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ABSTRACT 

We have designed, built, and tested a new wheel control system for the 
HERMIES-I11 robot. HERMIES-I11 is a large mobile robot with omnidirectional 
steering that is designed for human scale experiments. During each cycle at 20 Hz), 

position of the robot. The system has seven modes for moving to a goal and the 
god may be changed during motion of the robot. 

the wheel control system moves the robot toward a goal and calculates t 6 e current 
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1. INTRODUCTION 

A mobile robot’s mission can be described by a sequence of postures (a posture 
is a position with an orientation). At each posture, the robot is at rest and may 
perform a task. In moving from one posture to the next, the sensors on the robot 
may detect unexpected obstacles. If unexpected obstacles block its path, the mobile 
robot must find a new clear path to its next objective. This paper describes the 
wheel control system for a mobile robot that could encounter unexpected obstacles 
and be required to quickly replan its path. 

The motivation to consider this problem was provided by the need to plan 
paths for the third generation Hostile Environment Robotic Machine Intelligence 
Experiment Series (HERMIES-111) robot. HERMIES-111 is a large robot designed 
for human scale experiments* (see Fig. 1). The chassis (1.6m x 1.3m x 1.9m) 
has two steering wheels and four corner caster wheels. Currently, the robot is 
tethered and weighs 820 kg (when battery powered, the weight will be 1230 kg). 
The manipulation system consists of the CESAR manipulator CESARIn) a 7-DOF 

driveable drive train. The CESARm can reach 1.4m, has a load capacity of 
approximately 14 kg, and has an unloaded tip speed of 3.0 m/s. The kinematics 
and control of the robot are described in Jansen and Mress.’ 

compliant arm with all revolute joints, a spherical wrist, an d a low friction back 

Fig. 1. The omnidirectional NERMIES-111 robot. 

1 



2 INTRODUCTION 

The original wheel control system for HERMIES-I11 did not allow the drive 
wheels to be steered. An improved system that allows the wheels to be steered 
has been designed, constructed, and tested. To place the wheel control system 
within a context, we will discuss the structure of the motion system for the robot. 
The motion system has five components: mission planner, mission monitor, path 
planner, path monitor, and wheel control system (see Fig. 2). Each component 
consists of one or more asynchronous processes that operate at different rates. The 
highest level process is much slower (0.1 Hz> than the lowest level process (20 Hz). 

I Mission Planner I 
ORNL-DWG 91-6906 

0.1 Hz 

Mission Monitor 1 Hz 

Path Planner 5 Hz 

Path Monitor 10 Hz 

a 

20 Hz 

Platform Posture 

Fig. 2. The context of the wheel control system. 

A mission for the robot is defined by a sequence of postures (via points). At 
each via point, the robot stops and may perform an action (typical actions are: laser 
range scan, video image acquisition, or move CESARni). Given the mission and a 
world model, the mission planner defines a sequence of set points that connect the 
via points and avoid the obstacles in the world model. During the execution of the 
path, the mission monitor compares the robot’s position to the plan and determines 
the destination for the robot (the next set or via point). While the robot is moving, 
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sensors monitor the environment. If unexpected obstacles are detected, the path 
planner modifies the robots path to avoid the obstacles. The path monitor follows 
the revised path produced by the path planner and passes gods to the wheel control 
system. The wheel control system moves the robot and calculates its posture, which 
is passed to the other components of the motion system. 

The architecture of the wheel control system is displayed in Fig. 3. The system 
has three components (controller, driver, and reckoner). Its higher level interface 
is with the path monitor and its lower level interface is with the motor driver. 
Given a platform goal (from the path monitor) and the wheel state (from the wheel 
reckoner), the wheel controller sends the platform posture to the path monitor 
and sends targets (for the wheel velocities and directions) and controls (wheel 
accelerations and steering velocities) to the wheel driver. The wheel driver sends 
setpoints to the motor drivers and reads the current encoder d u e s  from the motor 
drivers. Given the encoder d u e s ,  the wheel reckoner calculates the current position 
and velocity of the robot. Communication between the five processes in Fig. 3 is 
through shared memory. 

Our focus is on the wheel control system. The next section of this paper will 
describe the architecture of the system. The third section will describe the driver 
and reckoner, while the fourth section will discuss the controller. The fifth section 
will present some experimental results. The find section will review some of the 
lessons that were learned during the development of the system. The mathematical 
details of the kinematics of the robot will be developed in the two appendixes. 
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Fig. 3. The architecture of the wheel control system. 



