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Lisbon, Portugal
2

Correspondence should be addressed to Rafael Morales; rafael.morales@uclm.es
Received 5 February 2018; Accepted 5 February 2018; Published 13 May 2018
Copyright © 2018 Rafael Morales et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Energy is a vital element for human life, and if modern societies are to be sustained, then obtaining a secure, sufficient,
and accessible energy supply is fundamental. The demand
for the provision of energy is rapidly increasing throughout
the world and this trend is likely to continue in the future.
The growing recognition that global warming exists has led
more governments, research centers, and corporations to
commit resources to the advancement of renewable energy
technologies.
Renewable energy generation could, in addition to providing a means to substantially reduce CO2 emissions, help
reduce national dependencies on imported energy, thus
increasing energy security and diminishing domestic supplies of fossil fuels. One challenge as regards energy is the
ability to move to a new low carbon economy in which energy
demands can be met while the levels of CO2 emitted are
reduced. In order to meet this challenge, it will be necessary to
exploit other forms of renewable energy that are currently less
developed but which have a high potential, such as marine
renewable energy. This had led to an incipient interest in the
successful development of these technologies and in bringing
them onto the market.
The sea is a huge collector, accumulator, and transformer
of clean and inexhaustible energy and is virtually unexploited,
despite covering more than 70% of the Earth’s surface. Marine
currents are, together with waves, the most promising sources
of marine renewable energies. Some of the opportunities
and benefits that could be achieved with the exploitation
of wave and tidal energy-recovering systems include energy
independence, decarbonization, or the creation of jobs. The

energy that could be extracted from sea waves and currents is
estimated as being more than 8,000 TWh/year.
In spite of the opportunities that these marine renewable
energies could provide, there are still some challenges that
must be met if an awareness of marine technologies is
to be promoted and their current potential increased. The
difficulties related to this medium have led to the conception, design, and operation of devices with exceptional
features, such as stability, redundancy, seakeeping, or survival
in hostile conditions. Meeting these challenges is essential
if governments, industry, maritime and oceanic services,
research institutions, and universities are to obtain a unified
and coordinated approach to achieve robust, feasible, and
cost-effective marine technologies. Obtaining these will help
the acceleration and sustainability of marine systems. In
this respect, the development of new and innovative solutions in robotics and control engineering systems applied
to wave and tidal energy-recovering systems has received
a great deal of attention in the last years from a considerable number of researchers and from the industrial
community.
The objective of this special issue is to show the latest
research achievements, findings, and ideas in the fields of
robotics and control engineering as regards wave and tidal
energy-recovering systems. The topics dealt with in this
special issue are the following:
(i) Sensor systems: sensors and sensor networks, intelligent sensors, sensor uncertainty for fault tolerant
control, and distributed and multimodality sensor

2
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network for control and automation, to name but a
few.
(ii) Control: adaptive control, robust control, active disturbance rejection control, identification and estimation, delay systems, precision motion control, and so
forth.
(iii) Mathematical modeling: modeling, identification, and
simulation of wave and tidal energy-recovering systems.
(iv) Robotics: modeling and identification, mobile robotics, mobile sensor networks, perception systems,
visual servoing, robot sensing and data fusion, and
autonomous and remotely operated (surface and
underwater) systems.
(v) Industrial informatics: embedded systems for monitoring and controlling wave and tidal energyrecovering systems.
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The challenge of this work is to implement an algorithm which enables the robot to achieve independent activities in the purpose
of achieving a common goal, which consists in autonomous navigation in a partially unknown environment. The use of multiagent
system is convenient for such a problem. Hence, we have designed a structure composed of four agents dedicated to perception,
navigation, static, and dynamic obstacle avoidance. Those agents interact through a coordination system.

1. Introduction
In recent years, multiagent system becomes a very wellknown field used in many applications such as E-commerce,
E-health applications, network intrusion detection systems,
telematic and transport systems [1], and robotic system [2, 3],
which is the topic of this paper.
Indeed, several researchers have used multiagent system
in the development of robotic system [4]. Multiagent system
is very useful in the case of multirobots which execute
different tasks, which should be coordinated with each other
[5].
Furthermore, such architecture can be used in the case
of a single robot. According to the principle of the multiagent
system, which consists in a number of agents coordinated and
dedicated to achieve common objectives, each robot activity
is considered as an agent. Those agents are interacting with
each other through a specific system of coordination.
The interest in the multiagent system has increased, since
it has several properties compared to other architectures [6].
Among those properties, we mention decentralized control,
which permits the continuity of the system even when some
parts fail, coordinability, predictability, and adaptability [2, 3].
Therefore, the structure of multiagent system may be
established as a first step. Then, the activity of each agent

is defined. Finally, a coordination system between agents is
presented. Those steps are applied to implement the multiagent system on an intelligent wheelchair in [7]. Five agents
were designed by Busquets et al. for robot navigation [8].
Innocenti et al. have proposed in [2] a multiagent structure
containing four agents, combined with each other in order
to obtain the desired goal. Boujelben et al. have simplified
this architecture and reduced the number of agents to three,
dedicated to perception, navigation, and obstacle avoidance
[3].
Among the agents defined in the case of robotic field,
we cite navigation agent and obstacle avoidance agent. In
the literature, the design of controllers for mobile robot
navigation is based on two basic approaches: the reactive and
the deliberative approach [9].
The deliberative method is applied when the situation
needs a previous knowledge of the environment [10]. Path
planning is the principle of this approach. Researchers have
developed methods of control based on deliberative approach
such as PID control [11] and sliding mode [12].
For an unknown environment, the deliberative approach
is not sufficient. Therefore, the reactive method is required,
which is based on sensor’s measurements and does not
require information about the environment [9]. In the
literature, neural network [13], potential field [14], and
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fuzzy logic system [15] are the most popular developed
methods.
In this work, we have treated the problem of an environment containing both static and dynamic obstacles. Our
mobile robot should find a safe path to reach the desired
target. For that purpose, we have proposed to apply the multiagent system to control the robot. Our suggested structure
contains four agents:
(i) Perception agent, which obtains the necessary information measured by the sensors of the robot and
affords them to the system
(ii) Navigation agent, responsible for guiding the robot to
the target
(iii) Static obstacle avoidance, which keeps the robot away
from static obstacles
(iv) Dynamic obstacle avoidance, which keeps the robot
away from dynamic obstacles
Those agents are related through a cooperative system which
allows them to achieve common goals.
Here, the navigation agent uses a simple fuzzy controller.
Indeed, Chia-Feng Juang has tested the efficiency of fuzzy
logic system in the field of robot navigation [16], comparing
the performance of this method, while introducing some
optimization approaches. In this work, fuzzy logic system
was implemented in the navigation agent for its high robustness and good performances, without applying optimization
methods.
For the static obstacle avoidance agents, a deliberative
method is applied, since the position of obstacles is known.
Sliding mode is chosen to be implemented on this agent
thanks to its fast response and its robustness against variations. For the dynamic obstacles, the position of obstacles
is unknown and unexpected. The deliberative approach is
not sufficient, due to the complicated computation of the
following path in the presence of dynamic obstacle. Fuzzy
logic system is applied, since it is considered as a reactive
method.
However, a large number of inputs are obtained in the
case of applying the standard fuzzy logic system, due to the
high quantity of information given by all robot’s sensors.
To simplify the problem, we have proposed to use the
hierarchical fuzzy system which consists in dividing the fuzzy
system into subsystems [15].
This paper is organized as follows. In Section 2, the
model of the used robot is presented. Section 3 introduces
the adopted multiagent architecture, detailing the role of
each agent. Coordination between agents is mentioned in
Section 4. Finally, Section 5 presents the simulation results
to test the validity of this work.

2. Modeling of the Mobile Robot
The platform used in this work is a Khepera II robot. This
mobile robot is convenient for our experiments, due to its
equipment consisting on two independent wheels and eight
sensors attached to its contour which ensure a best detection
to the obstacles, as it is shown in Figure 1 [17].

Y1
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X1


Y y

VR

o1
L

o

x
X

Figure 1: The schematic model of the Khepera II robot.

The linear right and left wheels velocities 𝑉𝑅 and 𝑉𝐿 as
well as the angle 𝛼 between the robot direction and the 𝑥axis are responsible for guiding the robot, using the following
kinematic model:
𝑥̇ =

𝑉𝑅 + 𝑉𝐿
cos 𝛼,
2

𝑦̇ =

𝑉𝑅 + 𝑉𝐿
sin 𝛼,
2

𝛼̇ =

𝑉𝑅 − 𝑉𝐿
,
𝐿

(1)

where 𝐿 is the distance between the right and the left wheels.
The adopted strategy is to control the robot to a final
destination in an environment containing both static and
dynamic obstacles using the multiagent system.

3. Multiagent Architecture Model
The basic structure of the multiagent model is presented in
Figure 2.
It is composed of four agents which interact with each
other through a cooperative system. This system of coordination will be detailed in Section 5.
The information provided by the sensor’s measurements
is collected in the perception agent. According to those data,
one of the three other agents (robot navigation, static obstacle
avoidance, and dynamic obstacle avoidance) is chosen to
control the robot. If the environment is safe, the robot
navigation agent is activated, which is responsible for guiding
the robot from an initial position to a final target. If an
obstacle is located on the path of the robot, one of the obstacle
avoidance agents is activated. Those two agents are in charge
of moving away from obstacles, one of them applying a
reactive method and the second using a deliberative approach
[18]. The choice between those two agents depends on type of
obstacle faced (static, dynamic).
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Figure 3: Representation of the parameters 𝑑 and 𝜑.

3.1. Navigation Agent. The role of the navigation agent, based
on fuzzy logic control, is to bring the robot to a final
target when the environment is supposed to be free from
obstacles [3]. This task is achieved by calculating the distance
𝑑 separating the robot center from the goal and the angle
𝜑 which separates the distance to the target and the robot
orientation (see Figure 3), then giving them as inputs to a
fuzzy logic controller [19]. This controller is responsible for
the function of navigation.
The distance 𝑑 and the angle 𝜑 are calculated using those
following expressions:
2

2

𝑑 = √(𝑥𝑇 − 𝑥) + (𝑦𝑇 − 𝑦) ,

(2)

𝜑 = 𝜃𝑇 − 𝛼𝑅

(3)

(𝑦𝑇 − 𝑦)
.
(𝑥𝑇 − 𝑥)

(4)

Fuzzy logic system is a well-known technique recommended for robust controller’s conception [20]. Its advantage
consists in considering the variation field of input variables,
unlike Boolean logic in which the values of the variables are
0 or 1 [3, 21].
Figures 4 and 5 show the fuzzy partition of the input variables 𝑑 and 𝜑. The distance 𝑑 varies in the range [0, 700] mm,
whereas the interval of the angle 𝜑 is defined between −𝜋/2
and 𝜋/2. Five membership functions are used for the distance,
and seven memberships functions are considered for the
angle. Therefore, 35 rules are obtained. More details and
inference tables are provided in [15, 21].
An example of a fuzzy rule which represents a link
between fuzzy inputs variables (𝑑 and 𝜑) and fuzzy outputs
variables (𝑉𝐿 and 𝑉𝑅 ) is expressed as follows.
If 𝑑 is 𝐴 𝑖 and 𝜑 is 𝐵𝑖 , then 𝑉𝑅 = 𝑦𝑖 and 𝑉𝐿 = 𝑧𝑖 , where 𝛼𝑖
and 𝛽𝑖 are the level activation of the rule 𝑖.
Therefore, the expressions of the output variables are
𝑉𝑅 =

∑𝑟𝑖=1 𝛼𝑖 𝑦𝑖
,
∑𝑟𝑗=1 𝛼𝑗

∑𝑟 𝛽𝑖 𝑧𝑖
𝑉𝐿 = 𝑖=1
.
∑𝑟𝑗=1 𝛽𝑗

(5)

3.2. Static Obstacle Avoiding Agent. Now, we study the case of
the existence of a static obstacle in the path of the robot. To
avoid it, a deliberative approach is applied, which consists in
defining a trajectory that the robot should follow [22, 23]. The
proposed approach is based on following a specific trajectory
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Figure 4: Membership functions for 𝑑 (in mm).
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of the robot enabling it to track the convergence cycle defined
previously [22]:
𝑥𝑟̇ = 𝑎𝑦𝑟 + 𝑥𝑟 (𝑅𝑐2 − 𝑥𝑟2 − 𝑦𝑟2 ) ,

0.7

𝑦𝑟̇ = −𝑎𝑥𝑟 + 𝑦𝑟 (𝑅𝑐2 − 𝑥𝑟2 − 𝑦𝑟2 ) ,
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Figure 5: Membership functions for 𝜑 (in rad).

generated by limit cycle equations applying the sliding mode
control [22]. Some details about the limit cycle trajectory
and the sliding mode control are presented in the following
subsections.
3.2.1. Limit Cycle Trajectory. First of all, we define a convergence circle around each static obstacle. According to previous works [22, 24], this circle corresponds to a dangerous
zone. Its radius is defined as 𝑅𝑐 = 𝑅𝑟 + 𝑅os + 𝛿 (see Figure 6),
where
(i) 𝑑 is the distance between the robot center and the
target,
(ii) 𝑑os is the distance between the robot center and the
static obstacle,
(iii) 𝑅𝑟 is robot’s radius,
(iv) 𝑅os is static obstacle’s radius,
(v) 𝛿 is a safety margin for collision avoidance.
Now we consider the following differential equation,
which defines the limit cycle trajectory of the robot [25]. This
system of equation permits us to obtain the position (𝑥𝑟 , 𝑦𝑟 )

(6)

where 𝑎 is a scalar which specifies the orbital path direction
(clockwise or counterclockwise), according to the position
of the robot with respect to the obstacle. If 𝑎 = 1, the
rotational direction is clockwise. If 𝑎 = −1, this direction
is counterclockwise. Figure 7 shows both cases with different
initial conditions.
In the purpose of determining the appropriate direction,
a new reference frame is defined 𝑆 = (𝐶, 𝑋𝑜 , 𝑌𝑜 ) centered on
the obstacle, as it is presented in Figure 8.
Applying this reference, the new coordinates of the robot
are obtained (𝑥or , 𝑦or ) [24]. Then the sign of 𝑦or determines
the motion direction (clockwise if 𝑦or > 0 and counterclockwise otherwise).
3.2.2. Sliding Mode Control. Once the reference trajectory has
been determined, the approach proposed for tracking this
path is the sliding mode control. This method ensures fast
response, robustness, and good results in tracking the desired
trajectory [26].
This method is based on choosing the appropriate sliding
surface denoted by 𝑠 along which the sliding motion occurs
[12, 26].
To illustrate the principle of the sliding mode control, we
consider Figure 9, where the tracking error 𝑝𝑒 = (𝑥𝑒 , 𝑦𝑒 , 𝛼𝑒 )𝑇
between the reference portion 𝑝𝑟 = (𝑥𝑟 , 𝑦𝑟 , 𝛼𝑟 )𝑇 and the
current position 𝑝 = (𝑥, 𝑦, 𝛼)𝑇 of the robot is represented
and expressed by
cos 𝛼 sin 𝛼 0
𝑥𝑟 − 𝑥
𝑥𝑒
[𝑦 ] [− sin 𝛼 cos 𝛼 0] [𝑦 − 𝑦]
]×[ 𝑟
].
[ 𝑒] = [
[𝛼𝑒 ]

[

0

0

1]

[𝛼𝑟 − 𝛼]

(7)
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Figure 7: The shape of the limit cycles, (a) clockwise and (b) counterclockwise.
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Figure 8: The new reference frame 𝑆 = (𝐶, 𝑋𝑜 , 𝑌𝑜 ).

By deriving 𝑉, we obtain
By deriving this system of equations, we obtain
𝑥𝑒̇
𝑦𝑒 𝑤 − V + V𝑟 cos 𝛼𝑒
[𝑦 ̇ ] [ −𝑥 𝑤 + V sin 𝛼 ]
[ 𝑒] = [
𝑒
𝑟
𝑒 ].
[𝛼𝑒̇ ]

[

𝑤𝑟 − 𝑤

𝑉̇ = 𝑦𝑒 𝑦𝑒̇ = 𝑦𝑒 (−𝑥𝑒 𝑤 + V𝑟 sin (𝛼𝑒 ))
(8)

]

The error portion 𝑝𝑒 must converge to 0, which means
that 𝑝 converges to 𝑝𝑟 . To achieve this purpose, the adequate
linear and angular velocities V and 𝑤 should be found.
The design of the switching function is a hard task due to
the robot model which is a multiple-input nonlinear system
[22]. Lee et al. have proposed in [12] to consider 𝑥𝑒 = 0. As a
consequence, the Lyapunov equation is chosen as
1
𝑉 = 𝑦𝑒2 .
2

(9)

= −𝑥𝑒 𝑦𝑒 𝑤 − V𝑟 𝑦𝑒 sin (arctan (V𝑟 𝑦𝑒 )) ,

(10)

where 𝛼𝑒 = − arctan(V𝑟 𝑦𝑒 ) is the switching function condition.
𝛼𝑒 is always positive. Therefore, the global reaching
condition given as 𝑉̇ ≤ 0 is always satisfied [22]. Then we
define the vector of sliding surfaces as
𝑥𝑒
𝑠1
].
𝑠=[ ]=[
𝑠2
𝛼𝑒 + arctan (V𝑟 𝑦𝑒 )

(11)

If we force 𝑠 to converge to 0, consequently 𝑥𝑒 → 0 and
𝛼𝑒 → − arctan(V𝑟 𝑦𝑒 ), which leads to 𝑦𝑒 → 0.
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To reduce the problem of chattering [12], we replace the
switching function by a saturation function defined as [27]
𝑠 ̇ = −𝑘 sat (𝑠) .

