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Abstract—Modeling and control strategies for an autonomous
three wheeled mobile robot with front wheel steer and front
wheel drive have been presented in this paper. Although, three-
wheeled vehicles with front wheel steer are commonly used
automotives in public transport (especially in Asian countries),
the advantages of such a design in navigation and localization of
autonomous vehicles are seldom utilized. We present the system
model for velocity control and autonomous trajectory control for
such a robotic vehicle. Using the obtained model, the velocity
control system has been designed in a digital control framework.
We propose a novel trajectory control approach for accurate
path following to work with the conventional motion planning
high level control algorithm. The derived system model and
the controllers have been validated using experimental results
obtained for the robot vehicle design. Controller performance
and robustness issues have also been discussed briefly.

I. INTRODUCTION

With the rise in research and development of autonomous

robots in the past decade, there has been an increased focus

on control strategies for the robots to achieve robust and

optimal performance. A clear application of the research on

autonomous robots is the self-driving car, which has already

started to change the commute in many cities all around the

world. In the coming years, we are bound to discover more

such self-driving vehicles on the roads and not just cars. An

example is the research on three-wheeled self-driving trikes

[1] with an aerodynamic design which could effectively be

deployed in the future for shared public transport. Similar is

the design of a passively stabilized bicycle [2]. The designs

and advantages of these autonomous vehicles are promising,

but their autonomous control and stability are still issues that

are unresolved. Mercedes-Benz are working on an electric

vehicle [3] with a related mechanical design as well. All of

these designs are common in the sense that they are front

steered and are equaivalent to a three wheel vehicle design.

Control and stability are major challenges with such three

wheeled vehicles as will be discussed in detail in the next

section in detail. [4] and references their in give an account

of the study of stability of three wheeled vehicles. This paper

focuses on the control aspects for such a vehicle design.

There are certain distinct advantages that can be had with a

three-wheeled robot design. The front wheel steering design is

quite close in working to the design of cars. The localization

and navigation of such three wheeled vehicles is completely

different when the drive actuation is also in the front wheel

rather than the conventional tricycle robot drive mechanism in

the two rear wheels. The robot design considered in this paper

is also a front wheel steered and driven type and hence the

two rear wheels are free. The two unactuated wheels can be

effectively used for accurate localization, which would have

been otherwise impossible in a rear wheel driven vehicle. The

absence of actuators in the wheels gives way to precise local-

ization which in turn helps in better trajectory following and

navigation of the vehicle. Although, the modified mechanical

design has advantages in navigation, it poses challenges in

modeling and control strategies which haven’t been discussed

in the existing literature concerned with autonomous robots.

This paper aims to bridge this gap by identifying the system

model and proposing trajectory and velocity control strategies

for a three wheeled mobile robot with front steer and front

wheel drive.

A. Background

There has been extensive research on low-level control

of autonomous mobile robots ([5], [6]). Low-level control

strategies for mobile robots (autonomous or otherwise)

are largely dependent on the dynamics of the robot. Most

common mobile robots today are based on the differential

drive model, where the two actuated wheels are used for

driving the robot and changing its direction as well. The

research on control of such robot vehicles is vast and is not

of concern in this paper. However, it is important to note

that the control strategies for a differential drive robot are

completely different and do not apply to other robot designs

such as omnidirectional mobile robots [7] or Ackermann drive

robots [8] which are very similar to modern cars. This paper

presents a low-level control model for a new kind of steering

geometry, consisting of a three wheeled robot which is both

steered and actuated using the front wheel. This type of

steering geometry has several advantages (as described later

in detail) for the purpose of localization and motion planning.

Similar kind of designs have been discussed in [9] and [10]

but the work on modeling and control of such robot designs

is still in a nascent stage. Moreover, most high-level planning

algorithms [11] are applicable only to differential drive robots

and not for three-wheeled robot designs. Although, there

are a few dynamical simulations available for tricycle-like
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robots, such as [12], they do not propose any motion planning

algorithm to generate trajectories for a given waypoint. Also,

the control approach for such robots would be different

to the three-wheeled design considered in this paper as

the tricycle-like robot consider rear wheel drive while the

three-wheeled robot design considered in this paper is front

wheel driven. We propose a novel trajectory control method

in this paper which enables differential drive motion planning

algorithms to work with the three-wheeled robotic designs

with front steer and drive.