2. ARCHITECTURE 

Figure 2 defines the context for the wheel control system and Fig. 3 provides 
names for the data structures that are used to pass information between the three 
components of the system. In this section, we will discuss what information should 
be contained in the three data structures. The most important data structures 
are the links to the higher levels (platform goal and platform posture). All of 
the other data structures in Fig. 3 are internal to the wheel control system. The 
information in the platform posture is the posture (position and orientation) of the 
robot. Specifying a platform goal is the only way that the higher levels of the motion 
system can move the robot. To identify the information that should be included 
in the platform god, we begin this section by reviewing the types of motions that 
can be performed by an omnidirectional robot. By the end of this section, we shall 
identify seven types of motion. 

A robot with two steerable drive wheels can perform several types of motions. 
When both wheels are pointing forward (perpendicular to the line joining the two 
wheels), the velocities of the two wheels are independent (both the direction of 
rotation and the speed of the wheels can differ). When either or both of the wheels 
are not pointing forward, the velocities of two wheels are dependent. 

When both wheels are pointing forward and have the same velocity, the robot 
will move straight forward. If the wheels have opposite velocity, the robot will 
rotate. If both wheels move forward and the right wheel is faster than the left 
wheel, the robot will move in a circle and the center of the circle will be on the line 
joining the two wheels and to the left of the robot. If the wheels move in opposite 
directions, and the right wheel is faster than the left, the robot will move in a circle 
and the center of the circle will be between the two wheels and closer to the left 
wheel than to the right wheel. If we consider forward motion to be circular motion 
with the center of rotation at infinity, all motions by a robot with both wheels 
pointing forward are circular with the center of the circle on the line joining the 
two wheels. 

Since the platform of a mobile robot is a rigid body. the distance between the 
two wheels is fixed. When either or both of the wheel . e  not pointing forward, 
the two wheels will be trying to pull the robot apart I. ,*<ss the velocities of two 
wheels are dependent. If both wheels point in the same direction, the velocities 
of the two wheels must be the same (un less the wheels point forward . If the two 

the wheels intersect at the center of rotation for the robot. The center of rotation 
can be any point in the plane. In Figs. 4 and 5, the instantaneous center of rotation 
(ICR) is labeled P. 

As the wheel velocities make the transition from independence to dependence, 
discontinuous changes in velocity may occur. For example, if the right wheel is 
steered and the left wheel is pointing forward, the ICR becomes the right wheel and 
the velocity of the right wheel must discontinuously go to zero. In general? smooth 
chaages in the ICR will result in smooth changes in velocity. The steering angles 
for the two drive wheels on the HERMIES-I11 robot ( 8 ~  and &) are limited to the 
range from minus 90 degrees to plus 90 degrees in the platform coordinate system 
(see Fig. 5). Consequently, some smooth trajectories for the ICR are prohibited. 

For both a manipulator and a platform, it is useful to distinguished the joint 
variables from the Cartesian variables. For the platform, the Cartesian variables 
are position and orientation, while the joint variables are the rotation of each wheel 
about its axle and the steering angle of the wheel in the platform coordinate system. 

wheels point in different directions, the two lines that are the axes o f’ rotation for 

5 



6 ARCHITECTURE 

The data structures that are the interface to the wheel control system (platform goal 
and platform posture) use Cartesian variables while the internal data sets (target, 
control, and state) use joint variables. 

OWL-DWG 91-6253 

P 

Y 

X 

Fig. 4. The world coordinate system for the platform. 



ARCHITECTURE 7 
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P 

Fig. 6. The local coordinate system for the platform. 

2.1 PLATFORM GOAL 
The input interface is a platform goal. The god for the robot could be traveling 

through a point at a speed; moving to a point, stopping, and rotating to a posture; or 
rotating about a point until reaching a find orientation. The robot could move with 
wheels pointed forward or could steer the wheels. As the platform rotates about an 
instantaneous center of rotation (ICR , the direction o€ the wheels is constant in 
the local coordinate system and variab 2 e in the world coordinate system. To specify 
the direction of the wheels, the user can specify the ICR for the robot. Thus, a 

latform goal contains a point (x,y), a direction (4), a speed (s), and the ICR (P) 
x,y,+, and s are defined in the world coordinates (Fig. 4 , while P is defined in the 
ocal coordinates (Fig. 5) ] .  In addition, the platform go a2 contains a mode variable. 