(12)

By substituting arctan(V𝑡 𝑦𝑒 ) with 𝛾, we obtain
𝑥𝑒̇
−𝑘1 sat (𝑠1 ) [
]
𝑠̇ = [ ] = [
][
𝜕𝛾
𝜕𝛾 ]
V𝑟̇ +
𝛼𝑒̇ +
𝑦𝑒̇
𝑠2̇
−𝑘2 sat (𝑠2 )
𝜕V𝑟
𝜕𝑦𝑒 ]
[
[
=[

(13)

]
].
𝜕𝛾
𝜕𝛾
V𝑟̇ +
𝑤𝑟 − 𝑤 +
(−𝑥𝑒 𝑤 + V𝑟 sin 𝛼𝑒 )
𝜕V𝑟
𝜕𝑦𝑒
[
]

The obtained control law is
𝑦𝑒 𝑤 + V𝑟 cos 𝛼𝑒 + 𝑘1 sat (𝑠1 )
V
]
[
[ ]=[
]
𝜕𝛾
𝜕𝛾
V𝑟̇ +
(V𝑟 sin 𝛼𝑒 ) + 𝑘2 sat (𝑠2 )
𝑤𝑟 +
𝑤
𝜕V
𝜕𝑦
𝑟
𝑒
]
[

(14)

with 𝜕𝛾/𝜕V𝑟 = 𝑦𝑒 /(1 + (V𝑟 𝑦𝑒 )2 ) and 𝜕𝛾/𝜕𝑦𝑒 = V𝑟 /(1 + (V𝑟 𝑦𝑒 )2 ).
3.3. Dynamic Obstacle Avoiding Agent. In the following
section, we consider that the robot faces on his path dynamic
obstacles. For its safety, the robot must know at every instance
the position of the obstacle to avoid it [15]. The idea is to
calculate at each moment the distance 𝑑 expressed in (2). If
this distance is lower than 50 mm, we apply the hierarchical
fuzzy system as a reactive approach for obstacle avoidance.
We have chosen to work with the hierarchical fuzzy
system rather than the standard fuzzy system due to the huge
number of rules obtained if we apply one fuzzy controller [17,
21]. The principle of this method consists in decomposing the
fuzzy system into subsystems having lower size and related to
each other in a hierarchical way. This structure is presented
in Figure 10.
According to this block diagram, each controller from the
first layer is related to a sensor of the Khepera II robot. This
sensor is required to send the distance 𝑑𝑖 and the angle 𝜑𝑖 (𝑖 =
1, . . . , 8) to an 𝑖th controller, which gives as inputs the left and
right wheels velocities 𝑉𝐿𝑖 and 𝑉𝑅𝑖 , and an index denoted by
𝐼0𝑖 . This index indicates the degree of collision between the
obstacle and the robot [21, 28]. This degree is expressed as
follows:
𝐼0𝑖

=

∑35
𝑗=1 𝜇𝑗 (𝑑𝑖 , 𝜑𝑖 ) 𝐼𝑗
∑35
𝑗=𝑘 𝜇𝑘 (𝑑𝑖 , 𝜑𝑖 )

.

(15)

The expressions of 𝑉𝐿𝑖 and 𝑉𝑅𝑖 are given as
𝑉𝑅𝑖 =
𝑉𝐿𝑖 =

∑𝑟𝑗=1 𝜇𝑗 (𝑑𝑖 , 𝜑𝑖 ) 𝑦𝑗
∑𝑟𝑘=1 𝜇𝑘 (𝑑𝑖 , 𝜑𝑖 )

∑𝑟𝑗=1 𝜇𝑗 (𝑑𝑖 , 𝜑𝑖 ) 𝑧𝑗
∑𝑟𝑘=1 𝜇𝑘 (𝑑𝑖 , 𝜑𝑖 )

d2
2
d3
3

𝑠1̇

𝑦𝑒 𝑤 − V + V𝑟 cos 𝛼𝑒

d1
1

,
(16)
,

where 𝐼𝑗 is the consequence of the 𝑗th rule and 𝜇𝑗 is the
activation level of the 𝑗th rule.
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Figure 10: Block diagram of the hierarchical fuzzy system.
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Figure 11: Position of the eight sensors of the robot.

Now the controllers are regrouped into three groups as
the eight sensors of the Khepera II robot (see Figure 11).
This decomposition is made in order to detect the obstacles
existing on the right, left, and back sides.
The controllers related to each group of sensors are
associated with a fuzzy controller. Therefore, we obtain three
controllers which give the indexes 𝐼left , 𝐼right , and 𝐼back . Those
new indexes indicate the collision degree between the robot
and the obstacle existing on the left, the right, and back sides,
respectively.
Finally, 𝐼left , 𝐼right , and 𝐼back are associated with a last
fuzzy controller. The outputs of this controller are 𝐼𝑡𝑅 and 𝐼𝑡𝐿 .
Unlike the previous indexes, those two last indicators give
information about the absence of obstacle around the robot.
𝐼𝑡𝑅 and 𝐼𝑡𝐿 are expressed as follows:
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𝐼𝑡𝐿 =

∑3𝑗=1 ∑3𝑖=1 𝜇𝑖𝑗 𝐼𝑖𝑗𝑅
∑3𝑙=1 ∑3𝑘=1 𝜇𝑘𝑙
∑3𝑗=1 ∑3𝑖=1 𝜇𝑖𝑗 𝐼𝑖𝑗𝐿
∑3𝑙=1

∑3𝑘=1

𝜇𝑘𝑙

1.2

,

1

(17)
0.8

.

Un

𝐼𝑡𝑅 =

7

The inference tables of all the indexes mentioned previously are given in [3, 28].
At least, the velocities expressions are written as
𝑉𝑅 = 𝐼𝑡𝑅 𝑉𝑡𝑅 +
𝑉𝐿 = 𝐼𝑡𝐿 𝑉𝑡𝐿 +

𝑉𝐿𝑖 =
𝑉𝑡𝑅 =
𝑉𝑡𝐿 =

0.4
0.2
0

𝑛

∑𝐼0𝑖 𝑉𝐿𝑖 ,
𝑖=1
𝑛

∑𝑟𝑘=1 𝜇𝑘 (𝑑𝑖 , 𝜑𝑖 )

∑𝑟𝑗=1 𝜇𝑗 (𝑑𝑖 , 𝜑𝑖 ) 𝑧𝑗
∑𝑟𝑘=1 𝜇𝑘 (𝑑𝑖 , 𝜑𝑖 )

∑𝑟𝑗=1 𝜇𝑗 (𝑑, 𝜑) 𝑦𝑗

100

200

300
400
d (mm)

700

(19)

,
,

𝑈soa = 𝑈𝑑so × 𝑈𝜑so ,

∑𝑟𝑗=1 𝜇𝑗 (𝑑, 𝜑) 𝑧𝑗
.
∑𝑟𝑘=1 𝜇𝑘 (𝑑, 𝜑)

𝑈doa = 𝑈𝑑do × 𝑈𝜑do

(21)

being

4. Cooperative System between Agents:
Utility Function

𝑈𝑑so

On this section, the cooperative control system is detailed. In
fact, the coordination between the agents is necessary to avoid
contradictory actions [2].
For this purpose, the utility function is proposed [2, 3].
The idea consists in giving each agent an utility function.
According to the value obtained from this function, which
varies between 0 and 1, the choice of the agent which controls
the robot is made.
We begin by introducing the navigation utility function
𝑈𝑛 presented in Figure 12.
This function is drawn according to the system defined as
below:
1
if 𝑑 ≤ 100
{
{
{
{
𝑈𝑛 = {𝛼 ∗ 𝑑 + 𝛽 if 100 < 𝑑 < 500
{
{
{
if 𝑑 ≥ 500,
{0.2

600

than 500 mm, the value of 𝑈𝑛 is minimal, which means that
the navigation agent becomes disabled.
The utility function related to the static and dynamic
obstacle avoidance agents, respectively, 𝑈soa and 𝑈doa is
combination between the distances which separate the robot
from the static and dynamic obstacles, respectively, 𝑑so and
𝑑do and the orientation of the robot with respect to the static
and dynamic obstacles, respectively, 𝜑so and 𝜑do . They are
defined as

,

∑𝑟𝑘=1 𝜇𝑘 (𝑑, 𝜑)

500

Figure 12: The utility function of the navigation agent.

∑𝐼0𝑖 𝑉𝑅𝑖
𝑖=1

∑𝑟𝑗=1 𝜇𝑗 (𝑑𝑖 , 𝜑𝑖 ) 𝑦𝑗

0

(18)

with
𝑉𝑅𝑖 =

0.6

(20)

where 𝛼 is the line slope and 𝛽 is the ordinate at the origin.
The numerical values of this system are chosen so that the
robot adopts the navigation agent when the distance from
the target is less than 100 mm (𝑈𝑛 is maximal). When the
distance varies between 100 and 50 mm, the utility function
decreases linearly with 𝑑. When the distance becomes more

𝑈𝑑do

1
{
{
{
{
= {𝛼1 ∗ 𝑑so + 𝛽1
{
{
{
{0.2

if 𝑑so ≤ 𝑅𝑐

1
{
{
{
{
= {𝛼2 ∗ 𝑑do + 𝛽2
{
{
{
{0.2

if 𝑑do ≤ 50

if 𝑅𝑐 < 𝑑so < 100
if 𝑑so ≥ 100,
(22)

if 50 < 𝑑do < 100
if 𝑑do ≥ 100.

The same principle of the navigation agent is adopted
here. For the dynamic obstacle, the robot enters to the
dangerous zone when the distance from the obstacle is less
than 50 mm. While for the static obstacle, the dangerous
zone is defined as the convergence circle, which means that
the robot should move far away when the distance from the
obstacle is less than 𝑅𝑐 , which is the radius of the convergence
circle calculated previously (see Figures 13 and 14).
On the other hand, 𝜑so and 𝜑do are represented by the
same function 𝑈𝜑𝑜 :
𝛼3 ∗ 𝜑𝑜 + 𝛽3
{
{
{
{
{
{
{
𝑈𝜑𝑜 = {1
{
{
{
{
{
{−𝛼 ∗ 𝜑 + 𝛽
4
𝑜
4
{

𝜋
𝜋
≤ 𝜑𝑜 ≤ −
2
6
𝜋
𝜋
if − ≤ 𝜑𝑜 ≤
6
6
𝜋
𝜋
if ≤ 𝜑𝑜 ≤ .
6
2
if −

(23)
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This utility function is illustrated in Figure 15.
𝛼𝑖 (𝑖 = 1, . . . , 4) is the line slope, and 𝛽𝑖 is the ordinate at
the origin.
Once the values of the utility functions are obtained, a
negotiation is made to choose which agent the robot selects.
Actually several ways of action selection exist [29]. Here,
the actual agent sends its value to the agent in conflict. The
one having the higher value is the one who controls the
robot.

5. Simulation Results
This section is dedicated to test the efficiency of the proposed method. So different configurations were tested. We
begin with the simple one. We consider an environment
containing a static obstacle, and we must prove that the
robot must go around the obstacle in the case of clockwise
or counterclockwise motion direction. For that purpose, we
have proposed two configurations (see Figures 16 and 17). In
both configurations, the robot starts from the initial position
(𝑋, 𝑌) = (0, 0) with two different initial directions (𝛼 = 𝜋/2
and 𝛼 = 0) and reaches the goal (𝑋𝑡 , 𝑌𝑡 ) = (300, 300). The
robot is able to avoid the static obstacle applying the sliding
mode approach to track the cycle limit trajectory regardless of
the robot motion direction (clockwise or counterclockwise).

Convergence
circle

50

0

50

100

Static obstacle

150
200
x (mm)

250

300

350

Figure 16: Simulation results with one static obstacle (𝛼 = 𝜋/2).

Now, we treat the case of environments containing both
static and dynamic obstacles.
In Figure 18, the coordination between the agents is
verified in en environment containing a static obstacle and
a dynamic obstacle which moves horizontally from an initial
position (𝑋do , 𝑌do ) = (200, 100) to the left.
Figures 19 and 20 deal with the problem of cluttered
environment. In Figure 19, the dynamic obstacle moves
vertically from the point (𝑋do , 𝑌do ) = (75, 225) to the down.
The configuration shows that the system can be adaptable to
any change of the obstacle’s position or number.
Figure 20 presents the case of highly complicated environments with several static and dynamic obstacles with
different trajectories. The first dynamic obstacle starts from
the position (𝑋do1 , 𝑌do1 ) = (300, 50), and the second
obstacle moves from the point (𝑋do1 , 𝑌do1 ) = (50, 500). The
robot detects any static obstacle that comes on its way and
avoids it by tracking its convergence circle. For the dynamic
obstacles, the robot is able to avoid them and reach the target,
generating a smooth trajectory.
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Figure 17: Simulation results with one static obstacle (𝛼 = 0).
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Figure 18: Simulation results for one dynamic obstacle and one
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Figure 21: Coordinates of the robot and the dynamic obstacle
according to time in the case of a horizontal mobile obstacle
trajectory.
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Figure 19: Simulation results in a cluttered environment.

According to Figures 21, 22, and 23, there is no collision
between the robot and the dynamic obstacle in the three
previous simulations. The coordinates of the robot and the
dynamic obstacles are not equal at the same time collision 𝑡,
which means that the robot can move away perfectly from the
dynamic obstacles.
The simulations presented in this section illustrate the
efficiency of the proposed method and the ability of the
robot to transit properly from an agent to another using the
suggested utility functions and to reach the final destination
safely.

x and x＞Ｉ

10
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400

6. Conclusion

300

On this work, a multiagent system is implemented for
autonomous navigation of mobile robot in an environment
containing static and dynamic obstacles. According to the
data sent to the perception agent, a coordination system based
on utility function is applied. Therefore, the suitable agent
is chosen: navigation agent based on simple fuzzy system
and dedicated to bring the robot to the target, static obstacle
avoidance responsible for leading the robot away from static
obstacles tracking an orbital trajectory with the sliding mode
control, and dynamic obstacle avoidance which has a role
in avoiding dynamic obstacles applying hierarchical fuzzy
system. Some tests are made and presented to test the validity
of the proposed method.
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DC microgrids look attractive in distribution systems due to their high reliability, high efficiency, and easy integration with
renewable energy sources. The key objectives of the DC microgrid include proportional load sharing and precise voltage
regulation. Droop controllers are based on decentralized control architectures which are not effective in achieving these objectives
simultaneously due to the voltage error and load power variation. A centralized controller can achieve these objectives using a high
speed communication link. However, it loses reliability due to the single point failure. Additionally, these controllers are realized
through proportional integral (PI) controllers which cannot ensure load sharing and stability in all operating conditions. To address
limitations, a distributed architecture using sliding mode (SM) controller utilizing low bandwidth communication is proposed
for DC microgrids in this paper. The main advantages are high reliability, load power sharing, and precise voltage regulation.
Further, the SM controller shows high robustness, fast dynamic response, and good stability for large load variations. To analyze
the stability and dynamic performance, a system model is developed and its transversality, reachability, and equivalent control
conditions are verified. Furthermore, the dynamic behavior of the modeled system is investigated for underdamped and critically
damped responses. Detailed simulations are carried out to show the effectiveness of the proposed controller.