II. OBJECTIVES

A CAD model of the robot design considered in this paper

is shown below. The front wheel is mounted on a steering

column which is controlled by a DC servo motor. The two rear

wheels are decoupled mechanically and are free to move. For

translation, a brushless DC motor has been used in the front

wheel itself. The design allows for a more customizable and

simple mechanical design because it gets rid of the two motor

couplings that would otherwise exist in a rear wheel driven

robot, which is usually the case for tricycle-like or differential

drive robots. The downside to using a BLDC motor is the

high power requirement, but the mechanical robustness and

the advantages of this design in autonomous navigation act

as compensatory factors. For the three-wheeled autonomous

Figure 1: The three wheeled autonomous mobile robot design

with front steer

mobile robot shown in Fig.(1), the design for the complete

low-level control system has been presented in this paper.

There are three main coupled subsystems working in the

low-level control of the robot viz. velocity control, steering

control and trajectory control. To design appropriate control

algorithms, the system model has been identified and validated

with experimental results. The trajectory control for this robot

design is a challenging task because of the uniqueness of the

mechanical design as mentioned earlier. Towards the end of

this paper, a trajectory control methodology has been proposed

and experimental results for the same as well have been

presented.

A. Velocity Control

The front wheel of the robot drives the robot using a brush-

less DC motor which provides the required thrust. The BLDC

Figure 2: Velocity Control System Block Diagram

is in an outer closed loop control as shown in the velocity

control system block diagram in Fig.(2). Approximating the

model for the robot in velocity control system by the BLDC

motor only, the plant model was identified. A PID controller

was designed based on the identified model. The controller

implementation and experimental performance analysis have

also been considered in the paper.

B. Trajectory and Steering Control
A large class of control problems consist of planning

and following a trajectory in the presence of noise and

uncertainty [13]. Trajectories become particularly important in

autonomous robotics because the target path to be traversed

keeps changing dynamically with time. Hence, the trajectory

controller for an autonomous robot has to be more robust and

dynamic than that for a manually controlled robot [14]. For the

robot design considered in this paper, the trajectory control is

challenging because there are no high-level planning algorithm

implementations that exist for such a design. The trajectory

Figure 3: Steering Control System Block Diagram

control interacts with the steering control as shown in Fig.(4).

In this work our objective was to design the trajectory control

strategy which feeds the steering control loop. The steering

control loop has its own controller whose design is also

considered in the paper. The steering control block diagram

for the robot is shown in Fig.(3).

III. MODEL IDENTIFICATION

Standard system identification techniques were used to

identify the model of the three wheeled mobile robot with front

steer. For the velocity control system, as mentioned above, it

was assumed that the robot dynamics are primarily due to

the BLDC motor which is responsible for the translation. For

a BLDC motor as shown in [15] and similar other works, a

second order model was assumed with unknown parameters.

By obtaining a set of input and corresponding output measure-

ments, an instrument variable system identification algorithm

was used to obtain the unknown parameters [16].
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Figure 4: Trajectory Control System Block Diagram

IV. CONTROL DESIGN

For response to a step input in velocity control, a controller

was designed based on the model identified. A fast rise time

is often the most desirable performance characteristic for any

autonomous mobile robot. Other than the high bandwidth

requirement, the control design should be such that the closed

loop system is insensitive to external disturbances which arise

due to undulations in the road terrain and other environmental

disturbances. The PID controller designed achieves both the

objectives. It has been implemented on a digital micropro-

cessor - the PC. A digital control is not only very easy to

implement compared to analog control, but also provides the

option to change the reference input and controller parameters

easily.

For the second order plant model identified G(s), a discrete-

time PID controller D(z) was designed from the given per-

formance specifications. A desired rise time of tr was for a

step input velocity command to the robot and a phase lag to

attenuate the disturbances at high frequency were chosen for

the design specifications. In the transform frequency domain,

the standard controller equations ([17]) were used:

D(w) = Kp +
Ki

w
+Kdw (1)

D(jωw1
) = Kp +

Ki

jωw1

+Kdjωw1
(2)

In polar representation

D(jωw1) = |D| (cos(θ) + sin(θ)) (3)

where Kp, Ki and Kd are ideal PID controller constants. At

gain crossover frequency, ωw1
, we have

|D| = 1

|G| (4)

where |D| and |G| are magnitude of the controller and the

plant at ωw1
. For a given phase lag angle θ, we can use

the above equations to write the PID controller parameters

as follows

Kp =
cos(θ)

|G| (5)

Kdωw1
− Ki

ωw1

=
sin(θ)

|G| (6)

Now, using Eq.(5) and Eq.(6), the values of the PID controller

parameters were calculated, after choosing the value of one

of them depending on the desired performance specifications.

