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Abstract - Tracking of moving objects, including humans has important role in mobile robotics. In this paper,  the hierarchical control structure for target/human tracking consisted of high and low level control was presented. The low level subsystem deals with the control of the linear and angular velocities using multivariable PD controller whose parameters are obtained by Particle swarm optimization. The position control of the mobile robot represents the high level control, where we use two fuzzy logic Mamdani controllers for distance and angle control. In order to test the effectiveness of the proposed control scheme a simulation was performed. Two cases, when the mobile robot pursues a target moving along a circular path and when the mobile robot pursues a target moving along a rectangle path, were simulated. 
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I. INTRODUCTION

Tracking a human being with a mobile robot has become essential with modern service robots, from which are expected to work with people and share workspace with them [1]. These robots must be able to detect the position of human in space and monitor it. This capability offers the possibility to use the robots in various applications such as service robotics where robots interact with human providing continuous assistance.

Tracking of moving objects, including humans is one of the most important tasks for autonomous mobile robots. It is defined as the ability of the robot to adjust its position and orientation in accordance with the movement of the moving object in order to reduce the tracking error [2]. In previous years, different control schemes for navigation and tracking with mobile robot were developed.
Methods of artificial intelligence can be applied to various problems encountered with the mobile robotics [3]. These methods are often used because of its simplicity, and because they are based on human reasoning and heuristic knowledge and do not require a mathematical model. Several controllers based on fuzzy logic [4] [5], neural networks [6][7] as well as genetic algorithms [3] [8] are developed.
In this paper the hierarchical control of the nonholonomic mobile robot is presented in Figure 1. Stereo vision module provides the input signal to the control system as the position of the human in xy plane. The distance and angle of target/human are inputs in the high level control where two fuzzy logic Mamdani controllers have been designed: distance controller and angle controller. The control system of the low level is used to make sure that the robot follows the input reference speed and it is consisted of a multivariable PD speed controller. 
The paper is organized as follows. In Section 2, the differential drive mobile robot kinematics and dynamics are presented. The fuzzy controller for position control is presented in Section 3. Low level control system is discussed in Section 4. The simulation results of the proposed control algorithm are presented in Section 5.
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Fig. 1. The control system with two-level controls 
II.Nonholonomic mobile robot dynamics and kinematics
Modeling of a differential drive mobile robot consists of kinematic modeling, dynamic modeling and actuator modeling [10]. Kinematic modeling does not consider the forces that affect the motion, but only geometric relationships that govern the system. Dynamic modeling includes affecting forces in the study of the motion. The relationship between the control signal and the input in mechanical system is described by actuator modeling.
The mobile robot shown in Figure 1 is a typical example of a nonholonomic mechanical system. This mobile robot consists of two wheels mounted on the same axis, with radius r, placed at a distance rc from the robot center I, and a free front wheel. The motion and the orientation of the robot are archived by two independent DC motors that provide the necessary torques to the wheels. 
The center of mass of the platform is assumed to be located at a distance d from the center of the driving wheels axis. The robot platform has a total mass m and a moment of inertia Ic around its center of mass.  The position of the robot in global inertial reference system (O,XG,YG), is determined by the vector
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 where xI, yI are the coordinates of the center of the driving wheels axis, and θis the heading angle of the robot. The reference frame fixed to the mobile robot is (I, XR, YR).
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Fig. 2. A differential drive nonholonomic mobile robot
The translation velocity v and angular velocity w of the robotic platform are defined as:
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We can represent these equations in matrix, where the velocities are in the inertial frame:
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The equation (3) represents the forward kinematic model of the differential drive mobile robot. Another alternative form for the kinematic model can be obtained by representing the velocities in terms of the linear and angular velocities of mobile robot.
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The motion of a differential-drive mobile robot is characterized by two nonholonomic constraint equations, i.e. the mobile base satisfies the conditions of pure wheel rolling and no lateral slipping [9].

No lateral slip motion means that the robot can move only in a curved motion (forward and backward) but not sideward [10].

The no lateral slipping constraint is given by:
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In the robot frame, this condition means that the velocity of the center-point I is zero along the lateral axis.

The pure rolling constraint is described by two equations
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This constraint represents the fact that the driving wheels do not slip.

