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Stabilization of a New Configurable Two-
Wheeled Machine using a PD-PID and a
Hybrid FL Control Strategies: A Comparative
Study
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Abstract—A novel design of two-wheeled robotic vehicle with
moving payload is presented in this paper. A mathematica model
describing the vehicle dynamics is derived and smulated in Matlab
Simulink environment. Two control strategies were developed to
stahilise the vehicle in the upright position. A robust Proportional -
Integral-Derivative (PID) control strategy has been implemented and
initially tested to measure the system performance, while the second
control strategy is to use a hybrid fuzzy logic controller (FLC). The
results are given on a comparative basis for the system performance
in terms of disturbance rejection, control agorithms robustness as
well asthe control effort in terms of input torque.
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|. INTRODUCTION

ANY researchers have been interested in tackling the

classical inverted pendulum (IP) control problem. These
interests varied in between developing new configurations
based on IP systems with multiple links and robotic
applications such as [1][2][3][4], applying new control
strategies [5][6][7], and applying optimization strategies to
existing control scheme such as genetic agorithms and
particle swarm optimization [8][9].

A novel configuration of two-wheeled double inverted
pendulum-like balancing vehicle with a movable payload has
been presented in [10]. A mathematical model derivation has
been presented in [10] to describe system dynamics. The
model will be used as a basis to test with different control
schemes with different simulation scenarios. Two proposed
control strategies are presented, a robust PID control and a
hybrid FLC control strategy. This paper provides a
comparison between the two control strategies in terms of
robustness, rejection of external disturbances of various
amplitudes and the control effort in terms of the input torques.

Il. SYSTEM MATHEMATICAL MODEL

The vehicle configuration is presented in Fig. 1. The
vehicle is designed based on the double inverted pendulum
system mode with novel modifications [1]. The vehicle
consists of two links and a cart driven by two DC motors that
in turn drive the entire system. In addition, the vehicle has a
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third DC motor to drive the second link. These motors will
help to stabilise the system in the upright position by applying
an appropriate control signal. The second link consists of two
co-axial rods connected by a linear actuatorthat enables lifting
up the payload to a demanded height.

Therefore, the system has five degrees of freedom;
translational motion with the right and left whedls, first and
second links and linear actuator on the second link. The tilt

angles of thefirst and second links are 6 and 9 respectively.
The linear displacement of the payload is defined as Q,
while the angular displacements of the left and right wheels are

defined as J, and O respectively.

Fig. 1 Schematic description of the vehicle

The mathematicadl model of the system is presented by
equations (1) to (5)
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Ill. CONTROL STRATEGIES

The strategy to control the system depends on dpiveg a
feedback control strategy of five control loops s®wn in
Fig.2. In order to drive the vehicle to undergo pedfic
planar motion in the XY plane, five feedback loogse
developed. The angular position of the intermedizidy is
controlled by the measurement of the error in tbsitpn of
link-1 and link-2. In order to control the positioof the
attached payload, a feedback control loop is de@eslowith
the error in the payload position as an input dredactuation
force as the output of the control loop.

A.  Robust PID Control Strategy
A combination of Proportional-Derivative (PD) andID)

controllers were used to control the system. The PE

controllers are used to control the two wheels &rgu
displacement and the displacement of the payloddatur.

While PID controllers are used to control the &lgles of

link-1 and link-2. A residual on the response aver required
steady state level is obtained when implementindg’[a

controller on link-2. In order to compensate foristh
phenomenon, an integral part has been added inr ¢ode
remove the steady-state error that appears irefgonse.Fig.
2 presents the Simulink block diagram of the cdlgdo

system.
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Fig. 2 Control strategy block diagram

B. Hybrid Fuzzy Logic Control Strategy

Two types of Hybrid FLC are designed and implemeénte
control the non-linear model of the two-wheeled igkh
Proportional-Derivative-like fuzzy logic controllgfPD-like
FLC) is used to control the angular displacementtire
wheels, the first link tilt angle and the payloautehr actuator
displacement. Where a PD plus integral fuzzy
controllers (PD+I FLC) are used to control the §niltt angles
to overcome the steady state error.