1. Introduction
Microgrids are a modern form of distribution systems which
can function autonomously or in combination with a main
supply grid. Microgrids can operate in a low or medium
voltage range and generate their own power, that is, renewable
sources along with energy storage, nonrenewable sources,
and power electronic (PE) controlled loads [1]. The unique
property of microgrids is that they can work in islanded
mode under faulty conditions, which increases the reliability
of the power supply [2–4]. In AC microgrids, the distribution
system is AC. AC microgrids operation and control have been
exhaustively discussed in the literature [5, 6]. DC microgrids
are paid attention from researchers due to the following
advantages:
(1) Most of the renewable sources are inherently DC or
DC friendly. So, the integration of these sources with a DC

microgrid is easy as there is no requirement of frequency
synchronization circuits.
(2) In DC microgrids, reactive power compensators are
not required. Hence, their control will be relaxed as power
flow controllers are not required.
(3) As DC electronic loads dominate today, the unnecessary AC-to-DC converters are not required in DC microgrids. This will directly affect system cost and efficiency.
(4) Skin effect problems are absent in DC microgrids.
A general DC microgrid arrangement [7, 8] connecting
different sources and loads is shown in Figure 1. To integrate
dissimilar elements, PE converters (DC-to-DC, AC-to-DC,
etc.) are included among sources, energy storage, and microgrids.
Distributed generation can be connected to the DC
microgrid through power PE converters in a parallel configuration. It is required to find efficient control to coordinate

2

Mathematical Problems in Engineering

Node-1

Source-1

Node-2

PE converter-1

PE converter-2

Rline-12

i1

V2

V1
iL1

iL2

Load-2

R

lin
e-2
3

Load-1

Source-2

i2

Node-3
Source-3

PE converter-3
i3
iL3

V3

Load-3

Rline-3j

Node-j

Source-j

PE converter-j

ij
Vj

Load-j

iLj

Node-n
Rline-jn
PE converter-n

Source-n

in
Vn
iLn

Load-n

Figure 1: General DC microgrid arrangement [8].

among various sources, loads, and energy storage. The key
concerns of the parallel connected converter are as follows:
the first concern is the stability of the DC microgrid as
electronic loads are very sensitive to voltage deviation.
Another concern is load sharing among various sources [7–
9]. However, it is the nature of sources that only one unit
can establish the voltage level in a paralleling system. The
reason is, the output resistances of the power sources are
extremely low. Thus, even a small difference in the output
voltage between the paralleled sources will cause the one that
is a few mV higher to hog all the current. The lower the output
voltage of the module is, the more severe this problem is [10].
To address the aforementioned challenges, different control schemes for DC microgrids are reported in [7, 10–16].
Commonly, these control schemes can be categorized as
centralized and decentralized control [10–21]. In centralized
control, the controller collects system data using a high
bandwidth communication link, schedules the tasks based
on the collected information, and directs control decisions
[12, 16–18]. However, if the communication link fails, this

will degrade the system performance and reliability. Communication failure problems can be avoided in decentralized
control (droop control) [13, 14, 19, 22]. In this type of control,
PE converters operate on physical measured quantities. But
the improvement is achieved at the cost of partial stability
and losing optimum operation due to the lack of operational
information and status of the other converters [23, 24].
In [25–29], droop control for AC microgrids is reported.
Their extensive use in conventional AC systems made them
appealing to be used in DC microgrids [30–32].
Linear proportional integral (PI) controllers are used to
realize the abovementioned control schemes for proportional
load sharing and stability of DC microgrids [30–32]. Despite
the easy implementation of these controllers, they suffer poor
sharing. In many cases, the stability of PI controllers cannot
be ensured [33, 34]. Since PI controllers are linear type controllers, the control parameters of these controllers cannot be
optimized as they are tuned for specific load conditions. Further, they also exhibit a slower dynamic response [35]. Hence,
using these controllers for load sharing is not desirable.
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Sliding mode control (SMC) for proportional load sharing and stability of DC microgrids is proposed in this paper.
SMC for microgrid type systems is reported in [9, 36–
40]. SM is a controller which is used for variable structure
systems [36]. It is a nonlinear controller which shows robust
behavior to the matched uncertainties. The SM controller can
be easily implemented using integrated circuits. Hence, the
SM controller is proposed for proportional load sharing and
stability of DC microgrids.
Section 2 deals with the load sharing control schemes
used in DC microgrids. Further, a system model and its
analysis through the SM controller are presented. Furthermore, this section deals with system stability and dynamic
behavior design. Detailed simulation studies are performed
in Section 3. Section 4 concludes this paper.

2. Load Sharing Control in DC Microgrids
The objective of the control in DC microgrids is to achieve
load sharing and maintain precise voltage regulation among
the sources. The sharing control can be categorized into the
following types.
2.1. Centralized Control. In this type of control, the controller
collects system data using a communication link and directs
control decisions. This type of control scheme is reported
in [12, 16–18] and is shown in Figure 2. The PE converter
of each source contains primary control and inner voltage
and current control. Centralized control gives directions
and control decisions to the other primary controllers. The
voltage of the DC microgrid is communicated to the central
controller, where it is compared with the reference voltage.
The error produced is transferred to the PI controller whose
output is communicated to the primary controller of each
source as shown in Figure 2. However, if a single point
failure occurs, this will degrade the system performance and
reliability. Hence, using centralize control for load sharing
and voltage regulation in DC microgrids is not attractive.
2.2. Decentralized Control. Single point failure problems can
be avoided in decentralized control (droop control) [13, 14,
19, 22]. In this type of control, PE converters operate on local
physical measured quantities. This does not require a separate
central controller. Decentralized control sets the values for
droop control which derives the inner voltage and current
control of the PE converters as shown in Figure 3.
Droop control cannot achieve load sharing and voltage
regulation simultaneously. Limitations of the droop control
are examined below.
2.2.1. Current Sharing Inaccuracy. Current sharing will be
affected due to the voltage error in parallel connected DCto-DC converters. This problem becomes challenging due
to the extra voltage drop across the line connecting parallel
sources or when the characteristics of different sources are
not the same. Hence, current sharing among various sources
is deteriorated. To analyze this problem, a DC microgrid
with two sources is shown in Figure 4, where each source is
modeled by its Thevenin equivalent circuit.

3
The droop control used in DC systems can be expressed
as
V𝑠𝑗 = V𝑠 − 𝑖dc𝑗 𝑅𝑑𝑗

where 𝑗 = 1, 2,

(1)

where V𝑠𝑗 , V𝑠 , 𝑖dc𝑗 , and 𝑅𝑑𝑗 are node voltage, source voltage,
source current, and virtual resistance of each source, respectively. The virtual resistance defined in (1) is equal to the
output resistance and the output voltage of each source is
equal to V𝑠 , as shown in Figure 4. Consider the load is drawing
rated current and the system has reached a steady state. The
following can be derived from Figure 4:
Vload = V𝑠 − 𝑖dc1 𝑅𝑑1 − 𝑖dc1 𝑅line1

(2a)

Vload = V𝑠 − 𝑖dc2 𝑅𝑑2 − 𝑖dc2 𝑅line2 .

(2b)

After simplification, these equations can be written as
𝑖dc1 𝑅𝑑2 𝑅line2 − (𝑅𝑑2 /𝑅𝑑1 ) 𝑅line1
=
+
.
𝑖dc2 𝑅𝑑1
𝑅𝑑1 + 𝑅line1

(3)

The above equation shows that, in droop controlled DC
grids, the current of both sources is inversely proportional
to their virtual resistance. Usually, it is assumed that DC
microgrids are small-scale grids and the connecting lines will
contain resistance of a small value. Hence, virtual resistance
𝑅𝑑𝑗 can be selected large. Since 𝑅𝑑𝑗 ≫ 𝑅line , the above
expression can be written as
𝑖dc1 𝑅𝑑2 + 𝑅line2 𝑅𝑑2
=
≈
.
𝑖dc2 𝑅𝑑1 + 𝑅line1 𝑅𝑑1

(4)

But the abovementioned assumption is suitable for large 𝑅𝑑𝑗 .
For small 𝑅𝑑𝑗 , precise current sharing cannot be ensured.
Meanwhile, voltage regulation cannot be ensured with large
virtual resistance. This is graphically shown in Figure 5.
2.2.2. Output Voltage Deviation. Node voltage deviation can
be written as
ΔV𝑗 = V𝑠 − V𝑠𝑗 = 𝑖dc𝑗 𝑅𝑑𝑗

where 𝑗 = 1, 2.

(5)

Figure 6 shows the voltage deviation with different virtual
resistances. Voltage deviation is of zero value when the
sources operate in an open circuit mode (source currents are
zero) as shown in Figure 6. When the current by the sources is
not zero, voltage deviation appears, and its value varies with
the variation in load. To limit the output voltage deviation
within acceptable levels, the droop coefficient 𝑅𝑑𝑗 should be
limited as
𝑅𝑑𝑗 ≤

ΔVmax
,
𝑖fl𝑗

(6)

where 𝑖fl𝑗 is full-load current of source-j.
2.3. Distributive Control. Disadvantages associated with the
decentralized (droop control) and centralized control can
be adjusted using distributed control which is an alternative
solution to achieve efficient load sharing. As a substitute of
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Figure 2: Centralized control in a DC microgrid.
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Figure 3: Decentralized control.
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Figure 5: Current sharing inaccuracy using droop control [7].
Δ1 , Δ2 = 0

Voltage deviation

s

Source voltage

Δ2

Δ1

Rd1

s2

sources, loads, and storage because DC bus voltage cannot be
allocated unlimitedly. Furthermore, some extreme situations
(e.g., overvoltage/current and fully charged/undercharged
battery) are not addressed in DBS. In [41], a current sharing
line is proposed and distributed, in which the average current
is communicated among converters for operation. In DC
microgrids, sources are displaced from each other over a
region. Thus, the current sharing bus needs to be distributed
over the region with the power lines. This may inject substantial noise which can degrade the system performance.
In [42], a distributive secondary control using power line
signaling (PLS) is presented. The major problem in PLS is
that it is has slow communication. Further, electromagnetic
compatibility issues need to be addressed when using it with
electronic devices.
In this paper, a distributive control for DC microgrids
using low bandwidth communication is proposed and is
shown in Figure 7.
To determine the value of current to be shared by each
source, the controller of each source communicates among
the other sources and informs about the per-unit (p.u.) current supplied by it. This information is used by each controller
to determine the total current supplied by all sources, which
is given as

s1
pu

𝑛

pu

𝑖𝑇 = ∑ 𝑖𝑗 ,

Rd2

(7)

𝑚=1

pu

where 𝑖𝑗 is the p.u. current of source-j and 𝑛 is the number of
sources. The reference current of each source 𝑖𝑗ref is calculated
as
0

idc2

idc1

Source current

Figure 6: Voltage deviation with a variation in droop resistances [8].

the single central controller, distributive control is distributed
among every PE converter. In [24], DC bus signaling (DBS)
is proposed for distributed control in which DC voltage
is used to communicate the decision about the converters’
operation. In DBS, every entity in the system senses the DC
voltage level for operation and decisions, which limits the

pu

𝑖𝑗ref = 𝑘𝑗 𝑖𝑗rated 𝑖 ,
𝑇

(8)

where 𝑘𝑗 and 𝑖𝑗rated are the load sharing factor and rated
current of source-j, respectively.
In the architecture shown in Figure 7, the p.u. current
of each source is shared. Hence, the data transmitted over
the communication link by each source is 2 bytes and the
total data transmitted is 2𝑛 bytes. Data read by each source is
2(𝑛 − 1) bytes. Hence, the technique used for communication
has to manage small data, and thus a low bandwidth communication is feasible. So, computer area network (CAN) based
communication is used for DC microgrids in this paper.
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whereas 𝑢 defines the switching state of the MOSFET switch
which can be expressed as

Rline
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{
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p.u

ij p.u
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Figure 7: Distributive control architecture.

2.3.1. Sliding Mode Control. Each source in a DC microgrid
consists of a PE converter. Linear controllers (PI, PID, and
lead-lag) are being used to control the PE converters for
the load sharing problem in DC microgrids [30–32]. These
controllers require a linearized model of the system, which
makes it difficult for them to show good power sharing
performance and stability in all operating conditions [33–
35]. So, an SM controller is alternatively proposed in [36–
40, 43] which ensures stability in all operating conditions.
Hence, in this paper, an SM controller technique is proposed
for proportional load sharing and stability of DC microgrids.
(1) Modeling. A generalized DC microgrid architecture is
shown in Figure 1. An equivalent model of one source with
DC microgrid through DC-to-DC PE converter is shown
in Figure 8. The source is modeled as voltage source V𝑠
with current 𝑖𝑠 , whereas the DC bus of the microgrid is
modeled through capacitor 𝐶 and its associated connecting
line current 𝑖dc . The source and DC microgrid are interfaced through the DC-to-DC PE converter. The differential
equations describing the system dynamics of this model are
expressed as follows:
𝑑𝑖 −Vdc + 𝑢V𝑠
=
,
𝑑𝑡
𝐿

switch is “OFF”.

(11)

(2) Sliding Mode Controller Analysis. In sliding mode, most of
the controllers include error of one or multiple states of the
system in the sliding surface (e.g., inductor current or capacitor voltage) [44, 45]. Furthermore, some controllers include
error and both of the time derivative and the integral of the
error in the sliding surface to stabilize the system [38]. In
this case, the sliding surface can be represented as a secondorder differential equation for which extensive mathematical
analysis is required to guarantee system stability. Another
surface is defined in [46] for the improvement in the steadystate error and settling time, which includes voltage error and
square of the capacitor current of the system.
This paper proposes an SM controller which is designed
to achieve both proportional power sharing and dynamic
stability of DC microgrids. The sliding surface is selected to
ensure load sharing and precise voltage regulation. Thus, it is
formed using the bus voltage error, current error, and integral
of the bus voltage error. This way, the SM controller can detect
and minimize the voltage and current errors. Further, the
integral action is included to reduce the steady-state voltage
error. The proposed sliding surface Ψ is given in
Ψ = 𝛼𝑒V + 𝛽𝑒𝑖 + ∫ 𝑒V 𝑑𝑡,

(12)

where
ref
,
𝑒V = Vdc − Vdc

𝑒𝑖 = 𝑖 − 𝑖ref ,

(13)

ref
, and 𝑖ref are voltage error, current error,
whereas 𝑒V , 𝑒𝑖 , Vdc
reference bus voltage, and reference inductor current, respectively, while 𝛼 and 𝛽 are parameters of the sliding surface.
Figure 9 shows the block diagram of the SM control system.
The derivative of the sliding surface is used to ensure the
existence of SM which is given as

𝑑V
𝑑Ψ
𝑑𝑖
= 𝛼 dc + 𝛽 + 𝑒V .
𝑑𝑡
𝑑𝑡
𝑑𝑡

(14)

Substituting (9) and (10) into (14) leads to

(9)

𝛽
𝑑Ψ 𝛼
= (𝑖 − 𝑖dc ) − (Vdc − 𝑢V𝑠 ) + 𝑒V .
𝑑𝑡
𝐶
𝐿

(10)

For the existence of SM, the conditions described in (16)
need to be fulfilled [47], which ensures that, in steady-state
ref
and 𝑖 = 𝑖ref . Hence, voltage and current
condition, Vdc = Vdc
achieve the desired reference.

where Vdc = Vline + V𝐺, and
𝑑Vdc 𝑖 − 𝑖dc
=
,
𝑑𝑡
𝐶

switch is “ON”

where 𝑖, Vdc , Vline , V𝐺, 𝑖dc , 𝐿, and 𝐶 are inductor current, bus
voltage (capacitor voltage), connecting line voltage, grid voltage, line current, inductance, and capacitance, respectively,

(15)

Ψ = 0,
𝑑Ψ
= 0.
𝑑𝑡

(16)
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Figure 9: Block diagram of the SM controller.

To ensure the existence of SM (i.e., guaranteeing (16)), the
transversality, reachability, and equivalent control conditions
must be guaranteed.
(i) Transversality Condition. The transversality condition
describes the system controllability. Thus, this condition must
be satisfied to allow the system dynamics to be affected by
the SM controller [47]. It ensures that the control variable is
present in the derivative of sliding surface. It can be expressed
as
𝑑 𝑑Ψ
(
) ≠ 0.
𝑑𝑢 𝑑𝑡

(17)

𝑑Ψ 
 > 0,
Ψ→0 𝑑𝑡 𝑢=1
𝑑Ψ 
lim+
 < 0.
Ψ→0 𝑑𝑡 𝑢=0
lim−

(18)

Equation (18) depends on the value of 𝛽. Section 3.3
determines that the value of 𝛽 must be positive to guarantee
a stable system behavior. Moreover, V𝑠 and 𝐿 are positive
quantities. Hence, (17) will be fulfilled and the transversality
condition of the system is satisfied.
(ii) Reachability Condition. The reachability condition describes the system’s ability to reach the sliding surface [47, 48].
Thus, the reachability condition ensures that the system will

(19)

Substituting (15) into (19), it can be expressed as
𝛽
𝛼
(𝑖 − 𝑖dc ) + (V𝑠 − Vdc ) + 𝑒V > 0
𝐶
𝐿
𝛽
𝛼
− (𝑖dc − 𝑖) − Vdc + 𝑒V < 0.
𝐶
𝐿

Substituting (15) into (17) results in
𝛽
𝑑 𝑑Ψ
(
) = (V𝑠 ) ≠ 0.
𝑑𝑢 𝑑𝑡
𝐿

always be directed towards the sliding manifold. Mathematically, it is described in

(20)

The conditions in (20) must be fulfilled to guarantee that
the SM will exist, and the system will be derived to the desired
operating condition.
(iii) Equivalent Control Condition. The equivalent control
condition defines the local stability of the system and enables
that system to remain trapped inside the sliding surface [47,
48]. Mathematically, the equivalent control condition can be
expressed as in
𝑑Ψ 
= 0 →

𝑑𝑡 𝑢=𝑢eq
0 < 𝑢eq < 1.

(21)

8
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Substituting 𝑢 = 𝑢eq in (15) and equating to zero result in
the following expression:
𝑢eq =

Vdc 𝛼 𝐿
𝑖 − 𝑖dc
𝐿
− ( )(
)−
𝑒.
V𝑠
𝛽 𝐶
V𝑠
𝛽V𝑠 V

(22)

Fulfilling the reachability condition also verifies the
equivalent control condition.
(3) Sliding Mode Dynamics. The inequalities in (20) generally
describe the existence of SM. These inequalities do not give
information about the selection of the sliding parameters
𝛼 and 𝛽. This section deals with the selection of sliding
parameters based on the desired dynamic behavior. Thus, the
stability of the system is fulfilled. For this purpose, closed
loop dynamics in time domain of the system are achieved by
putting sliding surface Ψ = 0 in (12). The dynamics are given
in
𝛼
1
𝑒V + ∫ 𝑒V 𝑑𝑡.
𝛽
𝛽

𝑒𝑖 =

(24)

Formerly, the voltage dynamics of the DC bus defined in (10)
are imposed by (24). Further, to find complete closed loop
dynamics of the system, (10) can be expressed in Laplace
domain as
𝐶𝑠Vdc (𝑠) = 𝑖 (𝑠) + 𝑖dc (𝑠) .

