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Abstract—Creating effective locomotion for legged robots is
a very challenging task especially in an unknown environment
(flat terrain or uneven terrain). Currently, most research works
on locomotion control are focused on the trajectory based
method. Here we are implementing a biologically inspired
Central Pattern Generator (CPG) based controller for a
quadruped Minimule robot. This local control system of
quadruped animals is modeled through an artificial neural
oscillator based structure. The robot was first modeled using
MSC ADAMS and integrated with MATLAB for simulation.
This paper deals with parameter modulation of the CPG
network, the gait transition for the robot and environment
adaptability through limit cycle stability. Various parameters
for locomotion like frequency, velocity, and gait can be
obtained just by changing a single parameter, the duty factor.
The CPG based controlled Minimule robot can achieve both
trot and walk gait and its transition by varying the phase
relationship between the limbs and is stable due to the inherent
property of CPG oscillator.

Keywords— Central Pattern Generator, Hopf oscillator, trot
gait, stability.

NOMENCLATURE
W = the frequency of the oscillation in units of rad/sec
X,y = are the oscillator's states
u = square of the amplitude of oscillations in limit
cycle
Wgt = the stance frequency
Wgyw = the swing frequency
Ty = the stance period
Tew = the swing period
B = duty factor
i,j = isasubset of {LH,LF,RF,RH}
9}' = isthe required relative phase between i and j
R(6f) = the rotation matrix
®ir P; the relative phases
Xoi»Voi = the coordinates of the tip of the limb for the i*" leg
Xgi = the x component of the trajectory for i‘" leg about
Xoir Yoi
Vi = the y component of the trajectory for i** leg about
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Xoir Yoi
Xij = the j*" oscillator of i*" leg
S = the stride length of the trajectory
H = is the displacement in the vertical direction
L., L, = thelength of the first link and the second link
6,,6, = theangle between the robot body and link 1,and
the angle between link 1 and link 2
X, Y = the coordinates of the end-point
So = the outside stride length
Si = the inside stride length
b = the breadth of the quadruped

I. INTRODUCTION

OLLOWING the general trend of replacing manual work

with robots, in military also, there is a requirement for a
unmanned robot that can carry a certain payload and traverse
any terrain. Though wheeled robot is easy to control, legged
robots are preferred over wheeled robots due to their
adaptability to unknown terrain. For this, animal locomotion
has been extensively studied over the years by researchers from
both robotics and biology fields. Studies of vertebrate
locomotion, namely on the neural networks responsible for the
locomotion have revealed that the coordinated, rhythmic
motion of the body of vertebrates is not directly controlled by
the brain but rather by specific neural networks that are situated
along the spine. These networks, known as central pattern
generators (CPGs), are formed by inter-connected oscillatory
centers that generate bursts of rhythmic activity that control
muscles, and whose coupling is essential for coordination of
movements. CPGs present several properties, like distributed
control and robustness against perturbations, which make
mathematical models of CPGs very suitable for robot
locomotion control.

Most of the researches for legged locomotion are based on
trajectory-based method. The trajectories are predefined and
the joint angles are calculated using inverse kinematics method
in-order that it attains stability. Since the pre-defined
trajectories are unchangeable, it is difficult to fit ground
conditions. Although trajectories can be switched for different
terrain, it cannot cover all the situations faced in an unknown
environment.

It has been found that different forms of locomotion in
animal life are characterized as rhythmic coordinated
movement of limbs. However, the seemingly repetitive
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movement is under continuous subtle adaptations in a real-time
manner which makes it possible for the locomotion movement
to be sustained in the presence of environments changes such as
a slope or a rough terrain. Taking inspiration from this, a
biologically inspired control technique was implemented for
legged locomotion. This method involves Central Pattern
Generators or CPGs.

The concept of CPG originated from the neurophysiologic
studies of vertebrate animals. A CPG is a network of Neuron
Oscillators that produces rhythmic oscillations without any
rhythmic inputs. This biologically inspired control technique is
well suited to control robots with multiple degrees of freedom
as it can generate coupled control signals for all joints. In
general, CPG is composed of many coupled oscillators which
provide reference trajectories for the control. Therefore, this
paper focuses on a bio-inspired approach of walking control by
the modelling of local control system of quadruped animals
through a neural network structure.