This control design methodology was used for the mobile

robot shown in Fig.(1) and the results have been given in

Section (VII).

V. TRAJECTORY CONTROL

Consider that the three wheeled mobile robot is traversing

on a path with a curvature κ. The curvature of the path is

defined as the inverse of the instantaneous radius of curvature,

centered around a hypothetical center of a circle. The center

of curvature is similarly defined as the center of a circle which

passes through the path at a given point which has the same

tangent and curvature at that point on the path. The curvature

for the robot design in consideration in this paper may be

calculated as shown below. (Refer Fig.(5)).

Figure 5: Differential drive geometry

VL = r × ωL (7)

VR = r × ωR (8)

where r is the radius of a wheel, ωL is the left wheel angular

velocity and ωR is the right wheel angular velocity.

The rear wheels follow differential drive kinematics, as they

are both free to move in both clockwise and anticlockwise

directions. The simplistic differential drive model can be used

to calculate the kinematic equations of the robot.

VL = Vx − d

2
× ω (9)

VR = Vx +
d

2
× ω (10)

where d is the separation between the two wheels, ω is the

instantaneous angular velocity of the robot, assumed anticlock-

wise about a point midway between the wheels. Adding Eq.(9)

and Eq.(10), we get

Vx =
VL + VR

2
(11)
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Subtracting Eq.(10) from Eq.(9), we get

ω =
VL − VR

d
(12)

A. Curvature estimation

By definition, we can write the curvature as follows

κ =
1

R
(13)

where κ is the curvature of the path and R is the instantaneous

radius of curvature.

Assuming the robot to be a rigid body, we can write

VL

R− d
2

=
VR

R+ d
2

(14)

Cross multiplying and solving, we get,

VR + VL

VR − VL
=

2R

d
(15)

Rearranging terms, we get

VL + VR

2
× 1

VR−VL

d

= R (16)

Using equations (7) and (8) we can write

κ =
ω

Vx
(17)

Using the relation in Eq.(17), the curvature control was

designed. It was implemented as a separate PID control loop

in the digital controller as shown in the Fig.(4). The steering

angle of the robot is controlled using the trajectory controller.

If the robot turns to its left at a constant curvature κ for a

Figure 6: Robot Geometry for Trajectory Control

time T , then analyzing the motion relative to the left wheel

(considering it to be stationary), we can write that the right

wheel moves a distance of ω × d × T , where ω is the

instantaneous angular velocity of the robot. From the Fig (6),

we can write,

tan(θ) = ω × T (18)

Hence, the steer angle is proportional to ω for small values

of θ. Using this linearization about small values of θ, we

can design the PID controller for the trajectory. Also, since

κ is proportional to ω for a constant velocity, the output of

the trajectory controller would be the reference steering input

angle to the steering angle control loop.

The controller parameters were experimentally tuned. The

same module was also used to provide data for several other

tasks not directly linked to low-level control, such as local-

ization and Simultaneous Localization And Mapping (SLAM)

for a successful autonomous run.

VI. MODEL VALIDATION

Using the system identification method described in Section

(III), the following continuous transfer function model was

obtained for the robot velocity control system. It is important

to note here that the for the velocity control, the robot

translation has been assumed to be affected primarily only

by the BLDC motor which provides the required thrust. Also,

as mentioned earlier, the BLDC has been assumed to have

a second order dynamics. The system identification data was

taken about an equilibrium point about which linearization was

carried out. Small perturbations about the nominal velocity

value were given and the input-output data was collected.

Linearization analysis has been presented at a later stage in

this paper as well. Although, the robot system model for

velocity control was assumed to be dominated by the BLDC

motor only, the effects of other links, joints, other wheels,

the electronics and the robot body were taken into account

while modeling the system. Other than compensating for the

gain in the plant model, an important aspect that the robot

displayed was a small process delay. This delay was also

modeled and we aimed to appropriately compensate for it in

the controller design. The transfer function model obtained

after incorporating the delay in the system is shown below.

