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Abstract: There are some systems that are yet to be modelled using certain methods. One of them is Rotary Inverted
Pendulum (RIP) on a wheeled cart which is yet to be modeled using the bond graph technique. Therefore, this work
explored the bond graph technique for this system. Using this technique, which uses the concept of energy (power)
transfer between elements in a system, the system was modeled. Then, the state space equations of the system, which
give the first-order differential equations, were derived. It was observed that the system has five state variables because
of the five integrally causal storage elements.

Index Terms: Bond graph, wheeled rotary inverted pendulum, state space

1. Introduction

An inverted pendulum is one with its mass on the top and pivot on the bottom. This pendulum is not stable as
compared to the normal pendulum which has its pivot on the top and mass on the bottom. Therefore inverted pendulum
must be actively balanced for it to remain upright [1].

The wheeled inverted pendulum (WIP) is frequently realised with the pivot attached on a moving load, chart or
wheel that can move horizontally. There are different designs for various wheeled inverted pendulum in [2-6], after
which they focused mainly on the control and stability of the WIP. Due the unsteady nature of the inverted pendulum
controlling its movement was presented in most literature.

Rotary inverted pendulum (RIP) consist of a DC motor connected to an arm unit and a pendulum [7]. The arm unit
is driven by a DC motor which has a control system to balance the pendulum in the upright position [7]. A variety of
RIPs have been modelled, simulated and controlled. Since RIPs are under actuated mechanical systems, they have been
used as an experimental system to describe and test diverse types of control algorithms owing to their nonlinear and
unstable behaviour [8].

Numerous applications of the inverted pendulum include robotics for 2D/3D robot walking, stability, fall
prevention [2,9,10] some of which model the standing human behaviour.

2. Related Works

Modelling a Quanser Rotary Inverted Pendulum with bond graph technique and computation of the mathematical
model was done in [11], where the RIP system was further divided into smaller subsystems and modelled separately.
Then the different models were added up to give a final model of the Quanser RIP. BondSim software was used for the
modelling and simulation in [11].

In [12] a robotic leg was modelled using bond graph. This was achieved by connecting simpler, similar models.
Formulating a set of simple design with similar dynamic behaviour to the human leg in various phases of motion was
the aim of the work.

Bond Graph method was used to model an inverted pendulum on cart in [13]. State space equation for the system
was obtained and PID controller was designed was done in [13]. MATLAB was used in the development and
analysing the PID controller.

The research on inverted pendulum with applications in balancing robot , the balance control problem of rockets
launching [7], has gained interest over the last decade at research, industrial and hobby level around the world. A new
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proposed system which includes the characteristics of a RIP and two wheeled robot, referred to as TWRIP has been
recommended in [8] as a new research area. The TWRIP can be used for testing of higher order intelligent controllers

[8].

Modelling of rotary inverted pendulum on a wheeled cart using bond graph technique has not yet been explored.
This work therefore focused on obtaining system equations that totally describe the rotary inverted pendulum on a
wheeled cart using bond graph.

3. Modelling of the System Using Bond Graph

The proposed Rotary Inverted Pendulum on a wheeled cart is presented in Fig. 1. This wheeled is a multi-energy
domain system because it has mechanical and electrical components. Bond graph technique is an appropriate tool used
in modelling such systems[14].

Bond graph uses the concept of energy or power transfer between elements in a system and a diagrammatic
representation is made with bonds and elements to illustrate this power transfer [15]. Elements could be single port as in
resistive element (R), compliance element (C), inertial element (1), source of effort (SE) and source of flow (SF) or two-
port elements as in transformers (TF) and gyrators (GY) [14,15]. The power in an element is a product of its effort and
flow, bonds are used to represent this exchange of power between elements.
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Fig. 1. Proposed rotary inverted pendulum on a wheeled cart.

The rotary inverted pendulum on a wheeled cart consists of a chart with mass M, been moved by a DC motor.

Let the radii of the wheels be r rotational inertia be J, , rotational damping of the driven wheels R, .

Elements of the cart’s DC motor considered include voltage source E, & armature inductances L, , and
reactance R ;.

The second DC motor that controls the rotating arm L, have voltage source E, , armature inductances and
reactance L, and R, respectively. The rotational inertia and damping of L, are J, and R, respectively and R,,

J, are the gear resistances and inertia of the rotating arm. The arm L, has a rotational motion of J, and g is the

acceleration due to gravity.
Bond graph of the proposed Rotary Inverted Pendulum on a wheeled cart is shown in Fig. 2.
The gyrator modulus of GY1 and GY2 is K, and K, respectively. TF1 is the driven wheel with a transformation

ratio of r*. The gear ratio, TF2, for the rotating arm is N, / N, . Transformation ratio of MTF1, MTF2, MTF3 are L,,

L,coseand —L, sin O respectively. Where 6 is the angle that L, is been displaced.
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Fig. 2. Bond graph of the proposed rotary inverted pendulum on a wheeled cart

4. State Space Equation

State variables are momentums of the integrally causal storage element which are P, ,P,;,P;,P,; and P, . P, is

the momentum for the armature inductance of the cart’s DC motor. Momentum of the sum of both masses is PlO . P13 is

the armature inductance of the arm’s DC motor momentum. P21 and P25 are the momentums of the arm’s gear inertia

and the horizontal component of mass M, respectively .The differential equation for the system as derived from the
bond graph in Fig. 2 is given by Equation (2) in the form of (1).

X =Ax+Bu
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5. Conclusion

The paper aimed at exploring the bond graph technique for Rotary Inverted Pendulum (RIP) on a wheeled cart
system. The aim was achieved by first, modelling the system using bond graph technique, and then deriving the state
space equations of the system. Based on the number of integrally causal storage elements in the system, the system has
five state variables. Since the state space representation of the system is now readily available different controllers, such
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as Linear Quadratic Regulator (LQR), Linear Quadratic Gaussian (LQG), Proportional Integral Derivative (PID) and a
combination with artificial intelligences can be applied to the system to control and analyze its performance.
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