A user might want to move with wheels pointed forward through a point at 
maximum speed and might not care about the orientation of the robot while passing 
the point. The mode variable specifies which parts of the information in the platform 
goal can be ignored. The eight values for the mode variable are labeled in Table 1. 

f 



8 ARCHITECTURE 

When the mode is zero, all information in the platform goal can be ignored and 
the appropriate response is to quit. For modes 1 to 3, the wheels point forward and 
the motions are called Fixed. For modes 4 to 7, the directions of the wheels can 
change and the motions are called Steer. For modes 1 to 7, the magnitude of the 
speed is always significant, while sometimes the sign of the speed is ignored. 

Table 1. Allowable Types of Motion Toward the Goal. 

Mode Action by Robot 

End Plan 
Fixed Move Point 
Fixed Move Rotate 
Fixed Move Posture 
Steer Move Circle 
Steer Move Point 
Steer Move Rotate 
Steer Move Posture 

X 

X 

X 

X 

X 
X 

X 
X 

P 

X 

X 

When the mode is one, all information in the platform goal can be ignored 
except the point (x,y) and the speed. The objective is to move through the point 
at the given speed with fixed wheels at an arbitraq orientation. If the speed is 
negative, the robot backs through the point. The robot rotates to face the point 
and moves through the point. 

When the mode is two, the significant information is the direction [d]. The robot 
stops translating, rotates with fixed wheels until it reaches the direction specified 
in the goal, and stops at an arbitrary point. Since the robot rotates in the direction 
that will get to the goal in the shortest time at the given speed, the sign of the 
speed is ignored. 

When the mode is three, both the point and direction are significant. The 
robot rotates to face the point, moves to the point, stops, and rotates to the given 
direction. 

When the mode is four, the ICR (P) is the significant information. The robot 
steers the wheels to the two corresponding directions and rotates about the center 
of rotation at the given speed. When the mode is six, the robot stops when it 
reaches the desired orientation. 

When the mode is five, the robot steers the wheels toward the goal and moves 
through the goal at the given speed. 

When the mode is seven, the robot steers the wheels toward the goal, moves to 
the point, stops, straightens the wheels, and rotates to the given direction. 

In modes one, four, and five, the robot does not stop. After passing the goal in 
modes one or five, the robot immediately attempts to pass through the goal again. 
In mode four, the robot rotates until a new goal is provided. 

The speed is an upper bound on the speed of each wheel during a motion. Thus, 
changing the speed will affect both translation speed and rotation speed. In modes 
three and seven, the robot will automatically ramp down when it nears the goal. If 
the speed is zero in any mode, the robot will immediately ramp down to zero speed 
and will not reach the goal. 
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2.2 WHEEL TARGET AND CONTROL 

A trajectory for the platform is determined by specifying a sequence of targets 
for the velocities and directions of the two wheels. We shall call the set of four 
numbers (two velocity and two direction) a wheel target. The HERMIES-I1 robot 
has limits on rotational speed and acceleration and on the steering speed and angle. 
For a typical trajectory, the wheels accelerate at the maximum rate until reaching 
the maximum speed, move at the maximum speed, and decelerate at the maximurn 
rate to zero. Simultaneously, the direction of the wheels could be changing at the 
maximum rate. Thus, a trajectory can be specified by a sequence of values for the 
rotational accelerations and the steering velocities. Each set of values will have 
a length of time for their implementation. We shall call the set of five numbers 
(two acceleration, two velocity, and time) a wheel control. The current state of 
wheel velocity and direction plus the change caused by applying the wheel control 
for the specified time yields the next wheel target. In Fig. 3, the wheel controller 
determines the wheel targets and controls that are the inputs to the wheel driver. 

2.3 WHEEL STATE 

The wheel state is a data set that has the detailed joint variables for each wheel. 
For each wheel, the wheel state has data on eight variables: position, direction in 
world and local coordinates, rotation and velocity of the wheel about its axis, and 
the distance and angle from the ICR to the wheel. In addition, the wheel state has 
the local and world coordinates of the ICR. 





3. WHEEL DRIVER AND RECKONER 

This section describes the driver and reckoner. The inputs to the wheel driver 
are the wheel targets and controls and the outputs are the setpoints and rates for 
the motor driver. Conversion factors convert the wheel targets to setpoints and 
the wheel controls to rates. The conversion factors are from physical coordinates 
(meters, radians, and seconds) to encoder units (clicks and ticks). The targets for 
rotation are velocity, while the targets for steering are direction. The wheel control 
contains changes for the four targets and time. The new target is related to the 
current value by the relationship. 

new = current + change*time. 