The inputs to the PD-like FLC are the error sigmadl the
change of error. While the inputs for the PD+| Fhf& the
error signal, change of error and the sum of previerrors.
The design of the FLC involves choosing a suitdilezy
inference engine, defining the fuzzy rules and simp the
membership function type. At this stage of the aesle, the
FLC presented is based on Mamdani-type of fuzzgrarfce
engine with 25 fuzzy rule-base illustrated in FRy. The
generation of the fuzzy rules-base is based onrehjaired
system performance to minimize the system errovéet the
output signal and the desired signal.
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Fig. 3 Gaussian fuzzy fnembership functions
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IV. SIMULATION RESULTS
A Undisturbed Closed Loop System Response

Fig. 4 shows the system response with PID and FLC

control strategies without any applied disturbafocees.
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Fig. 5 PID/FLC controlled system response withastutbance
forces

Referring to Figs 4 and 5, the FLC controller shaawvs
improvement in the transient stage of the secomkl dif the
system. Moreover, a reduction in the input torqtithe first
link, second link and the payload linear actuasanated.

B. External Disturbances With Various Amplitudes

Variousdisturbance amplitudeswere applied to thstesy
to evaluate the control robustness. In this papdy, a sample
of these results is presented to suit the conferpaper. The
system response and control effort to an 80N distuce
force applied at the first link is presented in &i§ and 7
respectively.
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Clearly, the FLC have minimized the overshoot peake
at the second link in addition to a shorter sadtlime. At the
displacement of the payload, the PID has resultedome
fluctuations appearing at the hard edges of thdneef
movement signal, while the FLC has a smoother itians
with a negligible increase in the settling time with a
higher torque ,due to the loop gain value, and allem
control effort than the PID controller.

C. External Disturbances With Various Durations

Variousdurations ofdisturbances were applied tostrstem
to evaluate the control robustness. A sample respdéo an
80N disturbance applied for 1 second is representé&dg.10
and 11.
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Fig. 11 PID/FLC Control efforts with disturbancepéipd for 1
second at the centre of the first link

Referring to Figs 10 and 11, the system hadshowaetter
response with the PID than the FLC. The PID conbad
resulted in smaller overshoot with an exactly idsidtsettling
time of the FLC at the tilt angle of the first linkhis is due to
the high derivative gain of the PID controller.

Moreover, the PID has exerted a smaller torqueevéthan
the FLC controller to stabilise the system.

The disturbance with duration of 1 second was applo
the second link. The response of the system isepted in
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Fig. 10 PID/FLC controlled system response withdisance applied
for 1 second at the centre of the first link
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Fig. 12 PID/FLC controlled system response withdisance applied
for 1 second at the centre of the second link
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Fig. 13 PID/FLC Control efforts with disturbancepéipd for 1
second at the centre of tsecontlink

On the contrary of the previous section, the FL@ ba
better control over the system than the PID coletrolt can
be noted that the overshoots were minimized, while
maintaining an exact settling time with the PID woher. In
addition, the FLC has exerted a smaller torque eslu
compared to the PID controller.

V. CONCLUSIONS

A novel design of a two-wheeled vehicle has been
presented. The vehicle system has been modelleng usi
Lagrangian dynamic modeling.

Two control algorithms have been implemented on the
system; PD-PID conventional control strategy andyhrid
FL control as indicated in details earlier.

The control parameters in this study were tuned
heuristically to achieve a satisfactory performanaed
acceptable range of energy reduction. Disturbahags been
applied on the system to test the robustness df bontrol
strategies in terms of the ability to reject thestulibance
effect. A disturbance force with a constant ampgitu 80
Nhas been applied on the vehicle components andytem
response has been presented along with the coetfiait
required.

Both control strategies have been able to stabille
system under the effect of disturbance force. HanekLC
strategy has showed much improvement, with/without
external disturbance, in the transient period dfillagion of
the second link as well as a significant reductiothe control
effort.Both control approaches have shown somewvdrat
identical performance when dealing with the firakland the
actuated payload.
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