This three constraint equations can be written in the following matrix form:

The energy-based Lagrangian approach can be used to derive the dynamic model of the mobile robot which is represented in the following general form [10]:
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where: M(q)is nxn symmetric positive definite inertia matrix, 
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 is the surface friction matrix, G(q) is the gravitational vector, τd is the vector of bounded unknown disturbances including unstructured unmodeled dynamics, B(q) is the input matrix, τ is the input vector, AT (q) is the matrix associated with the kinematic constraints, and λ is the Lagrange multipliers vector.
For the differential drive mobile robot, the generalized coordinates are selected as:
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The robot planar motion leads to the elimination of the gravity terms in the dynamic equation G(q)=0, also with the assumption of having negligible friction in the system we can have also
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Next, by expressing the generalized coordinates velocities using the forward kinematic model (4). Then we have
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This representation is a more proper for control and simulation purposes.

It can be verified that the transformation matrix S(q)has the following relation with the matrix constraint A(q) .
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The above equation is useful to eliminate the constraint term from the main dynamic equation.
The time derivative of equation (11) gives
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Substituting equations (10) and (12) in the equation (8) we obtain the reduced dynamic model:
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where
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III.Fuzzy Logic Controller
A fuzzy logic controller is a control strategy that uses a fuzzy inference system. It uses heuristic knowledge based on human experts to develop action for mobile robots to achieve different tasks (target tracking, obstacle avoidance) [4],[11]. Also, in real world application utilization of fuzzy logic controllers’ methodology is very helpful because it deals with uncertainties.

We define the distance and angle errors variables to mathematically formulate the control objective as follows:
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where xhuman and yhuman present the position of the human in robotic coordinate system obtained from stereo vision system. It is clear that to achieve the control objective, it is sufficient to make the tracking errors tend to be zero.
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Fig.3. Blok diagram of high level and low level control 
The fuzzy control rules are represented as a mapping from input linguistic variables ed and eφ to output linguistic variables v (linear velocity of mobile robot) and w (angular velocity):
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The membership functions of input and output linguistic variables are shown on Figure 4.
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Fig.4. Membership function of inputs and outputs

Table 1 shows the rules’ base of implemented fuzzy controllers. For distance controller we have 9 fuzzy rules and for angle controller 7 fuzzy rules.
TABLE I
Fuzzy rules
	FLCdistance
	FLCangle

	ed
	v
	eφ
	w

	NB
	NB
	NB
	PB

	NS
	NS
	NM
	PM

	VNS
	VNS
	NS
	PS

	ZE
	ZE
	ZE
	ZE

	VPS
	VPS
	PS
	NS

	PS
	PS
	PM
	NM

	PM
	PM
	PB
	NB

	PB
	PB
	-
	-

	VPB
	VPB
	-
	-


IV. LOW LEVEL CONTROL SYSTEM – SPEED REGULATOR
The low level control system consists of a multivariable PD controller for speed regulation. PD controller is responsible for converting the speed at output of the controller in torque for the input to the robot and it is described by the following equations:
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where ev(t)is the error of the linearvelocity, and eω(t)is the error of the angular velocity of mobile robot.
From the obtained simulation results shown on Figure 5, it can be seen that the proposed PD controller successfully tracks the given linear and angular velocity profiles. The values for PD controller parameters are obtenaed by Particle swarm optimization and they are: Kpv=218,Kdv=45, Kpw=181 and Kdw=28.
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Fig. 5.Step response of linear and angular velocity

V. SIMULATION RESULTS AND CONCLUSION 
In order to test the effectiveness of the proposed control scheme, we have simulated cases when the mobile robot pursues a target moving along a circular path and then a rectangle path. In this simulation, physical parameters and design parameters are m = 3.6 kg, I =0.1 kg.m2, d=0.05, r=0.05, rc = 0.2025. 

The target’s trajectory in first case can be described by the following equations:
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The initial positions of the mobile robot and target are given by (-0.5,0) and (4,0) respectively. The initial orientation of mobile robot is θ=0 rad. The desired values of the distance and angle from the robot to the target are set to be dd=0 m and φd=0.
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Fig. 6. The target’s circular trajectory and robot’s trajectory 
The target’s trajectory in the second case is rectangle. The initial positions of the mobile robot and target are given by (-0.5,1) and (0,0) respectively. The initial orientation of mobile robot is θ=0 rad. The desired values of the distance and angle from the robot to the target are set to be dd=0 m and φd=0.

The linear velocity of the target in both cases is set to be 1 m/s, what is an average speed of slow human walk.
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Fig.7. The target’s rectangle trajectory and robot’s trajectory 
In this paper, the hierarchical control structure for moving target/human tracking by a mobile robot was presented. The control system is consisted of high and low level control. 

The provided simulation results show that the propose control system successfully track the moving target.
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