The outputs from the motor driver are encoder values that can be converted to 
cumulative rotation and direction for the wheels. Thus, the encoders provide the 
values of the joint variables for the wheels. To calculate the Cartesian variables, 
the reckoner integrates the equations of motion for the platform. Next, we develop 
the equations of motion for the platform. 

Our robot has two wheels that can be steered. The motion of each wheel is 
described by four variables: x, y, w, and u. The robot has two coordinate systems: 
world (Fig. 4) and local (Fig. 5).  The world coordinates x,y locate the point of 
contact for the wheel. The variable w is the cumulative rotation of the wheel about 
its axis. The variable u is the direction of the wheel in world coordinates. The units 
for x, y, and w are meters, while the units for u are radians. 

In developing the equations of motion for the robot, we will consider kinematics 
and neglect dynamics. We consider position, velocity, and acceleration and neglect 
mass, force, inertia, motor currents, and power supplies. The equations of motion 
for each wheel are: 

x = vcos(cr) 

y = v &(a) 

where jc  is the x component of the wheel velocity (v = w). The wheel direction in 
world frame (a), is the sum of the wheel direction in local coordinates (8) and the 
direction of the robot in the world frame (4): 

u=t$+@.  

The position, orientation, and motion of the robot are described by 4 and by 
five variables for each wheel (x, y, w, v, and 8); a total of 11 state variables. The 
equations of motion are: 

2R = VR cos(& + 4) (1) 

jcL = vL cos(eL + 4 )  (3) 

11 



12 WHEEL DRIVER AND RECKONER 

eL = u4 

4 = (VR COS(&) - VL COS(&))/D 

where D is the distance between the wheels and the subscrA&s R an( 
rieht and left wheels. 

(11) 
L denote the 

v 

The first four equations relate the Cartesian components of wheel velocity in 
the world frame to the wheel velocity in the joint space and the wheel direction in 
world frame. The four control variables are the rotational acceleration (u1 and uz) 
and the angular velocity (u3 and u4). The equation for the rotation of the robot 
[Eq. (ll)] is derived in Appendix A. Specification of the initial conditions and the 
control variables uniquely determines the motion. 

The Cartesian variables for the platform are position and orientation (x, y, 
and q5 in Fig. 4 The position is the midpoint between the two wheels, while the 
orientation is t h- e angle between the x-axis and a vector that is perpendicular to 
the line joining the two wheels. Given the locations of the two wheels, the position 
and orientation of the platform is uniquely determined and vice versa. The joint 
variables are the rotation and velocity of each wheel (w and v) and the steering 
angle of each wheel in the local coordinate system e). 

two wheels is k e d .  When either or both of the wheels are not pointing forward, 
the velocities of the two wheels must satisfy the Rigid Body Constraint. If the two 
wheels point point in different directions, the two lines that are the axes of rotation 
for the wheels intersect at the ICR. The velocities of the wheels are proportional 
to the distances from the ICR. The distance from the ICR to the right wheel is 
proportional to the sine of the left wheel direction in the robot frame (0,) and vice 
versa. Thus, the velocities of the wheels are inversely proportional to sin(6): 

Since the platform of a mobile robot is a rigid L ody, the distance between the 

VR/VL = sin(&) sin(BR) 

Consequently, the Rigid Body Constraint is: 

VR sin(&) = VL sin(&) (12) 
The Rigid Body Constraint is derived in Appendix A. 

Whenever the wheels are in the forward position [e, = OL = 01, there are no 
constraints on the rotational velocities (VR and VL). As soon as one or both of 
the wheels is steered from the forward position, the constraint becomes active and 
discontinuous changes in velocity may be required to satisfy the constraint. A safe 
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way to satisfy the constraint is to have the same magnitude for both steering angles 
(e, = OL and VR = VL or 

During each cycle, the reckoner integrates the equations of motion using a 
fourth-order Runge-Kutta method function from the Numerical Recipes3 collection 
(the functions are rkdumb and rk4). The state variables should match the encoder 
values. For wheel rotation, the encoder values are proportional to w. By dividing 
the change in w by the time since the last encoder reading, we can calculate the 
average velocity (v) during the interval. 

= -0L and VR = --vL). 





4. WHEEL CONTROLLER 

The inputs to the wheel controller are a platform goal and the wheel state, 
while the outputs are the platform posture and the wheel target and control. The 
controller operates at 20 Hz. Thus, the controller plans the next step on the path 
to the god rather than the whole path. Since the goal can be changed at any time, 
the initial conditions are arbitrary. 