(25)

Finally, combining (24) and (25), the complete closed
loop dynamics of the DC bus voltage can be expressed as
Vdc (𝑠) = −

𝛽𝑠
𝑖 (𝑠)
𝐶𝛽𝑠2 + 𝛼𝑠 + 1 dc

+

1 + 𝛼𝑠
Vref (𝑠)
𝐶𝛽𝑠2 + 𝛼𝑠 + 1 dc

+

𝛽𝑠
𝑖ref (𝑠) .
𝐶𝛽𝑠2 + 𝛼𝑠 + 1

(26)

It is shown in (26) that closed loop dynamics depend
on the perturbation introduced by the DC bus current and
the reference. Since the reference is a constant value and
the DC bus current depends on the source and load power
requirements, (26) can be expressed as (27) which is used to
design sliding parameters 𝛼 and 𝛽 of the SM controller.
Vdc (𝑠)
𝑠
=− 2
.
𝑖dc (𝑠)
𝐶𝑠 + (𝛼/𝛽) 𝑠 + 1/𝛽

𝑠2 + 2𝜁0 𝑠 + 20 = 0,

(27)

Finally, it is established in (27) that both sliding parameters 𝛼 and 𝛽 must have a positive value to ensure stable
SM dynamics; otherwise, the system will show an unstable
behavior.
(4) Design of Sliding Mode Dynamic Behavior. The dynamics
shown in (27) demonstrate that the SM controller will

(28)

where 𝜁 and 0 are the damping ratio and undamped
natural frequency, respectively. Comparing (28) with the
denominator of (27), 𝜁 and 0 can be calculated as
0 = √

1
𝛽𝐶
(29)

𝛼 1
.
𝜁= √
2 𝛽𝐶

(23)

The closed loop dynamics in Laplace domain are given in
𝑒𝑖 (𝑠) 1 + 𝛼𝑠
=
.
𝑒V (𝑠)
𝛽𝑠

compensate any perturbation produced in the bus current 𝑖dc
(i.e., limΨ→∞ (Vdc (𝑠)/𝑖dc (𝑠)) = 0). However, large undershoots
and overshoots in bus voltage can turn off or destroy the
load. Therefore, the dynamics of the bus voltage should be
controlled. The characteristic polynomial in the denominator
of (27) shows that it is a second-order system of the form
given in

𝜁 and 0 can control the response of the system. Two types
of responses are considered in this paper: underdamped and
critically damped response. The characteristics of these are
discussed below.
(i) Underdamped Response. In this type, the controller enables
the system response to reach the desired voltage faster. But
this faster response is achieved at the expense of oscillation
around the desired voltage. The loads that are sensitive to
the voltage drops but not sensitive to the oscillations are
suitable to be controlled using underdamped response (e.g.,
microprocessors) [49].
(ii) Critically Damped Response. In this type, the controller
enables the system response to avoid oscillations. But the
response will experience a longer delay reaching the desired
voltage level. The loads that are sensitive to the oscillation
but show tolerance to the voltage drops are suitable to be
controlled through critically damped response (e.g., variable
frequency drive motors) [50].
An overdamped response is not considered in this paper
because it does not achieve any improvement over the
critically damped response.
(a) Underdamped Response. The underdamped time domain
response of the system presented in (27) is given in (30) for
the values of 𝛼 and 𝛽 that will lead to the underdamped
response. The condition to guarantee the underdamped
response is given in (31). Hence,
Vdc (𝑡) =

−Δ𝑖dc
2

𝐶 (√(𝛼/2𝛽𝐶) − (1/𝛽𝐶))

𝑒((𝛼/2𝛽𝐶)𝑡)
(30)

⋅ sin (√ (
𝛼2
< 𝛽,
4𝐶

2

𝛼
1
) −(
))
2𝛽𝐶
𝛽𝐶
(31)
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where Δ𝑖dc represents the step change in the DC bus current.
Percentage overshoot for underdamped response is given in
(−𝜁𝜋/√1−𝜁2 )

% OS = 100𝑒

.

(32)

𝜋2

ln (% OS/100)
.
+ (ln (% OS/100))2

(33)

The settling time of the underdamped response is given
in
ln (tolerance f raction)
𝑇𝑠 =
.
𝜁0

(34)

(b) Critically Damped Response. Critically damped time
domain response is given in (35) while ensuring that the
values of 𝛼 and 𝛽 will lead to the critically damped response.
The condition for this response is given in (36). Hence,

𝛽=

−Δ𝑖dc
(𝑡) 𝑒((𝛼/2𝛽𝐶)𝑡)
𝐶

(35)

𝛼2
.
4𝐶

(36)

Finally, the constraints defined in (20) must be satisfied for
the existence of SM. Further, (36) must be satisfied for the
critically damped response.
(5) Sliding Mode Hysteresis Control. In an ideal situation,
the SM controller will switch the DC-to-DC converter at
infinite frequency with system trajectories moving along the
sliding surface when the system enters the SM operation. This
condition is shown in Figure 10(a). However, the practical
switch of the DC-to-DC converter will experience some
switching imperfections and time delays. This will produce a
dynamic behavior in the locality of the sliding surface which
is identified as chattering as shown in Figure 10(b) [47, 48].
If the chattering produced in the sliding surface is left
uncontrolled, the converter will start self-oscillating at a high
frequency. This behavior of the converter is not desirable
due to the high switching losses. Further, the exact switching
frequency in the produced chattering cannot be predicted.
Therefore, the converter design and component selection will
turn out to be difficult. To solve these issues, the control law
𝑢 is redefined as
0 = “OFF” when Ψ > 𝑘
{
{
{
{
𝑢 = {1 = “ON”
when Ψ < −𝑘
{
{
{
{unchanged otherwise,

Value

Desired voltage

48 V
10 kHz

Inductor, 𝐿

100 𝜇H

Capacitor, 𝐶

4000 𝜇F

Table 2: Node parameters of DC microgrid.
Parameters

Node-1

Desired voltage

(37)

Node-2
48 V

Source rated power

Equations (32) to (34) can be used to design the SM controller
for specific design parameters. Finally, the constraints in (20)
must be satisfied for the existence of the SM. Moreover, the
selected values of 𝛼 and 𝛽 must satisfy the constraint in (31)
which is the condition for underdamped response.

Vdc (𝑡) =

Parameters
Switching frequency

Conversely, the damping ratio 𝜁 for a specific percentage
overshoot is given in
𝜁=√

Table 1: DC-to-DC converter parameters.

250 W

Load resistance
Voltage and current regulation required

500 W
6
≤±5%

Table 3: Connecting cable parameters of DC microgrid.
Parameters
Current rating
Cable resistance

Branch-12

Branch-23
20 A

205 mΩ

2 mΩ

where 𝑘 is a positive number. Usually in SMC, a hysteresis
band is introduced to tackle the chattering problem. With this
alteration, the converter switch will turn on when Ψ < −𝑘 and
turn off when Ψ > 𝑘. In the region −𝑘 ≤ Ψ ≤ 𝑘, the converter
switch remains unchanged and maintains its former state.
Therefore, introducing a region −𝑘 ≤ Ψ ≤ 𝑘 in which no
switching occurs, the switching frequency can be controlled
by varying the magnitude of 𝑘.

3. Results and Discussion
To examine the load sharing performance among parallel connected sources, a DC microgrid with two sources
connected in a parallel configuration to the load through
connecting lines is proposed and shown in Figure 11. This
type of configuration can be easily extendable for more
sources and microgrids in parallel configuration. This type of
system is attractive for remote areas where the national grid
cannot be easily extendable due to the high cost associated
with the installation of new transmission lines. Thus, a twosource DC microgrid system for load sharing is simulated
using MATLAB/Simulink. Each source consists of a DC-toDC converter. The parameters of the DC-to-DC converter
are selected to support maximum voltage and current levels
equal to 50 V and 10 A, respectively. Therefore, the converter
supports a maximum power of 500 W. The parameters for the
DC-to-DC converter are given in Table 1.
3.1. Results Using Droop Control. The details of nodes and
connecting lines are given in Tables 2 and 3, respectively. Each
source using droop control is shown in Figure 12.
A two-source DC microgrid shown in Figure 11 is
simulated using droop control. To observe the steady-state
behavior, assume that the load is drawing rated current and
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Figure 10: System trajectory with (a) ideal SM and (b) practical SM.
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Figure 12: DC-to-DC buck converter using droop control.

the steady state is reached. For equal load sharing, source-1
and source-2 are simulated for the same power rating. Thus,
droop gains 𝑅𝑑1 = 𝑅𝑑2 = 0.2 Ω are selected for equal load
sharing. Node voltage and current by each source are shown
in Figure 13.
For droop gain 0.2 Ω, the steady-state current supplied
by source-1 and source-2 is 2.9 and 4.9 A, respectively, as
shown in Figure 13. For equal load sharing, the desired
current to be supplied by each source is 4 A. The maximum
deviation observed in the supplied current is 27.5%. Steadystate node voltages at source-1 and source-2 are 47.4 and
46.8 V, respectively. The deviation observed in node voltages
at no load and full load is 2.5%. These results show that
small droop gains ensure decent voltage regulation, but the
load sharing performance is not acceptable. For a large droop
gain of 1.9 Ω, the current supplied by source-1 and source-2
is 3.8 and 4.2 A, respectively. The observed deviation in the
supplied currents is 5%, which is acceptable and lower than
in the earlier case. But the deviation in node voltages has
increased to 16% which cannot be acceptable for the loads.

Current (A)

PI

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)
(a) V1

4
3
2
0.2

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)

0.4

(c) idc1

Current (A)

PWM

−

48
47.5
47
0.2

Voltage (V)

C

D

− +

Vi

DC microgrid

L

S

Voltage (V)

Figure 11: A two-source DC microgrid.

6
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3
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0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)

0.4

(d) idc2

Figure 13: Node voltages and source currents with droop gain 0.2 Ω.

3.2. Results Using Sliding Mode Control. Figure 14 shows each
source with distributed control using the SM controller. The
p.u. value of each source current is communicated to the
other sources every 10 ms. The total communication delay is
around 0.1 ms.
To observe the steady-state behavior with distributed
architecture using SM controller, the two-source DC microgrid shown in Figure 11 is simulated and the results are shown
in Figure 15. The current supplied by source-1 and source-2 is
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Figure 14: DC-to-DC buck converter with a distributed architecture using SM controller.

3.91 and 3.92 A, respectively. The observed deviation in the
supplied currents is 2.08% which is a significantly low value
compared to the droop controlled DC microgrid. Further, the
node voltages at source-1 and source-2 are 47.78 and 47 V,
respectively. The deviation observed in the node voltages
is 2.25%. This confirms the steady-state load sharing and
voltage regulation performance of the proposed distributed
SM controller.
Further, Figure 16 shows that source-1 is sharing 25% and
source-2 is sharing 75% of the rated load current. The current
deviation observed is 4.1% which shows the effectiveness
of the proposed architecture using the SM controller. In
addition, simulations are carried out to see the effect of
connecting line resistance and the results are summarized in
Table 4. Each column represents the fixed value of connecting
line resistance of source-1, 𝑅line1 , and each row represents the
fixed value of connecting line resistance of source-2, 𝑅line2 .
Each entity in Table 4 represents voltage and current sharing
deviation. It can be observed that connecting line resistance
affects the load sharing between sources.
To observe the transient condition, a step load of 3 Ω is
applied at 0.5 s when the system is operating in steady state
at the rated load, as shown in Figure 17. At the instant when
a step change in load is applied, node voltages drop shortly
as shown in Figure 17. However, within 25 ms, node voltages
of source-1 and source-2 settle down to 49.29 and 46.83 V,
respectively. This corresponds to a voltage deviation of 2.68%.

The currents supplied are 11.96 and 11.45 A. The deviation in
the supplied currents is 4.5%.
Furthermore, the dynamic behavior of node voltage is
investigated for underdamped and critically damped responses. The sliding parameters 𝛼 and 𝛽 are selected positive
according to the conditions defined in (31) and (36). The
values of 𝛼 and 𝛽 are listed in Table 5. Figure 18 shows node
voltage when the load resistance is changed from 6 to 3 Ω
at 0.5 s with sliding parameters that show underdamped and
critically damped responses. The results of settling time are
summarized in Table 5. It can be observed that as the value
of 𝜁 is increased from 0.1 to 0.6, the underdamped response
is improved with smaller settling time. This response is in
good agreement with the presented theory. Additionally,
for 𝜁 = 1, the response is critically damped with further
improved settling time as presented in theory. These results
show the good dynamic performance of the SM controller
with distributed architecture.
3.3. Fail-Safe Performance of Distributed Control Architecture.
A significant improvement in the distributed architecture is
that it provides high reliability. To prove this claim, a threesource DC microgrid shown in Figure 19 is simulated for fault
condition and shown in Figure 20. The parameters of each
source are the same as given in Table 1. Source-1 and source-2
are connected to the load through connecting line resistances.
But source-3 is directly connected to the load. At steady state,
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Figure 17: Transient response when a step load of 3 Ω is applied at
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the voltage across the load is 47.04 V. The three sources supply
3.915, 3.91, and 3.93 A. The maximum deviation observed in
the supplied currents is 2.25%.
If one source becomes faulty, the capacity of the other
two sources is enough to satisfy the load. Failure of source2 is simulated by removing its power supply at 0.5 s. Under
this fault, the voltage across loads and the supplied currents
by sources are shown in Figure 20. After this fault, the
system reaches the steady state in about 25 ms. The voltage
across loads is maintained at 47.35 V. The supplied current
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Figure 18: Voltage response of a source when load resistance is
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Table 4: Connecting cable parameters of DC microgrid.
𝑅line1 = 0.5 × 205 mΩ
1.92% V/V, 1.9% A/A
1.95% V/V, 1.925% A/A
1.99% V/V, 1.95% A/A
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Figure 21: Sliding surface with chattering and control law.
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Figure 20: Transient response during fault on source-2 at 0.5
seconds.

by source-1 and source-3 is 5.91 and 5.93 A, respectively.
This corresponds to 1.5% deviation in the supplied current.
This confirms the performance of the distributed architecture
using SM controller during source failure. To show the effect
of chattering produced, the sliding surface of a source is
simulated and shown in Figure 21. Figure 21(a) shows the

produced chattering which is controlled using a hysteresis
band as defined in (37). The value of 𝑘 is selected as 100 based
on the criteria reported in [51]. Figure 21(b) shows the control
signal which is used to operate the converter switch.
3.4. Problems in Distributive Sliding Mode Application. The
delays in the communication channel will directly affect
the transient behavior of the system, while the steady-state
response is not affected by the communication delays. Further, the SM controller is realized through analog integrated
circuits. The following are some design issues in analog
implementation.
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Table 5: Voltage dynamic behavior for different values of 𝜁.

Damping
ratio 𝜁

Sliding
parameter
(𝛼, 𝛽)

𝜁 = 0.1

(0.28, 100)

0.05 s

Response type
Underdamped

(50 ms)

𝜁 = 0.3

(0.85, 100)

𝜁 = 0.6

(1.7, 100)

𝜁=1

Settling
time

0.04 s

Underdamped

(40 ms)
0.03 s

Underdamped

(30 ms)
(2.85, 100)

0.02 s
(20 ms)

Critically
damped

(i) Selecting the variables is a serious concern because
selecting more variables results in more computations
and sensing required which will increase the complexity of the system.
(ii) Selecting the integral and derivative of the variables
involves noise sensitivity. These variables are desired
to be indirectly controlled; for example, 𝑑𝑉𝑐 /𝑑𝑡 can be
achieved through sensing capacitor current.
(iii) The produced chattering is a big challenge in SM.
It produces excessive switching losses and limits the
selection of the switching device.
(iv) Restrictions of the analog components (e.g., slew rate,
bandwidth, and saturation limits) need to be carefully
considered for the proper control operation.

4. Conclusion
A distributed architecture using an SM controller is proposed
for proportional load sharing and stability of DC microgrids.
DC microgrids are a reliable method to provide efficient
power to the consumer in the presence of renewable sources.
Droop controllers which are local controllers can achieve
good load sharing at the cost of voltage regulation. Further,
voltages at different nodes of the DC microgrid are not the
same. So, it is difficult to achieve load sharing when the connecting line resistances among the sources are considerable.
A centralized controller can achieve these objectives using a
high speed communication link. However, it loses reliability
due to the single point failure. Additionally, these controllers
are realized through proportional integral (PI) controllers
which cannot ensure load sharing and stability in all operating conditions. To address limitations, a distributed architecture using an SM controller utilizing low bandwidth communication is proposed for DC microgrids in this paper. A
system model is developed and its transversality, reachability,
and equivalent control condition are verified. Furthermore,
the dynamic behavior of the modeled system is investigated
for underdamped and critically damped responses. Detailed
simulation results showed good performance of the proposed
controller.
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A wheel-legged rescue robot design with strong environmental adaptability is proposed. The design presented is aimed at helping
rescue workers complete their missions, such as environmental and personnel search, quickly and accurately. So it has broad
application prospects. In order to achieve the advantages of simple structure, easy control, small occupation space, and wide motion
range, a wheel-legged rescue robot is designed in this paper, and the robot can realize three kinds of motion states, which include
wheel state, rotation center lifting process, and leg state. Then the motion states are analyzed in detail, which provides a reference
for motion control. Considering the wheel state and leg state share the same structure to contact with the ground, the effect of the
stiffness of wheel-legged structure to the motion performance is analyzed. Then the experiment is carried out to prove the feasibility
of the structure design. This study offers a design and quantitative analysis for wheel-legged rescue robot. Furthermore, a basis for
future control research and engineering applications is established.