G(s) =
K(s+ 2.8)

(s+ 0.44)(s+ 5)
× exp(−0.3s) (19)

The identified model was validated using comparisons with

the experimental response of the robot to different inputs.

The transfer function given in Eq.(19) is when the BLDC

motor is running under the load of the whole robot on a

road. A similar model was also identified by running the

BLDC motor without load. The BLDC model without load

was obtained to be consistent with the robot model for velocity

control justifying our previous assumption that for velocity

control, the system dynamics are majorly governed by the

BLDC motor alone, which provides the translation thrust to

the robot. To obtain the identified transfer function as shown

in Eq.(19), the robot was excited with a step input around a

nominal operating point of 1m/s speed. A voltage input step

command to the BLDC motor was given and the transient

output response of the velocity was recorded. For the operating

point (11V, 1m/s), the linearized model was obtained. (11 V

is the averaged voltage value when the BLDC is given a 21%
duty cycle input to its source voltage of 48 V). In the next

section, we demonstrate the validity of the linearity assumption

and the range of speeds for which the obtained model is valid.
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Figure 7: Nonlinear voltage duty cycle and speed characteris-

tics

A. Linearity

For the BLDC motor, the voltage-speed response was ob-

tained experimentally. The resulting motor characteristic is

shown in Fig.(7). Clearly, the motor has nonlinear dynamics

as the speed saturates after a certain limit. To obtain the linear

model given in Eq.(19), linearization was done around the

nominal speed of 1m/s. Since, the model is being used to

design the controller which works for the system at different

speeds it is important to identify the range for which the robot

behaves linearly, which would in effect give the range for

which the designed controller would work as expected.

Figure 8: Linearity Validation using Fourier analysis, the

maximum frequency component corresponds to 0.125 Hz -

the input frequency

To verify the superposition theorem to check the linearity

range, the robot was excited with a sinusoidal input signal and

the output was recorded. Using Fourier transform, the power

density of each frequency component of the output response

was obtained. This procedure was repeated for different am-

plitudes of the sinusoidal input signal around the operating

point. From this frequency domain analysis, we observed that

the linear model is valid for average voltage amplitudes of

up to 28V, i.e. a 10V increment about the nominal operating

voltage of 18 V. (These are average voltage values, the source

voltage is a constant 48 V, under PWM changing duty cycle).

The input signal frequency given was 0.125 Hz. The Fig.(8)

shows the frequency component amplitudes in the output

response. Clearly, the 0.125 Hz frequency has the maximum

power, proving the fact that for this increment the linear model

holds. This increment in voltage corresponds to 4m/s velocity.

Hence, we operate our designed controller in this velocity

range.

B. Open Loop Performance

To validate the robot model obtained for velocity con-

trol system, the open loop performance of the robot using

the experimental results was compared with the response

as calculated from the model. A comparison is shown in

Fig.(9),Fig.(10) and Fig.(11) for two step inputs of different

amplitudes and a ramp input.

Figure 9: Model validation - Step input of amplitude 5 V (10

% duty cycle) above 11 V operating point. Red - Identified

model result, Blue - Experimental result

Figure 10: Model validation - Step input of amplitude 10 V

(20 % duty cycle) above 11 V operating point. Red - Identified

model result, Blue - Experimental result

Figure 11: Model validation - Ramp input. Red - Identified

model result, Blue - Experimental result
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Clearly, the model matches the experimental robot data.

On statistical analysis of the error between the model and

the experimental results, a mean error of less than 10% was

obtained.

VII. CONTROL DESIGN AND IMPLEMENTATION

A PID controller was designed for velocity control based

on the identified system model. To achieve a rise time of 0.5
seconds and a phase lag of 5◦ to attenuate the high frequency

noise, we used equations (5 and 6) to calculate the values

for the controller parameters. On choosing the value of Ki to

achieve the desired lag response, we calculated the values for

Kp and Kd using the equations given above. The discrete-time

controller can then be written as shown below.