Determination of the posture using the data in the wheel state requires a simple 
calculation. The heart of the controller is a function called QuickPlan that calls 
one of the seven functions that calculate the target and control for the seven modes 
displayed in Table 1. 

To illustrate the structure of the seven functions, we will discuss the first one, 
Fixed Move Point. For Fixed Move Point, the objective is to move through the 
point at the given speed with the wheels fixed in the forward direction throughout 
the trajectory. If the speed is negative, the mobile robot backs through the point. 
The goal can be reached by a rotation followed by a translation. We begin with the 
algorithm for rotation. 

The outputs of Fixed Move Point are the wheel accelerations. As a first draft 
dgorithm, we could assume that the accelerations are proportional to the angular 
difference (6) between the platform orientation (4) and the goal (&): 

a = 4 - 4 ,  
We assume that the accelerations on the two wheels are equal in magnitude and 
opposite in sign: 

u1=-uz=u  , (14) 

II = -k6 (15) 

and that the acceleration is proportional to the angular difference: 

where k is a positive constant. For fixed wheels BR = 61, = 0, and Eq. (11) may be 
written: 

4 = (VR - VL)/D . 
Using Eqs. (7) and (8): 

$ = -(2k/D)6 (17) 
Thus, this algorithm yields the equation for a harmonic oscillator which has 

the undesirable property that the oscillations are undamped. To avoid undamped 
oscillations, we will use the angular difference to establish velocity targets. 

The wheel velocities have two components: translational and rotational (given 
velocities for the two wheels, the translational component is the average of the two 
velocities while the rotational component is one half the digerence between the 
two velocities). As a second draft algorithm, we could assume that the rotational 
velocity (vr) is proportional to the angular difference: 

vr = (VR - V L ) / ~  (18) 
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Using Eq. (16): 

t$ = -(2k/D)6 (20) 
This algorithm will converge but it can be slow. 

To improve the speed, we could use a bang-bang algorithm (during the motion, 
the wheels always accelerate (or decelerate) at their maximum rate). For a bang- 
bang algorithm, the velocity targets for the wheels (VR and VL) have opposite signs 
during the rotation and the same sign during the translation. The key parameter 
in the algorithm is the switch time: the time to switch from rotation to translation. 
bthermore,  the algorithm is running at 20 Hz. On every cycle for arbitrary initial 
conditions (the goal and the current velocities), the algorithm must choose between 
translation and rotation. 

On every cycle, we calculate the ramp down angle, the change in angle that 
would occur if the robot switched from its current velocity to pure translation 
toward the goal at the maximum rate. We add this ramp down angle to the current 
heading and compare the resultant angle to the goal. If the platform is heading to 
the right of the goal, the target velocities are VR = s and VL = -s (we assume that 
the speed (s) is positive). If the platform is heading to the left of the goal, the target 
velocities are reversed. Having calculated target velocities for the two wheels, the 
accelerations are proportional to the differences between the current velocities and 
the target velocities. 

The initial wheel velocities (VR and VL) are arbitrary. The time (tR and tL) 
required to move from the current velocity to the target velocity (s) at the maximum 
acceleration (u) is: 

tL = IVL - sl/u (22) 
To coordinate the motion, both transitions should require the same time. Let T 
be the maximum of tR and tL. The distance (WR and WL) traveled during the 
transition is: 

WL = (VL + s)T/2 (24) 

4 d  = (WR -wL)/D 7 (25) 

The ramp down angle, the rotation (&) during the transition is: 

where D is the distance between the wheels. 

and the goal &: 
Let t: be the difference between the platform orientation after rampdown (#+#d) 

= 4-k 4 d  - 4 g  (26) 
If t: > 0, the targets are VR = -s and VL = s (when s > 0). If E < 0, the targets 
are reversed. 

We use the bang-bang algorithm when the angular difference ( E )  is large and 
the second algorithm [Eq. (19)] when the angular difference is small. 



5. EXPERIMENTAL RESULTS 

The motion system for the HERMIES-I11 robot (controller, driver, and reckoner) 
has been constructed and tested. Time delays have been added to prevent the cycle 
rate from being faster than the design goal of 20 Hz. To test the system, tools 
have been created to set platform goals for the system. The results of two typical 
experiments will be discussed in this section. 