Il. LITERATURE REVIEW

There are numerous publications on designing controllers
for quadruped locomotion. They have long been focused on
dynamic walking control as in [1]. The necessary conditions for
dynamically stable walk is explained in previous researches
([2], and [3]). In [4], another control method using delayed
feedback control has been discussed.

As many biological studies of motion control progressed, it
has become generally accepted that animals’ walking is mainly
generated at the spinal cord by a combination of a CPG and
reflexes receiving adjustment signals. The existence of CPG
has been established in animals [5], and in vertebrates [6]. A
great deal of the previous research on this attempted to generate
walking using a neural system model, including studies on
dynamic walking in simulation and real robots ([2], [3], [7]).
The CPG control technique for locomotion [8] was explored in
different robots taking inspiration from legged animals in
nature like hexapod, quadruped and even human like bipeds

(9], [10], [11]).

The various neural oscillator models for CPG network is
discussed in [12], [13], and [14], where different neuronal
oscillators like Stein neuronal model, Vander Pol model etc.,
has been detailed. The implementation and coupling of CPG
network has been discussed in [11], [12], [13], [15], [16], [17],
and [18].Various methods have been proposed to improve the
gait implementation and transition ([7], [19]). Artificial
Intelligence ([20], [4], [21], [22]) and optimisation techniques
[23] has also been implemented for locomotion control.

Several improvements for the locomotion control of
quadruped robots were proposed. In [18], a new CPG
architecture that relies on Hopf oscillators is proposed that
allows to independently control the duration of the ascending
and descending phases of the oscillators (that correspond to
swing and stance phases of the limbs). This approach was
complemented in [24], in which sensory feedback was
introduced to accelerate the transitions between the two phases

when limbs touch and lift of the ground. The ability to control
the duration of the locomotion phases together with the
possibility to perform transitions allows a correct identification
of swing and stance phases. This has been proven to increase
performance concerning robot speed and controller robustness
to incorrect control parameters choice. One of the most relevant
disadvantages of this work is the fact that the limbs of the
quadruped robots for which it was designed move back and
forth, instead of rotating around an axis.

Central Pattern Generators (CPGs) have in the past years
been a growing subject when talking about control systems for
walking, running, crawling and swimming robots. The ability
to be stable, adaptive and not require many parameters and
input signals in order to produce motor control signals for e.g. a
walking gait of a quadruped is normally hard to combine into a
control system. In the past few years, many studies and projects
have shown that CPGs hold the secret to such controllers, and
that the area of CPGs controllers has not been fully discovered
yet. The foundation of this work is the idea of using a
CPG-based controller to generate different gaits for a
quadruped robot.

I1l. CENTRAL PATTERN GENERATORS

The controller used in this paper is based on a biologically
inspired technique of CPG. The CPG found in the vertebrates
are made of neural oscillators. Thus if we want to simulate a
CPG, we first have to simulate one of these neural oscillators.
One approach could be to build a model as close as possible to
the behaviour of the real neurons. The real neurons have very
complex behaviours and are far from being fully understood by
the biologists.  Second, such a model would be pretty
complicated and therefore it would be difficult to embed it on a
real robot. So, the model used in this project is a simple Hopf
oscillator.

A. Oscillator Model

The Hopf oscillator is an example of a dynamical system that
possesses limit cycle stability and such properties as its
solutions converge to a closed curve centred in the origin of the
phase space with constant radius. Its x and y variables thus
exhibit a sine behaviour in steady state. The standard Hopf
oscillator is governed by the following set of differential
equations

x=(—-r)x+wy M)

y=@-r)y—wx )
where

r=yx?4y? ®3)

The oscillator has a stable limit cycle defined by the constant

value u and the system exhibits Hopf bifurcation at « = 0. A

Hopf oscillator has stability against perturbations. This is due to

the limit cycle being an attractor acting against the perturbation.

The limit cycle of this system consists of stable periodic
solutions of x and y of the form
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B. Frequency Transformation

As mentioned earlier the amplitude of the oscillation is given
by +/u. The condition x> 0 should be satisfied for limit cycle
behaviour. The frequency of oscillations is given by

1
The oscillator described by (1), (2), and (3) generates an x
oscillatory trajectory in which the ascending and descending
parts have equal durations. In order to achieve an independent
control of the duration of these parts, we employ the following
equation proposed by [24],

Wst + Wsw (6)

W =— -
e"%it1  e%it1

where w alternates between wg and ws,, depending on z and a is
the rate at which it changes the frequency.