1. Introduction
The complex and dangerous environment after the disaster
can cause serious danger to the life safety of rescue workers.
Rescue robot can perform many tasks instead of rescue workers, such as environmental monitoring and personnel search,
and it can improve the rescue efficiency and information
accuracy. So the rescue robot has broad application prospect
[1–4]. Because the postdisaster environment is very complex,
the adaptability of complex environment is the basic function
of the rescue robot.
According to the different movement forms, rescue
robots can be divided into four categories: tracked rescue
robot [5–8], wheeled rescue robot [9], multilegged rescue
robot [10, 11], and snake-like rescue robot [12, 13]. However,
the movement environment and function of the above four
kinds of robots have some limitations. In order to solve
the above problems, many researchers have studied the
wheel-legged robot connecting the high obstacle capability

of multilegged robot and high mechanical efficiency of
wheeled robot. According to the different structure form,
wheel-legged structure of the robot can be divided into
series structure, similar parallel structure, and simplified
structure. The leg of mammals and insects has three parts:
thigh (femur), calf (tibia), and foot (tarsus); thus, the leg
can be considered as a series mechanism [14]. Many wheellegged structures were designed by mimicking biological leg
structure and have the advantages of high flexibility. For
example, California Institute of Technology designed a sixwheel-legged mobile robot ATHLETE in 2008. Each leg of
this robot has six DOF (degrees of freedom), and each wheellegged can change posture flexibly to adapt to different terrain
or across obstacles [15, 16]. Amar et al. [17] designed a wheellegged robot, and each leg has three DOF. An electrical
actuator with a ball screw is mounted on each sliding joint.
Besides, many scientific research institutions [18–21] have
carried out in-depth research on the structure design and
performance analysis of this type of wheel-legged robots.
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Figure 1: Common wheel-legged structures. (a) Series wheel-legged structure. (b) Four-bar wheel-legged structure.

Similar parallel structure has the advantages of high load
capacity and rigidity, and some research institutions also
have studied this type of robot. For example, Wang et al.
[22] designed a wheel-legged rescue robot, and the leg is
a (2-VPS+U)R series-parallel mechanism. Alamdari et al.
[23] explored the use of various candidate articulated legwheel subsystem designs (based on the four-bar mechanism)
to enhance locomotion capabilities of land-based vehicles.
Besides, Luo et al. [24] and Siegwart et al. [25] also studied this
type of wheel-legged robots. For some wheel-legged robots,
wheel structure can directly change into leg structure, which
is totally different from the biological legs. For example, Kim
et al. [26] designed a wheel-leg hybrid robot which utilizes a
novel transformable wheel that combines the advantages of
both circular and legged wheels. Tadakuma et al. [27] and
Chen et al. [28] also have studied this type of robot.
Although many robots with different wheel-legged structures have been designed and the movement performances
have been analyzed, the wheel-legged robots still have the
disadvantages of complex structure, difficult control, large
space required for wheel-legged translation, and limited
movement environment. This limits the practical application
of the wheel-legged rescue robots. In order to solve the above
problems, a new wheel-legged rescue robot is designed and
the motion states are analyzed to provide a reference for
motion control. Considering the wheel state and leg state
share the same structure to contact with the ground, the
elastic deformation of the wheel-legged structure is also
analyzed. The experimental results prove the feasibility of the
structural design and lay the foundation for further research
on control methods.

2. Structure Design
2.1. Structure Design of Wheel-Legged Rescue Robot. The
common series wheel-legged structure and similar parallel
structure are shown in Figure 1. In Figure 1(a), link 𝐴 1 𝐵1 and
link 𝐵1 𝐶1 are connected by hinge, and the wheels are added at
the end of the leg. In Figure 1(b), links 𝐴 1 𝐵1 , 𝐵1 𝐷1 , 𝐷1 𝐶1 , and
𝐶1 𝐴 1 consist of four-bar wheel-legged structure. In Figure 1,
the solid line and dotted line represent the wheel state and leg

state of the robot, respectively. It can be known from Figure 1
that the robot needs a large space when the motion state
is converted between the wheel state and leg state, and this
limits the application of rescue robot in narrow space.
Considering the arc leg, which is a part of circle, also
can make multilegged robot walk, the transformation process
from wheel state to leg state is shown in Figure 2. When the
left half arc structure and the right half arc structure form
a circle, the robot is in the wheel state. And when the left
half arc structure rotates around the rotation axis and fits in
the right half arc structure, the robot is in the leg state. This
kind of wheel-legged structure is simpler than other wheellegged structure, and the transformation process between
wheel state and leg state takes up small space. In particular,
when the motion process of the robot changes from wheel
state to leg state, the rotational center needs to be raised.
So the wheel-legged robot has three kinds of motion states:
wheel state, rotation center lifting process, and leg state.
The drive schematic of wheel-legged structure is shown
in Figure 3. Motor 1 is fixedly connected with gear 1, and
motor 2 is fixedly connected with gear 3. Gear 1 rotates under
the drive of motor 1. Because gear 2 is engaged with gear 1,
gear 2 is driven to rotate by gear 1. Gear 2 is connected with
the fixing link through connecting plate, and the fixed link
fixedly connected with the wheel. So the robot can realize
the wheel movement by the driving of motor 1. Motor 2 is
fixedly connected with gear 3, and gear 3 is engaged with the
rack. At this time, the position of the rotation center can be
lifted by the driving of motor 2. In particular, the fixed link
and rack are fixed to the base plate. So when the robot is
in the wheel state, the fixed link rotates, and the rack also
rotates. At this time, gear 3 rotates inevitably. Motor 2 should
match the motion of motor 1 when the robot is in wheel state.
After the rotation center being lifted to specified location, the
upper contact point contacts with the lower contact point.
The circuit of the motor 3 is connected. Then the left half arc
structure rotates by the driving of motor 3 until two half arc
structures are fit together. When the rescue robot is in the leg
state, the legs swing under the action of motor 1 and motor 2.
The overall structure diagram of wheel-legged rescue robot is
shown in Figure 4.
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Figure 3: Drive schematic of wheel-legged structure. (a) Main view of main structure. (b) Postview of main structure.

2.2. Application Range of Wheel-Legged Rescue Robot. One
of the biggest characteristics of the wheel-legged robot with
semicircle legs is that it can not only move on the rugged
road (Figure 5(a)), but also move in water (Figure 5(b)). This
is what other wheel-legged robots, whether the series wheellegged structure or similar parallel wheel-legged structure, do
not have. When the wheel-legged robot moves on land in leg
state, the wheel-legged structure can either turn clockwise or
counterclockwise. And when the robot moves in the water,
the wheel-legged structure can only turn counterclockwise.
At this time, the wheel-legged structures are equivalent to
the oars. This has greatly broadened the applications scope
of robot.

3. Motion States Analysis
3.1. Wheel State. The rescue robot needs to overcome all
kinds of obstacles, which include road resistance, which
is caused by unevenness of the road surface and slope

of the ground, and inertia resistance, which is caused by
overcoming the inertia of the robot.
Road resistance can be shown as [29]
𝑅𝑅 = 𝑅𝑓 + 𝑅𝑖 = 𝜇1 ⋅ 𝑚𝑔 + 𝜇2 ⋅ sin 𝜃 ⋅ 𝑚𝑔,

(1)

where 𝑅𝑓 is the rolling resistance, which is related to the type
of road, the velocity, and the structure of the tire. 𝜇1 is the
rolling resistance coefficient. 𝑅𝑖 is the slope resistance. 𝜃 is the
angle of slope. 𝜇2 is the slope resistance coefficient, and it is
greater than 1.
Inertia resistance includes the inertia force and inertia
moment. The robot is composed of many parts, and the
inertia force and inertia moment of each part are not the
same. For easy calculation, the inertia resistance can be shown
as
𝑅𝐼 = 𝜇3 ⋅ 𝑚𝑎,

(2)

where 𝑚 and 𝑎 are the total mass and the acceleration of the
center of mass, respectively. 𝜇3 is the equivalent coefficient,
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Figure 5: Movement environment of wheel-legged rescue robot. (a) Moving on rough terrain. (b) Moving in the water.

and it is greater than 1. At this time, the resistance of the
wheel-legged rescue robot in wheel state can be shown as
𝑅 = 𝑅𝑅 + 𝑅𝐼 .

(3)

According to the structural characteristics, the torque of
motor 1 can be shown as
𝑀1 = 𝜇4 ⋅ 𝑅 ⋅

𝐷 𝑖1
⋅ ,
2 𝑖2

(4)

where 𝐷 is the diameter of the wheel, 𝑖1 is the number of teeth
of gear 1, and 𝑖2 is the number of teeth of gear 2. 𝜇4 is the safety
factor, and it is also greater than 1.
When the rescue robot is in the wheel state, in addition
to motor 1, motor 2 also should work at the same time. So
the speed of the two motors should be matched. The rotation
relationship between motor 1 and motor 2 can be shown in
Figure 6. If gear 3 does not rotate and only the rack rotates
from position 1 to position 2, the relative position of gear
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In order to analyze the driving torque of the wheel-legged
structure when the robot is in the walking process, force
analysis should be conducted. For the first walking way, the
moment balance equation is

Position 2 of rack
Position 1 of gear 3
Movement direction

Position 1 of rack
Position 2 of gear 3

Figure 6: Rotation relationship between motor 1 and motor 2.

and rack changes, which can lead to the rotation center of
wheel-legged changes. At this time, the wheel turns into a
“cam.” According to geometric relationship, the relationship
between the speeds of the two motors can be expressed as
𝑛3 = 𝑛1 ⋅

𝑖1
,
𝑖2

(5)

where 𝑛1 is the speed of motor 1 and 𝑛3 is the speed of motor
3. The rotation directions of the two motors are the same.
3.2. Rotation Center Changing Process. The rotation center
can be changed under the action of motor 2, and it is also the
change process of movement state between wheel state and
leg state. When the trunk is lifted, the torque can be shown as
1
𝑀𝑡2 = 𝜇5 ⋅ 𝑚𝑔 ⋅ 𝑟𝑔3 ,
4

M + F𝑆1 × d𝑆1 + 𝑚𝑙 g × d𝑆2 + F𝑐1 × d𝑐1 + M𝑐1 = 0,

(7)

where M is the driving torque, F𝑆1 is the force of the trunk to
the leg, and 𝑚𝑙 is the mass of the wheel-legged structure. F𝑐1
and M𝑐1 are inertia force and inertia moment, respectively. d is
the vector from the point of force to the contact point between
the wheel-legged structure and the ground. To simplify the
calculation process, consider the speed of the leg in the swing
phase is large and the speed of the leg in support phase is
small, regardless of the inertia force and inertia moment. And
safety factor can be introduced. According to the geometric
relationship, (7) can be simplified as
𝑀 = 𝜇6 [𝐹𝑆1 ⋅ 𝑟 cos 𝛼 + 𝑚𝑙 𝑔 ⋅ 𝑙𝑆1 ⋅ cos (

𝜋
− 𝛽)] ,
2

(8)

where 𝑙𝑆1 = 𝑟√2 − 2 cos 𝛼; 𝛽 = sin 𝛼/√2 − 2cos 𝛼. 𝑟 is the
radius of the wheel-legged structure, and 𝛼 is rotation angle
of leg. 𝜇6 is the safety factor.
For the second walking way, the moment balance equation is the same as (7). In particular, gravity always does
negative work for the first walking way, and gravity does
positive work and then does negative work for the second
walking way. The driving torque of the robot with the second
walking way can be shown as
𝑀 = 𝐹𝑆1 ⋅ 2𝑟 cos 𝛼 + 𝑚𝑠 𝑔 ⋅ √2𝑟 ⋅ sin (

𝜋
− 𝛼) .
4

(9)

The initial angle can be expressed as
(6)

where 𝑚 is the mass of robot; 𝑟𝑔3 is the radius of gear 3. 𝜇5
is the safety factor, and it is greater than 1. When the trunk
moves downwards, motor 2 plays a limiting role. Besides,
when the left half arc structure rotates, motor 3 is mainly to
overcome the inertia resistance, and the torque of the motor
3 can be calculated according to (3).
3.3. Leg State. There are two walking ways when the robot
is in wheel state: arcuate part of the wheel-legged structure
touches the ground first and endpoint of the wheel-legged
structure touches the ground first. For the former, the motion
sequence can be shown in Figure 7(a). When the robot walks
on the horizontal ground, the midpoint of the semicircle arc
lands first, and then the structure rotates clockwise until the
end point contacts with the ground. This movement mode
is suitable for the robot to move on a relatively flat ground,
and it has the advantage of high efficiency. For the latter, the
motion sequence can be shown in Figure 7(b). The endpoint
of the semicircle arc lands first, and then the structure rotates
around the landing point until the diameter is perpendicular
to the ground. This movement mode is suitable for the
stepped road because the endpoint of the semicircle arc is not
easy to slide.

ℎ
𝛼0 = arcsin ,
𝑟

(10)

where ℎ is the height of step. Suppose the mass of trunk of
robot is 40 Kg, 𝑚𝑙 = 0.5 Kg, ℎ = 0.1 m, and 𝑟 = 0.2 m. The
variation law of driving force is shown in Figure 8. Horizontal
axis represents the rotation angle, and vertical coordinate
represents torque. It can be known from Figure 8 that average
torque of the robot in the second walking way is greater than
average torque in the first walking way.
After knowing the driving torque, the motion speed of
the robot also can be obtained. For the first walking way, the
relationship between motor speed and motion speed of robot
is
V𝑥 = 𝑟𝜃̇ sin 𝜃 + 𝑟
V𝑦 = 𝑟𝜃̇ cos 𝜃.

(11)

For the second walking way, the relationship between
motor speed and motion speed of robot can be shown as
V𝑥 = 2𝑟𝜃̇ sin 𝜃
V𝑦 = 2𝑟𝜃̇ cos 𝜃.

(12)
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Figure 7: Walking ways of the rescue robot. (a) Arcuate part of the wheel-legged structure lands first. (b) Endpoint of the wheel-legged
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When the speed of motor is 1 rad/s, the relationship
between the rotation angle of the wheel-legged structure and
the speed of the robot can be shown in Figure 9. In the
leg state, the robot has both the speed along the horizontal
direction and the speed along the vertical direction. When the
robot moves in the second walking way, the speed along the
vertical direction is greater, and this also shows that the robot
is more suitable for ladder-type pavement with the second
walking way.
Based on the analysis results of the wheel state, rotation
center changing process, and leg state, motion law of wheellegged structure and motor torques can be obtained. In
different motion states, the required motor torque is also

50

100

Angle (∘ )

∘

vx/walking way 1
vy/walking way 1

vx/walking way 2
vy/walking way 2

Figure 9: Variation law of speed in leg state.

different. After a comprehensive consideration, the model of
motor 1 and motor 2 is maxon RE35, and the rated torque is
2.5 Nm. The model of motor 3 is GA12YN20, and the rated
torque is 0.7 Nm.
In particular, when the robot is in leg state, it also can
move in the water. At this time, each leg is affected by the
force of water on it. The force balance equation can be shown
as
F𝑑 + F𝑐𝑑 + F𝑡 = 0
l𝑑⊥ × F𝑑 + M𝑐𝑑 + M𝑑 = 0,

(13)

where M𝑑 is motor torque, M𝑐𝑑 and F𝑐𝑑 are inertia force
and inertia moment, respectively, F𝑑 is the force of water on
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wheel-legged structure, F𝑡 is the force of trunk on wheellegged structure, and l𝑑⊥ is acting arm. For the wheel-legged
rescue robot, it suffers friction, pressure difference resistance,
wave resistance, and air resistance. Because the velocity is not
great, the friction of water and air resistance is very small. The
pressure difference resistance is proportional to the square of
the velocity of robot. The wave resistance is introduced due
to the wave of water. In order to simplify the calculation, it
can be considered proportional to the speed of the robot. The
force balance equation of robot can be written as
𝑑V
(𝑚𝑑1 + 𝑚𝑑2 ) 𝑑 = −𝑎V𝑑 − 𝑘V𝑑 2 + 𝐹𝑑 ,
𝑑𝑡

(14)

where 𝑚𝑑1 is the mass of robot, 𝑚𝑑2 is the mass of load, and
V𝑑 is the velocity of robot. 𝑎 and 𝑘 are coefficients of wave
resistance and pressure difference resistance, respectively.
𝐹𝑑 is the force of the water to the robot. The calculation
method of 𝐹𝑑 is different when the underwater environment
is different. For example, the wave force in the regular wave
can be written as [30]
𝐹𝑑 = 𝜌𝑉 [1 + 𝐾33

𝜔𝑒 2 (−𝜔2 /𝑔)𝐻 𝑖𝜔𝑒 𝑡
𝜁𝑎 𝑒 ,
] 𝜔 𝑘1 𝑒
𝜔

(15)

where 𝜌 is the density of water, 𝑉 is the drainage volume,
and 𝐾33 is the vertical and longitudinal additional mass
coefficients. 𝜔𝑒 and 𝜔 are encounter frequency and wave circle
frequency, respectively. 𝑘1 is reduction coefficient, which
represents the influence of the ratio of the length of the
underwater robot and the effective wavelength on the wave
force. 𝜁𝑎 is amplitude of regular wave.