The first experiment was performed using fixed wheels in modes one and three. 
As shown in Fig. 6, the robot was initially at rest at the point (6,4) with a direction 
of 90 degrees (the units of x and y are meters). The initial goal for the robot was 
Fixed Move Point to (6,8). While the robot was moving forward, the goal was 
changed to Fixed Move Posture to (9,7) with a final direction of 0 degrees. The 
robot moved forward at full speed and then made a right turn and stopped at (9,7). 

Y 

5 6 7 8 9 1 0  

Fig. 6. Path of the robot during the first experiment. The units of x and y are 
meters. 

17 



18 EXPERIMENTAL RESULTS 

The data displayed in Fig. 6 and the remaining figures of this section were 
collected from the robot during the experiment. Each cycle (approximately 20 
times per second) the robot saves key data elements that are downloaded from 
memory to disk after the experiment. 

For the first experiment, the left wheel accelerated to full speed (0.45 meters 
per second) and remained near full speed until it ramped down at the end of the 
experiment (see Fig. 7). The dip in speed at about 38 seconds was a final correction 
to lock in on the goal. Most of the steering was accomplished by the right wheel 
(see Fig. 8). For forward motion, both wheels accelerated to maximum speed. To 
make the right turn, the right wheel ramped down to zero and back up to top speed. 

V L  

ORNL/DWG. 90-17703 
0.5 I 

0.4 

0.3 

0.2 

0.1 

0.0 
25 35 4 5  

t i m e  
Fig. 7. The velocity of the left wheel during the first experiment (vL = vc). The 

units of VL are meters/second and the units of time are seconds. 
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OFLNL/DWG. '30- 17 701 
0.5 

20 30 40  50 

t i m e  
Fig. 8. The velocity of the right wheel during the first experiment (vR = Q). 

The units of v R  are meters/second and the units of time are seconds. 

Target velocities and realized velocities for the two wheels during the initial 
acceleration are displayed in Figs. 9 and 10. For the left wheel, the realized velocity 
always trails the target (see Fig. 9). The tar ets for the right wheel are similar to 

illustrate how quickly and smoothly the robot responds to changes in the target. 
For the second experiment, the robot moved in mode five (Steer Move Point). 

As shown in Fig. 11, the robot was initially at rest at the point 6,4 with a direction 
of 90 degrees. At the start of the experiment, the goal was (84 \. 3 o reach the goal, 
the robot ramped up to full speed and simultaneously steered the wheels toward 
the goal. After four seconds, the goal was changed to (5,7). In response, the robot 
smoothly changed its direction and continued to ramp up. After four seconds, the 
goal was changed to (€48). At full speed, the robot changed direction. After four 
seconds, the goal was changed to (5,9) and the speed goal was reduced to zero. In 
response, the robot simultaneously changed direction and stopped (when the speed 
goal is zero, the robot cannot reach the goal (5,9)), 

the left wheel until they dip between 28 an f 29 seconds (see Fig. 10). The data 
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Fig. 9. The target velocity (upper) and realized velocity (lower) for the left wheel. 

The direction of the right wheel during the second experiment is displayed in 
Fig. 12. During the experiment, the goal point was changed four times. In response, 
both of the wheels turned to the right, to the left, back to the right, and finally 
back to the left. Although sudden changes in steering velocity could have caused 
the steering angle to overshoot the goal, the data in Fig. 12 do not show overshoot. 

The velocity of the right wheel is presented in Fig. 13. The velocity of both 
wheels ramp up to the maximum speed and remain at top speed until the ramp 
down at the end of the experiment. 
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Fig. 10. The target (upper) and realized velocity (lower) for the right wheel. 
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Fig. 11. Path of the robot during the second experiment. The units of x and y 
are meters. 
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Fig. 12. Direction of the right wheel during the second experiment. The units of 
8~ are radians and the units of time are seconds. 
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Fig. 13. The velocity of the right wheel during the second experiment (vR = VR). 
The units of vR are meters/second and the units of time are seconds. 



6. CONCLUSIONS 

We have designed, built, and tested a new wheel control system for the 
HERMIES-111 robot. The system has seven modes for moving to a goal and al- 
lows the goal to be changed {at 20 Hz) during motion by the robot. This section 
will review some of the lessons that were learned during the construction of the 
software system. 

The design of the wheel control system has evolved through several iterations. 
Initially, we planned to construct a system that would move to a goal from zero 
initial conditions. Since each movement could take several seconds, the rate at 
which gods could have been changed would have been slower than 1 Hz. We decided 
that the system must respond quickly to unexpected obstacles and chose a design 
objective of 20 Hz. 