By controlling the durations of the ascending and descending
phases of the x trajectory, we are controlling the durations of
the swing and stance step phases, respectively by setting the
following,

Wy =1/ Ty, ()
ws =1/ T (8)

It is thus possible to generate gaits with a desired duty factor,
B, by keeping the swing frequency constant and specifying the
stance frequency according to the duty factor value as follows

1-B
Wt = Twsw )

The relative phase for each leg is given by where £ is the duty
factor which controls the gait, for trot £ is 0.5 and 0.75 for walk.

C. CPG Coupling and Network

The basic CPG network consists of an oscillator for each leg.
The coupling between these units determines the relative phase
between the legs or the gait.

The coupling between the CPG units are given by

X |_|alu-r) -0 %; iy %1 (10)
M { o a(ui—rf)Myi};Rw‘){yJ

where
R() =R7'(-6)
0] = (pi— ;) 2m

D. Trajectory Generation

(11)
(12)

Another set of oscillators per leg in addition to the basic set
are defined which has 90° phase difference with the basic set.
The trajectory of each leg will be derived from these two
oscillator outputs by the equations:
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(13)
Yei = Yoi T H X2 (14)

Once the trajectories are obtained, the locomotion can be
obtained by mapping the oscillations to the joint angles.

Xti = Xoi =S X1

E. Mapping of Angles

Two-joint robotic arm is as shown in Figure 1. Given the
angles of the joints, the kinematics equations give the location
of the tip of the arm, this is called forward kinematics. Given a
desired location for the tip of the robotic arm, the angles of the
joints can be calculated so as to locate the tip of the arm at the
desired location. Since it has multiple solutions it is a difficult
problem to solve. So we reduce the problem to just finding the
two angles involved. The first angle is between the first arm and
the reference plane. The second angle is between the first arm
and the second arm.

. .
LT TTTI LA

(x,Y)

Figure 1 Illustration showing the two-joint robotic limb with the
two angles, 8, and 6,

The forward kinematics equation gives the end-point
coordinates in terms of the angles. They are
(15)
(16)

Computing the angles from the coordinates poses a bigger
challenge, hence we use intelligent methods [25] for mapping.
Here a neural network to map the angles to the x-y coordinates.

x =Ly cos(8y) + L, cos(6; +0,)
y = Ly - sin(8,) + L, - sin(6; + 6,)

For the data generation for the neural network, we assume
that the first joint has limited freedom to rotate and it can rotate
between 0° and 90°. Similarly, assume that the second joint has
limited freedom to rotate and can rotate between 0° and 180°.
Hence,

0<6, <m/2 17)

(18)

Once the data-set is obtained using forward kinematics, two
separate networks for the hip angle 6, and knee angle 6, are
created. Each network has two inputs for x and y coordinates,
one output of the angle, a hidden layer with ten neurons, and an
output layer with one neuron. The next step is to train the
network with the data-set obtained from forward kinematics.

0<6,<m
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F. Turning along a curve

The quadruped can turn at various radius of curvature. The
direction can be specified through the interface. According to
the direction, the inside and outside stride lengths are calculated
to get the desired radius of curvature.

So=S- (1 + (2-ral;ius))

(19)

Si=S$- (1 - (Z-ral;ius))

IV. SIMULATION AND RESULTS
A. Phase Entrainment

The oscillations of two Hopf oscillators are shown in Figure
2 to Figure 5 for various phase difference between them. The
Hopf oscillations for f = 0.5 and wg = 2w and for various ¢
(phase difference between the oscillations) are given below,

Amplitude

—> Timein Sec
Figure 2 Oscillator output for ¢ = /2

Amplitude

—> Time in Sec
Figure 3 Oscillator output for ¢ ==

Amplitude

—> Timein Sec
Figure 4 Oscillator output for ¢ = 3n/2

Amplitude

—> Timein Sec
Figure 5 Smooth transition for frequency modulation

The frequency of the oscillations can be varied by varying
g that in turn will vary the overall frequency. Figure 5 shows
the frequency modulation when wg changes from wto 2w att =
3 sec, and 27 to /2 at t = 6 sec.

The importance of smooth frequency modulation is that we
can change the velocity of the robot by varying the frequency.
Faster stepping means faster movement.