D(z) = Kp +
KiT

2

z + 1

z − 1
+

Kd(z − 1)

Tz
(20)

The discrete time controller equation was obtained by using

bilinear transformation from the transform domain to z-domain

for the integrator and the backward difference method for the

differentiator to incorporate the finite bandwidth differentiator

in the controller. The sampling time for the implemented

controller was 0.05 seconds. Using the PID parameter values

and the sampling time, the controller was implemented on

a computer (Intel 64 bit microprocessor) in the discrete-time

domain. The control input was given to a DAC which provides

the input to the BLDC motor in terms of the duty cycle

according to the given control input. For system analysis,

the effect of this DAC was incorporated by obtaining a zero-

order hold equivalent of the continuous-time plant. The closed

loop performance was then analyzed in discrete-time domain.

The response of the closed loop system to a step input was

similar to the experimental closed loop response. The robot

performance is shown in Fig.(12).

Figure 12: Closed loop performance of the robot using the

designed controller

VIII. TRAJECTORY CONTROL AND SOFTWARE

IMPLEMENTATION

Apart from velocity control, the trajectory control of the

three wheeled autonomous mobile robot with front steer

poses newer challenges which are previously uncovered in

the existing literature. This was described in detail in Section

(V). The trajectory controller was designed for the robot

using the method given in curvature estimation section. The

controller was implemented in the structure as shown in

Fig.(4) and the performance of the robot was analyzed.

The low level control has been implemented in C++ on

a ROS based environment. The discrete-time PID loops run

at a constant loop rate of 20Hz. The command signal is

sent using serial communication to a microcontroller (Arduino

Due) and a programmable motor driver (Roboteq MDC2230)

in order to control the motors (the steering and the BLDC

for translation). The microcontroller is also responsible for

collection of encoder data for the low level control and also

other purposes like odometry which is used in localization of

the autonomous robot. The constraint for this particular type

of design model is that it cannot turn at an arbitrary angle or

rotate in its own position (i.e. a zero radius turn).

Since, most available high level planners are made for differ-

ential drive robots that assume that both the aforementioned

feats are possible. Planners such as TP-RRT [18] have been

implemented for non-holonomic designs like that of a car and

may be used. However, the robot design presented in this paper

lies between the holonomic differential drive and the non-

holonomic car-like design. Hence, there is no existing high-

level motion planning implementation that would work with

the design in consideration. In order to counter this situation,

the high level planner was modified to assume that our robot

is differential driven but with added certain constraints for

this robot design which is a non-holonomic tricycle with

free rear wheels. For example, maximum radius of curvature,

maximum angular velocity and a maximum linear velocity

were a few constraints that were limited to modify the existing

planner implementation. After addition of these and other

required constraints, the high level planner decides the best

possible path and sends the target linear velocity and angular

velocity to the low level control node. The TP-RRT planner

is used for this purpose as it works for non-holonomic robot

designs such as ours. It is implemented using Mobile Robot

Programming Toolkit (MRPT). To make this planner work

for the robot design in consideration, a trajectory controller

has been implemented as described previously which leads

to accurate trajectory following for this design as well (even

though the motion planner has not been implemented for this

design).

IX. FUTURE WORK

The work on autonomous three wheeled robots has a long

way to go before such vehicles are realized onto the roads

because of many control and stability related challenges. We

described a particular kind of three wheeled robot mechanical

design which has various advantages in autonomous navigation

and localization, but is difficult to properly control on a

trajectory. A novel trajectory control method was proposed

for the robot design and the velocity controller was also

designed in the low-level control system by identifying the

robot translation system model. This work could be carried

forward in various directions such as design of controllers

using the robust and optimal control theoretic techniques
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so that the robot performs under various uncertainties while

consuming as less battery power as possible. It would also be

interesting to design adaptive PID controllers for which the

parameters change according to the environment conditions.

Although, there has been a significant amount of research on

adaptive and fuzzy PID control designs, but extending such

results to this robot design would be an interesting problem

to consider given the different challenges that this front wheel

driven & steered design poses.

X. CONCLUSION

We identified a linearized model for a three wheeled au-

tonomous mobile robot. The robot design considered in the

paper is a front wheel steer design. The model was validated by

comparing the derived model response with the experimental

results of the autonomous robot. The linearity of the model

was also investigated thoroughly and the range of linearity

was calculated by analyzing the experimental data. A PID

controller was designed based on the identified model and

was implemented in a discrete-time controller hardware. The

trajectory control problem was touched upon briefly in this

paper and some promising initial results were demonstrated.

A high level planner designed for holonomic differential

drive robots only, when used with the designed trajectory

controller for the three wheeled robot design followed the

desired trajectory.
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