The wheel control system has three components. If each component is a separate 
process, the three processes need to be coordinated. If all of the components are 
in one process, coordination is guaranteed but the system is less flexible. We have 
decided to have two processes: one for the driver and reckoner and the second for 
the controller. In the future, alternate controllers (for example, a slower controller) 
could be used to send plans (target and control) to the driver. 

We encountered coordination problems between the wheel driver and the motor 
driver. Our current solution is to delay for 0.04 seconds after a setpoint is sent to 
the motor driver. Future experimentation could change the delay time. 

Initially, the controller calculated the wheel control and the wheel driver calcu- 
lated the wheel target. However, we encountered coordination problems. The wheel 
state used by the controller to calculate the control could be for a different time 
than the wheel state in the driver used to calculate the target. Since the target is 
the sum of the control and the current values for the wheel state, we perform the 
addition in the controller and send the target to the driver. 

The rigid body constraint relates velocities and wheel directions. Initially, we 
used values from the encoders to check the constraint and we shut down the system 
when the constraint was violated. Since the measured values can have a large 
variance, we were required to have large values for the tolerances to avoid frequent 
shutdowns. Next, we decided to use the values in the wheel target rather than 
measured values to check the constraint, However to test wheel slipping, we wanted 
to use targets that violated the rigid body constraint. Consequently, we are no 
longer shutting down the system when the constraint is violated. 

Initially, we placed limits on acceleration for both ramp up and ramp down. 
Because of an unstable algorithm, we experienced a situation with velocity targets 
growing in magnitude and oscillating about the velocity limit at 20 Hz. The limit 
on deceleration prevented the velocity targets from reaching zero. Consequently 
we removed the limit on deceleration. We decided that a mobile robot might have 
limits on speed increases but should not have a limit on braking. 

Rotation about an ICR can result in a substantial error; for example, when 
the robot concludes a 10 degree rotation about the ICR (2,2), the actual rotation 
can be 8 degrees (an error of -20%). We have spent several months performing 
experiments, formulating hypotheses, and eliminating potential sources of error. 
However, we have not been able to eliminate the error. 

Our current hypothesis is that the error is caused by slipping wheels. When the 
ICR is fixed during an experiment (a 10 degree rotation), the rigid body constraint 
[Eq. (12)] requires a fixed ratio for the wheel velocities and the same fixed ratio for 
the distance traveled by each wheel during the experiment. During our experiments, 

25 
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the targets for the wheel velocities have the proper ratio however the resultant 
velocities and distances do not have the proper ratio. Although the encoders report 
that the distances traveled by the wheels are incorrect, the physical distance between 
the wheels cannot change. Thus, when the encoders report that the wheels travel 
the wrong distances, they must be slipping on the floor and Eq. (11) will incorrectly 
estimate the amount of rotation. 

When the rigid body constraint is active, the wheels cannot be controlled 
independently. If a wheel is fast one cycle, it cannot compensate by being slow 
the next cycle. Slip will occur during both cycles. 

Reducing the error is an area for future research. Kankaanranta and Koivo4 have 
developed a method for controlling constrained robots. While they have applied the 
method to constrained manipulators, the method could be applied to constrained 
platforms. The method features both a primary controller to track the desired 
trajectory (position, velocity, and force) under ideal conditions and a secondary 
controller to compensate for small deviations from the ideal trajectory caused by 
inaccurate modeling and disturbances. 
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APPENDIX A 

KINEMATICS 

This appendix derives the equation for the rotation of the robot and derives the 

We define F to be the vector from the left wheel to the right wheel: 
Rigid Body Constraint. 

F, = XR - XL (1) 

Fy=YR-YL (2) 

Since the direction of the robot is perpendicular to F (see Fig. 2): 

F, = D sin( $) (3) 

Fy = -D  COS(^) 
If we take the time derivatives of Eqs. (3) and (4): 

(4) 

Fx = D cos(q5)i (5) 

Fy = ~ s i n ( 4 ) i  ( 6 )  

If we take the time derivatives of Eqs. (1) and (2) and use the equations of 
mot ion: 

F, = VR cos(& f 4 )  - VL cos(&. + 4) (7) 

Fy = VR sin(OR + 4) - vL sin(8L + 4 )  (8 )  

Using the expressions for the sin and cos of the sum of two angles, we can 
derive two equations for d. To compact our equations, we will use the notation: 
SR = sin(&) and CL = cos(8~). Using Eqs. (5) to (8): 