4. Structural Stiffness Analysis
Because the disaster environment is very complex, the rescue
robot should have good buffering performance. Otherwise,
whether the robot is in the wheel state or in the leg state, the
wheel-legged structures of the robot may have rigid collision
with the ground frequently and further lead to a series of
problems. Considering the wheel state and leg state share
the same structure to contact with the ground, the effect of
structural stiffness of wheel-legged structure in wheel state
and leg state on motion performance is analyzed.
4.1. Structural Stiffness in Wheel State. The wheel should be
elastic wheel, which means that hub should be able to achieve
deformation under external force. In addition to the elastic
deformation of the wheel, the tire can also achieve elastic
deformation, so the motion of the robot on the rough road
surface can be simplified to a two-DOF vibration system in
the vertical direction.
According to Lagrange equation, motion equations of
equivalent vibration system can be expressed as [31, 32]
𝑚2 𝑧̈2 = 𝑘 (𝑧1 − 𝑧2 ) + 𝑐 (𝑧̇1 − 𝑧̇2 )
𝑚1 𝑧̈1 = 𝑐 (𝑧̇2 − 𝑧̇1 ) + 𝑘 (𝑧2 − 𝑧1 ) − 𝑘𝑡 (𝑧1 − 𝑞) ,

(16)

where 𝑧1 and 𝑧2 are vertical displacement of wheel and body,
𝑚2 is the mass of robot, 𝑘 is the equivalent stiffness coefficient

of wheel, 𝑐 is the damping of wheel, 𝑚1 is the mass of wheel,
and 𝑘𝑡 is the equivalent stiffness coefficient of tyre. 𝑞 is the
input of road roughness, and it is harmonic exciting force.
The output can be written as 𝑧1 = 𝑧10 𝑒𝑖𝜔𝑡+𝜑 and 𝑧2 = 𝑧20 𝑒𝑖𝜔𝑡+𝜑 .
Inserting them into (16), it can be written as
𝑧2 (−𝜔2 𝑚2 + 𝑖𝜔𝑐 + 𝑘) = 𝑧1 (𝑖𝜔𝑐 + 𝑘)
𝑧1 (−𝜔2 𝑚1 + 𝑖𝜔𝑐 + 𝑘 + 𝑘𝑡 ) = 𝑧2 (𝑖𝜔𝑐 + 𝑘) + 𝑞𝑘𝑡 .

(17)

At this time, the frequency response function can be
shown as
𝑧2
𝑖𝜔𝑐 + 𝑘
=
𝑧1 −𝜔2 𝑚2 + 𝑖𝜔𝑐 + 𝑘
𝐴 2 𝑘𝑡
𝑧1
=
𝑞
𝐴 3 𝐴 2 − 𝐴21

(18)

𝐴 1 𝑘𝑡
𝑧2 𝑧2 𝑧1
⋅
,
=
=
𝑞
𝑧1 𝑞
𝐴 3 𝐴 2 − 𝐴21
where 𝐴 1 = 𝑖𝜔𝑐 + 𝑘; 𝐴 2 = −𝜔2 𝑚2 + 𝑖𝜔𝑐 + 𝑘; 𝐴 3 = −𝜔2 𝑚1 +
𝑖𝜔𝑐 + 𝑘 + 𝑘𝑡 . The amplitude frequency characteristics of the
robot relative to road surface are obtained:
2

2
2
 𝑧 
 2 
√ (1 − 𝜆 ) + (2𝜉𝜆)
,
  = 𝛾
Δ
 𝑞 

(19)

where Δ = [(1−𝜆2 )(1+𝛾−𝜆2 /𝜇)2 −1]+(2𝜆𝜉)2 [𝛾−(1/𝜇+1)𝜆2 ]2 .
𝜆 is the frequency ratio, 𝜇 is mass ratio of body and wheel,
and 𝜉 is damping ratio. According to the calculation results
of the three-dimensional software (Solidworks), 𝑚1 = 0.5 Kg,
𝑚2 = 40 Kg. According to the vibration model of the car, 𝑘𝑡
= 200000 N/m [33]. The amplitude frequency characteristics
of robot body with different 𝑘 can be shown in Figure 10(a).
As can be seen from Figure 10(a), the reduction of the spring
stiffness coefficient can effectively reduce the resonance peak.
But the increase of the spring stiffness coefficient can shock
absorption. Amplitude frequency characteristics of body
acceleration to road surface velocity can be written as
 𝑧̈   𝑧 𝜔2 
 𝑧 
 2   2 
 2 
=
𝜔
  = 
  .

 𝑞 ̇   𝑞𝜔 
 𝑞 

(20)

The amplitude frequency characteristics of relative
dynamic load on road surface velocity can be shown as
𝐹𝑑
𝑚 𝑧̈
1 𝑧̈2
.
= 2 2 =
𝐺𝑞 ̇ 𝑚2 𝑔𝑞 ̇ 𝑔 𝑞 ̇

(21)

The amplitude frequency characteristics of body acceleration to road surface velocity and relative dynamic load
on road surface velocity can be shown in Figures 10(b) and
10(c), respectively. The trends are almost the same. In lowfrequency section and resonance section, the bigger 𝑘 is, the
better the ride comfort is. And in high frequency section, the
smaller 𝑘 is, the better the ride comfort is.
It can be known from Figure 10 that the decrease of
stiffness coefficient can effectively reduce the resonance peak.
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Figure 10: Amplitude frequency characteristics of equivalent vibration system. (a) Amplitude frequency characteristics of displacement input
and displacement output. (b) Amplitude frequency characteristics of body acceleration to road surface velocity. (c) Amplitude frequency
characteristics of relative dynamic load on road surface velocity.

But it may reduce shock absorption effect. Besides, the
smaller stiffness may produce greater friction because the
wheel deformation can make the contact of the wheel with
the ground change from point contact to line contact.
4.2. Structural Stiffness in Leg State. When the rescue robot is
in leg state, the buffering performance is also important. The
arc leg is a compliant mechanism, and it is hard to analyze

the buffering performance because the arc leg introduces
geometric nonlinearities. The pseudo-rigid-body model used
in this study can simplify large-deflection analysis [34–36].
For the first walking way (the midpoint of the arc leg lands
first), the leg structure which plays a role in buffering can be
considered to be 1/4 circles. At this time, the 2R model is used,
and the pseudo-rigid-body model is shown in Figure 11(a).
The equivalent rotation pair at 𝐴 𝐿2 is 𝑅𝐿11 , and equivalent
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Figure 11: Pseudo-rigid-body model of arc leg. (a) First walking way. (b) Second walking way.

rotation pair at 𝐴 𝐿3 is 𝑅𝐿21 . 𝐴 𝐿1 is the connection point
between the trunk and the leg, and 𝐴 𝐿3 is the landing
point. So the arc leg can be equivalent to 2-DOF serial
mechanism, and torsion spring is used in each rotation pair.
The coordinate origin of the fixed coordinate system 𝑜0 -𝑥0 𝑦0
coincides with the landing point. The direction of the 𝑥0 -axis
is horizontal to the right, and the direction of the 𝑦0 -axis is
perpendicular to the ground and is upward.
Suppose the trunk moves only in the vertical direction.
The coordinate of 𝐴 𝐿1 is (−𝑅, 𝑅 − ℎ1 ). In triangle 𝐴 𝐿1 𝐴 𝐿2 𝐴 𝐿3 ,
the length of 𝐴 𝐿1 𝐴 𝐿3 can be shown as
2

𝑠 = √(𝑅 − ℎ1 ) + 𝑅2 .

(22)

The rotation angles of link 𝐴 𝐿1 𝐴 𝐿2 relative to link 𝐴 𝐿2 𝐴 𝐿3
can be shown as
𝛾1 = 𝜋 − arccos

𝑙11 2 + 𝑙21 2 − 𝑠2
− 𝛾10 .
2 ⋅ 𝑙11 ⋅ 𝑙21

(23)

The rotation angles of link 𝐴 𝐿2 𝐴 𝐿3 relative to horizontal
direction can be written as
𝛾2 = arctan

𝑅 − ℎ1
𝑙 2 + 𝑠2 − 𝑙11 2
− arccos 21
− 𝛾20 ,
𝑅
2 ⋅ 𝑙21 ⋅ 𝑠

(24)

where ℎ1 is the trunk movement distance, 𝑅 is the radius
of wheel-legged structure, and 𝑙11 and 𝑙21 are the length of
link 𝐴 𝐿1 𝐴 𝐿2 and link 𝐴 𝐿2 𝐴 𝐿3 . 𝛾10 and 𝛾20 are initial angles.
In order to obtain the mechanical properties of buffering
process, the force analysis also can be conducted. The force
and torque balance equation of each link can be shown as
F𝑖 − F𝑖+1 + F𝑐𝑖 + m𝑖 g = 0
M𝑖 − M𝑖+1 − r𝑖+1 × F𝑖+1 + r𝑖 × F𝑖 + r𝑐𝑖 × (F𝑐𝑖 + m𝑖 g)
= 0,

(25)
(26)

where r is the vector of the coordinate system origin to the
point of force. F𝑖 and M𝑖 are the force and moment of link 𝑙𝑖−1

to 𝑙𝑖 , and F𝑖+1 and M𝑖+1 are the force and moment of link 𝑙𝑖+1
to 𝑙𝑖 . F𝑐𝑖 and M𝑐𝑖 are the inertia force and inertia moment,
respectively. When 𝑖 = 2 or 3, M𝑖 represents the torque
generated by the torsion springs. When 𝑖 = 3, F3 represents
the force of the ground to the leg. To simplify the calculation
process, regardless of the mass of the legs, the mass of the
robot remains concentrated in the trunk. Spring damping is
also not considered. At this time, the support force of the
ground to the wheel-legged structure can be written as
𝐹𝑥

−1

−𝑙1 ⋅ sin 𝛾1 𝑙1 ⋅ cos 𝛾1
𝑀1 − 𝑀2
] [
],
[ ]=[
𝐹𝑦
𝑙2 ⋅ sin 𝛾2 𝑙2 ⋅ cos 𝛾2
𝑀2 + 𝑀3

(27)

where 𝑀2 = 𝑘11 ⋅𝛾11 , 𝑀3 = 𝑘21 ⋅𝛾21 . 𝑘𝑖1 is the torsional stiffness
coefficient.
For the second walking way, the pseudo-rigid-body
model is shown in Figure 11(b). The equivalent rotation pairs
at 𝐵𝐿2 , 𝐵𝐿3 , and 𝐵𝐿4 are 𝑅𝐿12 , 𝑅𝐿22 , and 𝑅𝐿32 , respectively.
For the 1/4 circles, it is still the 2-DOF serial mechanism. In
particular, considering the complexity of the environment,
the end point of the leg is likely to fall into the soft soil or
crevice. So 𝐵𝐿4 can be seen as fixed point. The attitude of link
𝐵𝐿1 𝐵𝐿2 is unchanged in buffering process.
In triangle 𝐵𝐿2 𝐵𝐿3 𝐵𝐿4 , the length of 𝐵𝐿2 𝐵𝐿4 can be shown
as
𝑠 = √𝑇1 2 + 𝑇2 2 ,

(28)

where 𝑇1 = 𝑙4 ⋅ sin 𝛾40 − 𝑙1 ⋅ sin 𝛾10 − ℎ − ℎ1 ; 𝑇2 = 2𝑅 ⋅ cos 𝜑 −
𝑙4 ⋅ cos 𝛾40 − 𝑙1 ⋅ cos 𝛾10 . 𝑙𝑖 is the length of 𝐵𝐿𝑖 𝐵𝐿(𝑖+1) . 𝜃10 is the
angle between link 𝐵𝐿1 𝐵𝐿2 and 𝑥0 -axis, and 𝜃40 is the angle
between link 𝐵𝐿4 𝐵𝐿5 and 𝑥0 -axis. 𝜑 is the initial inclination
angle of wheel-legged structure.
At this time, the rotation angles of link 𝑙(𝑖−1)1 relative to
link 𝑙𝑖1 can be shown as
𝛾2 = 𝜋 − arccos

𝑙22 2 + 𝑙32 2 − 𝑠2
− 𝛾20
2 ⋅ 𝑙22 ⋅ 𝑙32

(29)
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𝛾3 = 𝜋

𝛾1 = arccos

𝑙 2 + 𝑠2 − 𝑙22 2
𝑇
𝜋
− (arccos 32
+ arctan 2 + − 𝜃40 ) (30)
2 ⋅ 𝑙32 ⋅ 𝑠
𝑇1 2
− 𝛾30

𝑙12 2 + 𝑙22 2 − 𝑠𝑠2
− 𝛾10 ,
2 ⋅ 𝑙12 ⋅ 𝑙22

(31)

where

2

2

𝑠𝑠 = √(𝑙4 ⋅ sin 𝜃40 + 𝑙3 ⋅ sin 𝜃3 + ℎ + ℎ1 ) + (2𝑅 ⋅ cos 𝜑 − 𝑙4 ⋅ cos 𝜃40 − 𝑙3 ⋅ cos 𝜃3 ) .

𝜃3 is the angle between link 𝐵𝐿3 𝐵𝐿4 and 𝑥0 axis.
According to (25)-(26), the support force of the ground
to the leg can be obtained.
In order to analyze the mechanical properties, the stiffness coefficient of equivalent torsion springs should be
further determined. When the external forces the wheellegged structure suffers are the same and the deformation
is also the same, the relationship between equivalent torsion
spring stiffness coefficient and equivalent stiffness coefficient
of leg can be determined according to experiment.
If the landing ground is rigid, 𝐵𝐿4 can be seen as fixed
point. It can be simplified as a revolute pair. So pseudorigid-body model has four DOF. At this time, the kinematics
can be analyzed according to the same method. Because the
equivalent model has four DOF and only 3 constraints can
be contained, including the position and posture of end link,
the angle of each link cannot be determined directly, and
kinematic relationship can be written as
(𝛾1 𝛾2 𝛾3 ) = 𝑓𝑖 (𝛾4 ) .

(33)

Equation (33) shows that 𝛾1 , 𝛾2 , and 𝛾3 can be expressed
with 𝛾4 . In order to further solve 𝛾4 , the force balance equation
can be added according to (25)-(26). Considering kinematics

(32)

and dynamics equations synthetically, the equations can be
simplified as
𝑓 (𝛾4 ) = 0.

(34)

Then 𝛾4 can be obtained, and other unknown numbers
also can be obtained. Suppose 𝑅 = 0.1 m. The relationship
between ℎ and 𝑘 can be shown in Figure 12. It can be known
from Figure 12 that the torsional spring coefficient decreases
with the increase of deformation.
The forces of the wheel-legged structure to the trunk of
the robot with different maximum buffer distance can be
shown in Figure 13. Figures 13(a) and 13(b) show the force
along 𝑥0 -axis and 𝑦0 -axis with the first walking way, and Figures 13(c) and 13(d) show the force along 𝑥0 -axis and 𝑦0 -axis
with the second walking way. It can be known from Figure 13
that the force the trunk suffers gradually increased with the
increase of deformation of wheel-legged structure. At the
same time, larger torsional spring coefficients correspond to
greater forces. For the different walking way, the force the
trunk suffers along 𝑥0 -axis is larger with the second walking
way, but the force the trunk suffers along 𝑦0 -axis is smaller
with the second walking way.
It can be known from the above analysis that smaller stiffness of the wheel-legged structure can make the change trend
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Figure 13: Support force of the ground to the leg. (a) Support force along 𝑥0 -axis with the first walking way. (b) Support force along 𝑦0 -axis
with the first walking way. (c) Support force along 𝑥0 -axis with the second walking way. (d) Support force along 𝑦0 -axis with the second
walking way.

of the force the trunk suffers more stable in leg state, but it will
require the larger torque of the drive motor in the same case
because the motor also needs to overcome the deformation.
Besides, small stiffness will increase the deformation of the
structure. Considering the effect of stiffness on the motion
performance when the robot is in wheel state and leg state,
the structural stiffness should be considered synthetically.

5. Experiments
The control flow chart is seen in Figure 14. When the leg
state is needed for the robot, the current state should be
determined. If the robot is already in the leg state, the terrain
conditions should be determined, and the two different gates
can be chosen. On the contrary, if the robot is in the wheel
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Figure 14: Control flow chart.

state, motor 2 works to make the trunk lifted. When the trunk
is lifted to the specified position, motor 3 works to make the
left half arc structure of the wheel rotate. At this time, the
motion state of the robot changes. When the wheel state is
needed for the robot and the robot is already in the wheel
state, motor 1 and motor 2 work together, and the robot moves
forward. When it encounters obstacles, the motion state can
be changed from wheel state to leg state. When the wheel state
is needed but the robot is in the leg state, the motor works
to make the left half arc structure of the wheel rotate, and
when the leg structure changes to the wheel structure, motor
2 works to make the center of rotation from the eccentric
position to the wheel center. According to the above control
method, the robot can realize the conversion of the leg state
and wheel state.
The wheel-legged rescue robot is shown in Figure 15. The
control hardware is located on the trunk of the robot. Attitude
conversion process from wheel state to leg state is shown in
Figure 16. First, the trunk of the robot is lifted with the driving
of the motor. Then the right half arc structure rotates by the
driving of motor 3 until it fits with the left half arc structure.
At this time, the rescue robot is in the leg state.
The robot can achieve different leg movement states
according to the different terrain environment. When the

Control system
Wheel-legged
structure

Figure 15: Wheel-legged rescue robot.

robot walks on a rough road, the gait is shown in Figure 17. In
the walking process, the two wheel-legged structures which
are in a diagonal position move simultaneously. And there are
two wheel-legged structures in the support phase, the other
two wheel-legged structures in the swing phase. This kind of
gait makes the robot move fast, but it cannot get over the high
obstacles.
When the robot encounters a high barrier to climb, the
gait is shown in Figure 18. The height of the obstacle is 15 cm.
First, two wheel-legged structures which are in front of the
robot are on the edge of the obstacle in turn. Then the robot
climbs the obstacle with the driving of motor 1 and motor 2.
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Figure 16: Conversion process from wheel state to leg state.
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Figure 17: Gait 1 of the robot (walk on rough road).

