ ˆ

AJ  

is a nondecreasing function of Knew. (We know that ˆ
AJ  is nondecreasing because the 

derivative of ˆ
AJ  according to Knew is always greater than or equal to zero.) This allow us to 
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decide if a range of Knew does not contain a qualified value by checking only the value of 

Knew at the boundary of the range.  
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