D$ = VRCR - VLCL - (vRsR - vLsL) * tan(4) (9) 

Di = VRCR - VLCL + (VRSR - vLsL)/tan($) (10) 
Since the left sides of Eqs. (9) and (10) axe identicd, the right sides must be 

equal. Thus, 

VRSR = VLSL (12) 
Equation (11) is the equation for the rotation of the robot and Eq. (12) is the Rigid 
Body Constraint. 
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APPENDIX B 

CONTROL ALGORITHMS 

The wheel control system has seven modes. In each mode, the wheel controller 
plans the next step on the path to the goal. In this appendix, we will derive several 
of the algorithms that are used by the controller. 

FIXED MOVE POINT 

The objective is to move through a point at a given speed. The robot rotates 
and then translates. During each cycle, the controller must decide whether to be 
rotating (with opposite wheel velocities) or to be translating (with equal wheel 
velocities). The control algorithm Calculates how far the robot will rotate during 
the transition from rotation to translation. 

The initial wheel velocities (VR and VL) are arbitrary. The time ( t R  and tL) 
required to move from the current velocity to the target velocity (s) at the maximum 
acceleration (u) is: 

tL = 1VL - sl/u (2) 

To coordinate the motion, both transitions should require the same time. Let T be 
the maximum of tR and tL. 

The distance (WR and WL) traveled during the transition is: 

WR = (VR + s)T/2 (3) 

WL = (VL + s)T/2 

The rotation (4) during the transition is: 

'$ = (WR -WL)/D 9 

where D is the distance between the wheels. 

(4) 

FIXED MOVE ROTATE 

The objective is to rotate until reaching the direction specified in the goal. 
The controller calculates the rotation during the ramp down to zero velocity using 
Eq. ( 5 )  with s = 0. After the ramp down, the robot may be slightly off the specified 
direction. During the end game, the robot ramps up (to v) one time step (t) and 
ramps back to zern the next time step. The distance traveled by the right wheel 
during the ramp I::> and down is WR = vt. The distance traveled by the left wheel 
is WL = -WR. Using Eq. (5 ) ,  the rotation (4) is: 

'$ = 2vt/D (6) 
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Given the angle between the robot and the goal (4) and the time step, Eq. (6) can 
be used to calculate the target velocity. 

FIXED MOVE POSTURE 

The objective is to move to a point, stop, and rotate to an angle. The new 
feature is the ramp down required to stop at the point. Let d be the distance to 
the goal minus the distance traveled in one time step at the current speed. The 
distance traveled during a ramp down with deceleration (u) for time (t) is: 

d = 0.5ut2 (7 )  

d = 0.5v2/u (8) 

Since the target velocity (v) is v = ut, Eq. (7) may be written: 

Given d and u, Eq. (8) can be used to calculate the target velocity. The robot 
moves at the speed specified in the goal until the target velocity requires it to ramp 
down. 

STEER MOVE ROTATE 

The objective is to rotate about the given center of rotation until reaching the 
goal direction. The controller calculates the rotation during the ramp down to zero 
velocity and the velocity for the end game. Since the steering angles are arbitraq, 
our previous results [Eqs. (5) and (S)] will be modified to include the steering angles 
6~ and 6$,. We Will assume that the steering angles are constant. To compact our 
equations, we will use the notation: SR = sin(&) and CL = cos(&). 

The initial wheel velocities (VR and VL) are arbitrary. The time (tR and tL) 
required to move from the current velocity to the target velocity (s = 0) at the 
maximum acceleration (u) is given by Eqs. (1) and (2). The Rigid Body Constraint 
requires that both transitions should be coordinated. Let T be the maximum of tR 
and t L .  

The distance (WR and w t )  traveled during the transition is given by Eqs. (3) 
and (4). The rotation (#) during the transition is: 

# = (WRCR - WLCL)/D (9) 
During the end game, the robot ramps up to VR and VL) one time step (t) and 

during the ramp up and down is WR = V R t .  The distance traveled by the left wheel 
is WL = vLt. Using Eq. (9), the rotation (4) is: 

ramps back to zero the next time step. The 6 istance traveled by the right wheel 

4 = (VRCR - VLCL)~/D (10) 

VRSR = VLSL (11) 

During the end game, the velocities satisfy the Rigid Body Constraint: 

Given the angle between the robot and the goal (d), the steering angles, and the 
time step (t), Eqs. (10) and (11) can be used to calculate the target velocities (VR 
and VL). 
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