In particular, the height of the obstruction cannot be higher
than the diameter of the wheel. The robot may move slowly
with this kind of gait, but the obstacles it can climb can be
higher than gait 1.
In addition, because the wheels are elastic, the robot can
reduce the vibration and impact in the rugged environment,
and the robot can achieve a smooth movement. Therefore, the
robot has good performance and can adapt to the complex
and changeable postdisaster environment.

6. Discussion
A new wheel-legged rescue robot is designed in this paper.
For the mechanical structure, the wheel of the robot can
rotate 180∘ around the vertical axis and turn into a semicircular structure. Because it does not require any space other than
the space occupied by the robot with wheel state during the
state change process, it has the advantage of small occupation
space. Moreover, compared with the series leg structure and
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Figure 18: Gait 2 of the robot (overcoming a barrier).

similar parallel leg structure, the structure of semicircle arc
leg is simpler and easier to control. This provides a new
idea for the design of wheel-legged robot. For the movement
state analysis, it provides a reference for motors selection and
control. For the structural stiffness analysis, considering the
wheel state and leg state share the same structure to contact
with the ground and the effects of structural stiffness on
the performance of robot with wheel state and leg state are
different, the research results can provide a basis for wheel
stiffness design. The above research results provide a useful
reference for mechanism design, parameter selection, and
control strategy.
However, there are still many problems for the wheellegged rescue robot. For example, there is no waterproof
structure, intelligent control algorithm is not studied, and the
kinematic performance when the robot is in sea wave is not
analyzed. All this needs further improvement.

7. Conclusion
This paper focuses on the design and analysis for a wheellegged rescue robot. Considering the existing wheel-legged
robot has the disadvantages of complex structure, difficult
control, large space required for wheel-legged translation,
and limited movement environment, a novel wheel-legged
rescue robot is designed, and the wheel becomes semicircular
leg by the rotation of half wheel along vertical axis. The robot
can carry out a variety of motion states and can move on land

or in waves. Based on the analysis results of motion states and
the effect of structural stiffness of wheel-legged structure on
motion performance, the prototype of wheel-legged rescue
robot is designed, and the experiments show that the robot
has good performance. The present study provided a basis for
designing the wheel-legged rescue robot. Further extensions
to this work include the design for waterproof structure,
research on intelligent control method, and the test in real
postdisaster environment.

Conflicts of Interest
The authors declare that they have no conflicts of interest.

Acknowledgments
This work was supported by the Natural Science Foundation
of Jiangsu Province, China (Grant no. BK20160185), project
supported by the National Science Foundation for Young
Scientists of China (Grant no. 51705201), the Fundamental
Research Funds for the Central Universities (Grant no.
JUSRP11718), the Foundation of Jiangsu Key Laboratory of
Advanced Food Manufacturing Equipment and Technology
(Grant no. FM-2016-08), the Jiangnan University Student’s
Innovation Training Project, no. 2016343Y, and the National
College Student’s Innovation Training Program, Project no.
201710295078Y.

Mathematical Problems in Engineering

15

References
[1] T. Zhang, H. Shang, J. Xu, K. Liu, Y. Zhang, and J. Wang,
“Application of robot technology in search and rescue in
earthquake ruins,” Journal of Natural Disasters, vol. 21, no. 5, pp.
108–112, 2012.
[2] X. P. Dong and X. B. Wang, “Development of rescue robot
technology and its application in disaster,” Journal of Disaster
Prevention & Mitigation Engineering, vol. 27, no. 1, pp. 112–117,
2007.
[3] H. Lang, M. T. Khan, K.-K. Tan, and C. W. de Silva, “Application
of visual servo control in autonomous mobile rescue robots,”
International Journal of Computers, Communications & Control,
vol. 11, no. 5, pp. 685–696, 2016.
[4] R. R. Murphy, J. Kravitz, S. L. Stover, and R. Shoureshi,
“Mobile robots in mine rescue and recovery,” IEEE Robotics and
Automation Magazine, vol. 16, no. 2, pp. 91–103, 2009.
[5] A. Bodenhamer, B. Pettijohn, J. L. Pezzaniti et al., “3D vision
upgrade kit for the TALON robot system,” in Proceedings of the
Stereoscopic Displays and Applications XXI, vol. 7524, pp. 195–
211, SPIE - The International Society for Optical Engineering,
San Jose, Calif, USA, January 2010.
[6] K. Ito and H. Maruyama, “Semi-autonomous serially connected
multi-crawler robot for search and rescue,” Advanced Robotics,
vol. 30, no. 7, pp. 489–503, 2016.
[7] W. Wang, W. Dong, Y. Su, D. Wu, and Z. Du, “Development of
search-and-rescue robots for underground coal mine applications,” Journal of Field Robotics, vol. 31, no. 3, pp. 386–407, 2014.
[8] N. Suzuki and Y. Yamazaki, “Basic research on the driving
performance of an autonomous rescue robot with obstacles,”
in Proceedings of the IEEE International Conference on Robotics
and Biomimetics, IEEE-ROBIO ’15, pp. 982–987, Zhuhai, China,
December 2015.
[9] S. Liu and D. Sun, “Minimizing energy consumption of wheeled
mobile robots via optimal motion planning,” IEEE/ASME
Transactions on Mechatronics, vol. 19, no. 2, pp. 401–411, 2014.
[10] Y. Pan, F. Gao, C. Qi, and X. Chai, “Human-tracking strategies
for a six-legged rescue robot based on distance and view,”
Chinese Journal of Mechanical Engineering, vol. 29, no. 2, pp.
219–230, 2016.
[11] P. Wang, J. Li, and Y. Zhang, “The nonfragile controller with
covariance constraint for stable motion of quadruped searchrescue robot,” Advances in Mechanical Engineering, vol. 2014,
Article ID 917381, 10 pages, 2014.
[12] M. Neumann, T. Predki, L. Heckes, and P. Labenda, “Snake-like,
tracked, mobile robot with active flippers for urban search-andrescue tasks,” Industrial Robot: An International Journal, vol. 40,
no. 3, pp. 246–250, 2013.
[13] R. Haraguchi, K. Osuka, S. Makita, S. Tadokoro et al., “The
development of the mobile inspection robot for rescue activity,
MOIRA2,” in Proceedings of the 12th International Conference on
Advanced Robotics, ICAR ’05, pp. 498–505, Seattle, WA, USA,
July 2005.
[14] Z. Zhang, D. Chen, and K. Chen, “Analysis and comparison
of three leg models for bionic locust robot based on landing
buffering performance,” Science China Technological Sciences,
vol. 59, no. 9, pp. 1413–1427, 2016.
[15] B. H. Wilcox, “ATHLETE: A cargo and habitat transporter for
the moon,” in Proceedings of the IEEE Aerospace Conference, pp.
1–7, Montana, Mont, USA, March 2009.
[16] K. Hauser, T. Bretl, J. C. Latombe, and B. Wilcox, “Motion
Planning for A Six-Legged Lunar Robot,” in Workshop on the

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

Algorithmic Foundations of Robotics, vol. 47 of Springer Tracts
in Advanced Robotics, pp. 301–316, Springer, Berlin, Germany,
2008.
F. B. Amar, V. Budanov, P. Bidaud et al., “A high mobility
redundantly actuated mini-rover for self adaptation to terrain
characteristics,” in Proceedings of the 3rd International Conference on Climbing and Walking Robots, pp. 105–112, Madrid,
Spain, 2000.
C. Grand, F. Benamar, and F. Plumet, “Motion kinematics
analysis of wheeled-legged rover over 3D surface with posture
adaptation,” Mechanism and Machine Theory, vol. 45, no. 3, pp.
477–495, 2010.
A. Gronowicz and J. Szrek, “Design of LegVan Wheel-Legged
Robots Mechanical and Control System,” in SYROM 2009, pp.
145–158, Springer Netherlands, Netherlands, 2010.
A. Suzumura and Y. Fujimoto, “Real-time motion generation
and control systems for high wheel-legged robot mobility,” IEEE
Transactions on Industrial Electronics, vol. 61, no. 7, pp. 3648–
3659, 2014.
X. Ding, K. Li, and K. Xu, “Dynamics and wheel’s slip ratio of a
wheel-legged robot in wheeled motion considering the change
of height,” Chinese Journal of Mechanical Engineering, vol. 25,
no. 5, pp. 1060–1067, 2012.
X. Wang, X. Wang, H. Yu et al., “Dynamic analysis for the leg
mechanism of a wheel-leg hybrid rescue robot,” in Proceedings
of the 10th UKACC International Conference on Control, CONTROL ’14, pp. 504–508, Loughborough, UK, July 2014.
A. Alamdari and V. N. Krovi, “Design of articulated legwheel subsystem by kinetostatic optimization,” Mechanism and
Machine Theory, vol. 100, pp. 222–234, 2016.
Y. Luo, Q. Li, and Z. Liu, “Design and optimization of wheellegged robot: rolling-wolf,” Chinese Journal of Mechanical Engineering, vol. 27, no. 6, pp. 1133–1142, 2014.
R. Siegwart, P. Lamon, T. Estier, M. Lauria, and R. Piguet,
“Innovative design for wheeled locomotion in rough terrain,”
Robotics and Autonomous Systems, vol. 40, no. 2-3, pp. 151–162,
2002.
Y.-S. Kim, G.-P. Jung, H. Kim, K.-J. Cho, and C.-N. Chu,
“Wheel transformer: a wheel-leg hybrid robot with passive
transformable wheels,” IEEE Transactions on Robotics, vol. 30,
no. 6, pp. 1487–1498, 2014.
K. Tadakuma, R. Tadakuma, A. Maruyama et al., “Mechanical
design of the wheel-leg hybrid mobile robot to realize a
large wheel diameter,” in Proceedings of the 23rd IEEE/RSJ
International Conference on Intelligent Robots and Systems, IROS
’10, pp. 3358–3365, Taipei, Taiwan, October 2010.
S.-C. Chen, K.-J. Huang, W.-H. Chen, S.-Y. Shen, C.-H. Li,
and P.-C. Lin, “Quattroped: a leg-wheel transformable robot,”
IEEE/ASME Transactions on Mechatronics, vol. 19, no. 2, pp.
730–742, 2014.
Z. Ma, “Design and simulation of mobile and hopping robot,” in
Proceedings of the IEEE Workshop on Advanced Robotics and its
Social Impacts, IEEE ARSO ’16, pp. 273–278, China, July 2016.
Z. Z. Guo, Structure Optimization and Strength Analysis of The
Underwater Robot, Northeastern University, Shenyang, China,
2013.
L. S. Pontryagin, Ordinary Differential Equations, AddisonWesley, New York, NY, USA, 1962.
B. W. McCormick, Aerodynamics, Aeronautics and Flight
Mechanics, John Wiley and Sons, New York, NY, USA, 2nd
edition, 1995.

16
[33] G. Y. Pan, Foundation and Application of Automotive Vibration,
Peking University Press, Beijing, China, 2013.
[34] L. L. Howell, A. Midha, and T. W. Norton, “Evaluation of
equivalent spring stiffness for use in a pseudo-rigid-body
model of large-deflection compliant mechanisms,” Journal of
Mechanical Design, vol. 118, no. 1, pp. 126–131, 1996.
[35] Z. Feng, Y. Yu, and W. Wang, “2R pseudo-rigid-body model
of compliant mechanisms with compliant links to simulate tip
characteristic,” Jixie Gongcheng Xuebao/Journal of Mechanical
Engineering, vol. 47, no. 1, pp. 36–42, 2011.
[36] H. J. Su, “A load independent pseudo-rigid-body 3R model
for determining large deflection of beams in compliant mechanisms,” in Proceedings of the ASME International Design
Engineering Technical Conferences Computers and Information
in Engineering Conference, pp. 109–121, Brooklyn, NY, USA,
2008.

Mathematical Problems in Engineering

Hindawi
Mathematical Problems in Engineering
Volume 2017, Article ID 8984713, 12 pages
https://doi.org/10.1155/2017/8984713

Research Article
Fuzzy Logic Controller Design for Intelligent Robots
Ching-Han Chen,1 Chien-Chun Wang,1 Yi Tun Wang,2 and Po Tung Wang3
1

Department of Information Engineering, National Central University of Computer Science, Taoyuan, Taiwan
Department of Information Management, National Central University of Computer Science, Taoyuan, Taiwan
3
Department of Bio-Industrial Mechatronics Engineering, National Taiwan University, Taipei, Taiwan
2

Correspondence should be addressed to Chien-Chun Wang; patrick@g.ncu.edu.tw
Received 27 April 2017; Revised 22 July 2017; Accepted 10 August 2017; Published 27 September 2017
Academic Editor: Rafael Morales
Copyright © 2017 Ching-Han Chen et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
This paper presents a fuzzy logic controller by which a robot can imitate biological behaviors such as avoiding obstacles or following
walls. The proposed structure is implemented by integrating multiple ultrasonic sensors into a robot to collect data from a realworld environment. The decisions that govern the robot’s behavior and autopilot navigation are driven by a field programmable
gate array- (FPGA-) based fuzzy logic controller. The validity of the proposed controller was demonstrated by simulating three realworld scenarios to test the bionic behavior of a custom-built robot. The results revealed satisfactorily intelligent performance of the
proposed fuzzy logic controller. The controller enabled the robot to demonstrate intelligent behaviors in complex environments.
Furthermore, the robot’s bionic functions satisfied its design objectives.

1. Introduction
Robot research is a popular scientific research [1–4] and is
undoubtedly to enhance the quality of human life, but in the
environment, the wheel structure is not suitable for use in the
rugged terrain environment; in [5–7], it is very easy to study
insects, whether they are moving on flat roads or walking on
irregular roads.
With the increasingly widespread application of robots in
today’s fast-changing and diverse environment, it is essential
for robots to possess autonomous movement capacity and
intelligent decision-making processes, as well as behavioral
control through sensory awareness of the surrounding environment to complete tasks in complex situations. In this
regard, navigation and obstacle avoidance are the two crucial
concerns that require attention.
Fuzzy logic [8–11] has been deemed appropriate for
applications in automatic navigation of robots. This is mainly
because of its capacity to process large quantities of incomplete and inaccurate input signals. Such signal processing
can enable automatic navigation for robots in uncertain
environments. Abundant research has been reported on
the application of fuzzy theory in automatic navigation for

robots. A typical application requires the robot to carry
various sensors for sensing environmental information. The
outputs of the sensors serve as inputs to the fuzzy controller. Expert experience is adopted to prebuild a fuzzy
rule database, which is required for the robot’s subsequent
behaviors. Fuzzification, fuzzy inference, and defuzzification
generate decisions that control the robot’s behaviors [12, 13],
enabling the robot to navigate automatically.
A fuzzy logic controller can accept input from a diverse
range of sensors. Ultrasonic sensors can detect the distance
between a robot and obstacles [14–16]. Global positioning
systems can detect the robot’s current position [17–19]. With
fuzzy inference, the final output enables a robot to differentiate between various environments and to perform the
behaviors desired by the designer. For example, differences in
wheel speeds can enable a wheeled robot to turn at an angle
and roll in a new direction to avoid an obstacle. Regarding
multilegged robots, the final input may be the rotational angle
or forward velocity [17, 20, 21].
At present, the development of the living tools and
the adaptability of the environment are far less than the
evolution of the ability of organisms, regardless of how long
these organisms are experiencing long-term evolution, and
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whether there is a high degree of adaptability to the habitat of
living space, whether it is in sensory organs, exercise patterns,
learning mechanisms, organ structures, monomers, or all life
structures, which is more efficient, so the use of physical
characteristics will be an important future development indicator. This study focuses on the behavior of the recurrence
of biological patterns for the software direction, the use of its
evolution and behavior patterns, and the software processing
efficiency.