B. Effect of Duty Cycle

By varying the duty cycle we can change the ratio of the
swing and stance phase. This is shown in Figure 6 and Figure
7 in the following illustrations.

B

Amplitude

—3> Timein Sec

Figure 6 Oscillations for g = 0.5 showing equal swing and the
stance phase

Amplitude

—> Timein Sec
Figure 7 Oscillations for g =0.75 showing longer swing phase than
the stance phase

Controlling the duty cycle ratio is another way of varying the
velocity of the robot. By decreasing the stance phase, the leg is
in touch with the ground for a less time. Hence, more speed is
gained. The figures clearly show the difference in the swing and
stance period in #=0.75 (Figure 7), while in = 0.5 (Figure 6)
the swing and stance phases are equal.

C. Entrainment of Limit Cycle

The effect of perturbations is shown in Figure 8 by the
abrupt change in oscillations with the occurrence of
perturbations. After a while, the oscillations show entrainment
which proves the limit cycle stability of the oscillations. These
are shown in Figure 9 and Figure 10.

Limit Cycle formation

Y-Oscillations of Hopf

X-Oscillations of Hopf

Figure 8 Limit cycle formation by the two states of the Hopf
oscillator which results in sustained oscillations
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Figure 9 The oscillations show stability against perturbations
which is equivalent to phase change occurring while an obstacle is
encountered.

Limit Cycle formation
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X-Oscillations of Hopf
Figure 10 The limit cycle stability against perturbations

D. Hardware Implementation

The quadruped has a PIC 30f4011 Microcontroller as its
main control. The actuators are Dynamixel RX64, connected
with daisy chain and supports RS485. The power supply is a
14.4 V, 5.8 A-h battery. The robot was controlled real time
using RS485 connector.

A user interface was developed using Microsoft Visual C#
2010. From the interface, one can vary the duty cycle 8
gradually within interval 0.5-0.75, and the gait switches from
trot to walk smoothly.

The beta is varied from 0.5 to 0.75. The gait changes from
trot to walk as beta varies, which is shown by the relative phase
between the joint angles in Figure 12 and Figure 13. As seen in
the figures, the phase transition from trot to walk occurs
smoothly. The results were obtained by integrating MSC
ADAMS software and MATLAB Simulink. The angles from
the 3-D model were plotted in ADAMS Post-Processor.

Int J Robotics and Mechatronics, 2014, Vol. 1

Figure 14 and Figure 15 show the clippings from the video
of the quadruped robot. The gait transition from walk gait to
trot gait and back (Trot gait to walk gait) and the turning gait
was successfully implemented in the hardware.

Figure 11 Minimule robot with CPG based controller

Amplitude

Time in Sec

Figure 12 Joint angle J1 for the quadruped showing variation
with beta

Angle in rad

0.0
00 50 100 150 200

Time in Sec
Figure 13 Joint angle J1 for the quadruped showing variation
with beta

i

Figure 14 Quadruped trotting on a straight path
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V. CONCLUSION

In this contribution, we have presented a way of designing a
CPG based controller for a quadruped robot. An oscillator was
designed for locomotion control in which we can independently
control the duration of swing and stance phases. The network
architecture of the CPG was designed using dynamical system
theory in a simple and scalable manner. The Central Pattern
Generator - based controller was simulated and successfully
implemented on hardware. The results show the smooth
transition of the gaits from walk to trot depending on a single
parameter. Furthermore, the frequency and amplitude can also
be modulated. The oscillators exhibit limit cycle behaviour and
therefore inherently reject disturbances. The present model
does not have sensors or feedback for simplicity; it is an open
loop controller. The CPG-based controller was successfully
implemented in hardware. The robot has inherent stability due
to the limit cycles. Combined with symmetrical gaits, it is
enough for locomotion over flat terrain.

VI. FUTURE SCOPE

For adaptability over rough terrain, sensory feedback must
be included for sensing the irregularities in the environment and
balance the robot accordingly. Including a third degree of
freedom will improve the flexibility and adaptability of the
robot.

Figure 15 Quadruped turning with a radius of curvature 0.5 m while in trot

To improve the locomotion of the quadruped various
parameters like attainable velocity, energy efficiency can be
optimised using evolutionary algorithms and heuristic methods
like Genetic Algorithms, etc.
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