2. Behavior of Intelligent Robots
2.1. Behavior of Bionic Robots. The term “bionic robots” refers
to robots that mimic the body structures, functions, problemsolving behavior, and motions of living creatures, with simple
mechanical structures or electronic devices. Multilegged
bionic robots belong to this category; their motion patterns
and tread movements resemble those of insects and spiders.
Such a robot uses each leg, with its embedded multiple
rotational joints, to mimic the behavioral patterns of insects.
Among such robots, the six-legged type is the most common
type of bionic robot.
2.2. Applying Fuzzy Controller in Obstacle Avoiding. The
central nervous system contains the brain and spinal cord;
the brain is responsible for the movement of the discriminant
action and the spinal cord is responsible for the aggregation
of sensory signals and finishing the brain cortex movement
area issued by the action instructions and links the various
parts of the neural network; it also contains the reflection of
this part of the movement.
Robots in unknown environments need sensors to detect
environmental conditions; after their sensors have measured environmental information, the robots’ controllers can
generate decisions to control the robots’ behaviors. In this
study, multiple ultrasonic sensors were adopted to measure
distances between a robot and the environmental obstacles
that surrounded it.
In this study, the neural pulse signal of the organism is
used as the control structure of the imitation of the electronic
circuit, and the information between the main control system
and the subcontrol system is integrated. The main control
system must transmit the analog signal. The auxiliary control
system only needs to transmit the sensed analog signal to the
main system and receives the motion instruction given by the
main system, and the auxiliary functions of the main system
and subsystems are complementary to each other.
Multiple sets of ultrasonic distance measurements were
used as input to develop an intelligent navigation system.
With this distance information, the fuzzy logic controller
enabled the robot to safely complete tasks in an unknown
environment. An individual ultrasonic sensor is shown in
Figure 1(a). A photograph of the six-legged robot with an
operative sensor array is shown in Figure 1(b). The positions
of the distance sensing ultrasonic sensors are shown in
Figure 1(c): right (S1), front (S2), left (S3), right front (S4),
and left front (S5).
The control system of this study combines the main controller, subcontroller, organization, and computer software.
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Six-foot robot body uses 18 servo motors, six MCU subcontrollers, UART message transmission, and the main controller of the news, and the design of wireless monitoring
equipment, the use of RF module for two-way data transmission, and timely feedback related information and PC are
used to analyze the action. You can adjust the six-foot robot in
manual mode or automatic mode, which can be used flexibly.
The master/slave controller system can communicate
with each other through the Bluetooth system and the
monitoring system, and the monitoring system can manually
operate the six-legged robot manually.
Figure 2 shows foot movement angle relative relationship
[7]; M2 will be disturbed by the M2-M3 mechanism and the
M2 motor mechanism; it must be specified within ±40∘ , to
face the adjacent body operation collision damage.
M3 mechanism set contact with the ground for the
vertical ground 90∘ , so the M2 and M3 must be the opposite
of the servo motor angle; related mechanical joints are as
follows:
M2 − M3 = 57 mm.
M2-Machine bottom = 42.7 mm.
M3-the ground = 108 mm.
L1 = 26.62 mm.
H3 = 42.7 mm.
H2 = sin 𝜃∗ (M2 − M3).
H4 = H2 + L3 − H3 = sin 𝜃∗ 57 mm + 108 mm −
42.7 mm.
Using the above formula, the design of Figure 3 shows the
movement angle and displacement of the map were from 0∘ ,
10∘ , 20∘ , 30∘ , 40∘ , −10∘ , −20∘ , −30∘ , and −40∘ , for foot control
design.
And then the corresponding H2 and H4 movement angle
and displacement volume are as shown in Table 1.
Each foot institution is limited to positive and negative
60 degrees as a range of services, such as the six-foot body
map shown in Figure 4, to avoid the impact of mutual action
agencies and to prevent damage to the organization.
2.2.1. Design of Obstacle Avoidance. Figure 5 shows obstacle
avoidance is a priority for a moving robot that must avoid
obstacles and prevent collisions. We propose an efficient realtime avoidance system by which robots can avoid obstacles
while moving as directed by automatic navigation. The
distance information collected from sensors 1, 2, and 3 is
used for the ultrasonic sensing system. Using the information
about the robot’s surroundings collected from these sensors as input, the proposed fuzzy logic controller generates
instructions by which the robot can avoid obstacles.
Table 3 shows the complete obstacle avoidance procedure, in which the robot receives the ultrasonically sensed
distances, from front, right, and left sensors, defined as 𝑑𝑓 ,
𝑑𝑟 , 𝑑𝑙 , respectively. These three distance variables are fed
as input into the obstacle avoidance fuzzy controller. The
motor control board calculates the velocity of the robot (𝑉𝑒 )
and directional angles to be modified (𝜃𝑒 ). On receiving
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Figure 1: Ultrasonic sensing system. (a) Ultrasonic sensor (sourced from Parallax, Inc.). (b) Appearance of the MIAT six-legged robot. (c)
Disposition of ultrasonic sensors. (d) Six-foot robot control architecture.
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Figure 2: Foot movement angle relative relation diagram.
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Figure 3: Foot movement angle (plus or minus 40 degrees).
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Table 2: Linguistic terms of the input.

Table 1: Foot movement data.
𝜃
−40∘
−35∘
−30∘
−25∘
−20∘
−15∘
−10∘
−5∘
0∘
5∘
10∘
15∘
20∘
25∘
30∘
35∘
40∘

H2 (mm)
−36.64
−32.69
−28.50
−24.09
−19.50
−14.75
−9.90
−4.97
0
4.97
9.90
14.75
19.50
24.09
28.50
32.69
36.64

H4 (mm)
28.66
32.61
36.80
41.21
45.80
50.55
55.40
60.33
65.30
70.27
75.20
80.05
84.80
89.39
93.80
97.99
101.94

the output from the fuzzy logic controller, the robot can
change its current velocity and navigational directions to
avoid any obstacle. Each input to the fuzzy controller is
assigned the same membership function (MF), as illustrated
in Figure 6(a). The output is shown in Figures 6(b) and 6(c).
All the MFs are triangular. The linguistic terms of the input
and output are shown in Tables 2 and 3.
For the real-world robot, the widely known max–min
operation was used in the fuzzy inference, and the centerof-gravity method was adopted in fuzzification. Regarding
the fuzzy rule database, the researchers’ experience and
knowledge of partially successful attempts were utilized to
build relevant rules, as shown in Table 4.

Distance
0 cm∼40 cm
20 cm∼60 cm
40 cm∼80 cm

Linguistic term
Close (CC)
Near (NC)
Far (FC)

Table 3: Linguistic terms of the output.
Speed
No movement (NM)
Slow movement (SM)
Medium movement (MM)
Fast movement (BM)
Very fast movement (HM)

Steering
Forward (FW)
Turn right (RT)
Turn left (LT)

2.2.2. Wall Following. The robot can follow walls, thus
enabling it to walk along the boundaries of the testing
environment. The operational definition is “motion in a
direction parallel to the nearest wall at a consistent distance
from that wall.” The procedure for wall following is illustrated
in Figure 7.
The right and left ultrasonic sensors (S1 and S2 in Figure 1)
are used to detect the side distances of the robot, defined as 𝑑𝑟
and 𝑑𝑙 , respectively. The sensing system first judges which side
is closer to the robot and chooses the distance to the nearest
side as the baseline, enabling the robot to move along the
nearest wall. The robot evaluates its current location against
that in the previous cycle (farther from or nearer to the side
wall). If the distance in the current cycle is longer than that in
the previous cycle, it signifies that the robot has moved farther
away from the wall. Therefore, the robot must turn toward
the wall. Conversely, a shorter distance in this cycle than that
in the previous cycle means that the robot has moved closer
to the wall. In such a case, the robot must turn away from
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Figure 6: MF of obstacle avoidance fuzzy controller. (a) MFs of inputs 𝑑𝑓 , 𝑑𝑟 , and 𝑑𝑙 . (b) MF of output 𝜃𝑒 ; (c) MF of output 𝑉𝑒 .

the wall. The difference between the wall distances in the two
cycles (𝑑𝑒 ) is then taken as one of the inputs to the fuzzy
logic controller. The other input is the velocity of the robot
(𝑉𝑐 ). A relatively fast velocity means that the robot has gained
considerable speed by moving away from or closer to the wall,
thus requiring more angular modifications, and vice versa.
Figure 8 illustrates the wall following behavior. In Case
A, the robot first detects a shorter distance from the left wall
and moves along it. Because the robot’s motion is parallel to
the wall, the robot-wall distance differences in the two cycles
should be zero, thus requiring no angular modification. In
Case B, the robot begins to deviate from the left wall; thus,
the robot-wall distance difference between the two cycles
should increase. Using the distance difference and the current
velocity as inputs to the fuzzy logic controller, a turning angle
𝜃𝑒 toward the wall can be obtained, enabling the robot to

turn toward the wall and return to correct the wall following
behavior.
The MFs of the wall following input are illustrated in
Figures 9(a) and 9(b). The MF of the output is shown
in Figure 9(c). All the MFs are obtained as triangles. The
linguistic terms of the input and the output are shown in
Table 5. The widely known max–min operation is used in
fuzzy inference and the center-of-gravity method is adopted
for fuzzification. The wall following fuzzy controller rules are
shown in Table 6.

3. Experiments and Results
In this study, we designed a total of 18 servo motors of six feet
as the induction unit of the neural current, combined with the
fuzzy ultrasonic controller, six angles of the design, through
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Table 4: Obstacle avoidance fuzzy controller rules.
Rule(s)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)

Input(s)
C: close; N: near; F: far
S1
S2
S3

Speed

Steering

C
C
C
C
C
C
C
C
C
N
N
N
N
N
N
N
N
N
F
F
F
F
F
F
F
F
F

NM
NM
NM
NM
NM
NM
NM
NM
BM
NM
SM
MM
MM
BM
HM
HM
BM
BM
NM
NM
HM
SM
MM
MM
SM
BM
HM

LT
LT
LT
FW
LT
LT
FW
FW
FW
RT
RT
LT
FW
FW
LT
FW
FW
FW
RT
RT
RT
RT
FW
FW
FW
FW
FW

C
C
C
N
N
N
F
F
F
C
C
C
N
N
N
F
F
F
C
C
C
N
N
N
F
F
F

C
N
F
C
N
F
C
N
F
C
N
F
C
N
F
C
N
F
C
N
F
C
N
F
C
N
F

Output(s)

Case A: in parallel with the wall

Case B: beginning to deviate from the wall

Figure 8: Illustration of wall following.

Table 5: Linguistic terms of the input and output.
Difference of distance
Small
Medium
Large

dl

Judge which
wall (right
or left) is
nearer

Calculate wall
distance
difference (current
versus previous)

de

Fuzzy
controller

Ve
Brake of the
robot

e

Figure 7: Wall following procedure.

the three-foot system for the neural current sensing control.
The judgment of the stability and the identification of the
obstacle in front of the ultrasonic wave are described below.
The following describes the control system. The walking state
of the six-legged robot is the ratio of the height to the time of
the six-legged robot shown in Figure 10, and the center of the
body is highly displaced.

Angle
Small
Medium
Large

Table 6: Wall following fuzzy controller rules.
Rule(s)

dr

Velocity
Slow
Medium
Fast

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

If
𝑑𝑒
Small
Small
Small
Medium
Medium
Medium
Large
Large
Large

Then
𝑉𝑐
Slow
Medium
Fast
Slow
Medium
Fast
Slow
Medium
Fast

𝜃𝑒
Small
Small
Medium
Medium
Medium
Large
Large
Large
Large

Figure 11 shows the six-legged robotic gait diagram
showing the footsteps of the left and right sides of the sixlegged robot, and the footsteps of the six-foot robots are
located on the ground.
3.1. The Experiment. After the robot’s bionic behavior controlling chip was designed and implemented, the chip was
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Figure 9: MF of wall following fuzzy controller. (a) MFs of input 𝑑𝑒 . (b) MF of input 𝑉𝑐 . (c) MF of output 𝜃𝑒 .
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Figure 10: The height state of the six-legged robot when moving.
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3.2. Experiment of the Robot’s Bionic Controlling Behavior

L2
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Figure 11: Six-foot robots gait.

installed in a real robot for function verification and performance analysis. The hardware comprised a field programmable gate array board, motor control board, and a sixlegged robot, as shown in Figure 1(b).

Scenario 1: Obstacle Avoidance. The purpose of this experiment was to examine whether the proposed navigation
system could successfully lead the robot to avoid obstacles.
The path was 1 m wide, and the width of the obstacle (a
rectangular solid) was 20 cm. As shown in Figure 12, the
robot first moved upward following instructions from the
developed fuzzy database. While moving, the robot detected
objects on both its sides at Point A but continued to move
forward because the distance ahead was still considerable.
The robot detected an object close ahead and a wall blocking
its right side when it reached Point B. Immediately, the
fuzzy logic controller responded with a left turn. At Point
C, obstacles were present at the front and on the left side.
The obstacle on the right side was farther away; therefore,
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Start

Figure 12: Moving path of Scenario 1.

Figure 13: Real experiment of Scenario 1.

the fuzzy logic controller responded with a right turn. With
no further obstacles lying ahead, the robot continued moving
forward. The real experiment is illustrated in Figure 13.
Scenario 2: Dead End with Three Surrounding Walls. The
purpose of this experiment was to examine whether the robot
could make its way out of a dead end. The dead end was
50 cm wide, as shown in Figure 14. The robot moved forward,
following instructions from the developed fuzzy database.
As it moved, it detected objects on both sides at Point A.
However, it continued moving forward because there was a
considerable expanse of empty space before it. At Point B, the
robot then detected an object that obstructed its forward path
and a wall blocking its right side. Immediately, the fuzzy logic
controller responded with a left turn. At Point C, the obstacles
appeared at the front and on the left side. The obstacle to the

left side was more distant; thus the fuzzy controller ordered a
left turn. At Point D, the robot turned left because no obstacles
were found on the left. After the robot had turned, it found no
further obstacles lying ahead and continued to move forward.
The real experiment is shown in Figure 15.
Scenario 3: Wall Following and Obstacle Avoidance. This
experiment tested whether the proposed navigation system
correctly integrated wall following, obstacle avoidance, and
target tracing. As shown in Figure 16, the wall was 60 cm
long, and the obstacle (a rectangular solid) was 20 cm wide.
At Point A, the robot calculated that its conditions called
for a wall following behavior. At Point B, the robot deviated
gradually from the wall, and the fuzzy controller modified
the robot’s direction away from the wall. At Point C, the
robot detected obstacles at its front and on its left side. In the
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Figure 14: Moving path of Scenario 2.

Figure 15: Real experiment of Scenario 2.

proposed integrated system, obstacle avoidance has higher
priority than wall following does; the fuzzy controller ordered
a right turn, and the robot turned right and performed
obstacle avoidance. The real experiment is shown in Figure 17.
C

B

A

3.3. Discussion. In the current study, a real robot was tested;
the accuracy levels of its intelligent behavioral functions were
verified. Thus, three scenarios were designed to examine
the robot’s bionic behaviors. The results reveal that the
proposed fuzzy logic controller enabled the robot to perform
in complex environments and to demonstrate intelligent
behaviors. The robot was designed for bionic functions; its
performance demonstrated those bionic functions.

4. Conclusions

Start

Figure 16: Moving path of Scenario 3.

The current study, with fuzzy control as its core, proposes
control methods for intelligent behaviors such as obstacle
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Figure 17: Real experiment of Scenario 3.

avoidance, wall following, and attack. The system integrates
three control methods within an inclusive structure that
can be used for further development of bionic behavior
controllers for intelligent robots.
In this study, the controller platform is established to
determine whether the surrounding environment is suitable
for walking through the most basic bio-current signal and
discrete event control through the most primitive and consistent simulation of the organism. In the robot’s reflex movement which is directly used for environmental interaction,
this method can let the six-legged robot know the front path
of obstacles and quickly take action to avoid unnecessary
collision; the future can use GPS, gyroscope, pressure sensors,
temperature and humidity sensors, and infrared sensors,
increasing fusion sensing in the system, so that, overall, it is
more perfect.
In the system of signal transmission, we use the simplest
8-bit transmission to significantly reduce the chip computing,
reduce system load, as far as possible in a short time to resolve
and control the system, so that the signal from the main
system to the subcontroller can be immediately transferred.
This method allows the system time to deal with not only
other major messages to judge, but also the least information
for the most effective signal processing, and to be closer to the
simulation of biological movement structure.
In the study of the structure of the robot, the behavior can
be smoother, real-time to achieve effective steering behavior,
dodge behavior; these have a high degree of evolution, functional verification, and system analysis; we have established
three situations, dodge obstacles, to avoid the dead end and
walking in a wall of space; the results show that the proposed
fuzzy logic controller is able to successfully guide the robot
behavior with the autonomous model.
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Inverse kinematic solutions for a dual redundant camera robot in position are examined in order to alleviate operation difficulty
and reduce time. The inverse kinematic algorithm is based on a basic genetic algorithm, and the genetic algorithm which is used to
solve the problem of a redundant robot is mainly optimized in the joint space. On this basis, the genetic algorithm improvement
strategies are studied. In this paper, a genetic algorithm with constrained 2 redundant degrees of freedom (DOF) is proposed
through setting 2 parameter variables, with more flexible structure of optimization objective function and more efficient algorithm
than basic genetic algorithm. Finally, the result of inverse kinematic algorithm is achieved in terms of the physical prototype.

1. Introduction
Coupled with mechanism geometric flexibility, a robot intelligent control system serves to complete a variety of complex
operational tasks [1]. The geometric structure of a redundant
robot is highly flexible, which provides valuable sources for
both theoretical research and practicability [2]. The inverse
kinematic solutions for a redundant robot are expressed as
solutions of nonlinear equations, which generally can only
be solved based on numerical iterative methods. Moreover,
analytic solutions can be achieved only in some special
geometric structures [3]. For special structures, the algebraic
method employed to obtain inverse kinematic solutions can
effectively reduce computational complexity, which is also
conducive to online applications [4–13]. There are infinitely
many solutions which can be used to solve inverse kinematics
of a redundant robot. As a result, the identification of optimal
solution is of relevant significance [14–16].
Generally, a genetic algorithm is employed to optimize
inverse kinematic solutions of a redundant robot in the joint
space [17]. Optimization objective function, sometimes called
fitness function, consists of the minimum position error and
rotation angle of each joint and solves to inverse kinematics
in accordance with explicit expression from transformation
matrix of a redundant robot [18]. Although optimization

accuracy can achieve a desired effect, there is a certain gap
between optimal solutions and target position, because only
the end position is optimized.
This paper analyzes an 8 DOF serial camera robot, which
boasts flexible movement and accurate positioning ability. It
requires a control of position and orientation of end-effector
in position to solve inverse kinematics of camera robot
primarily [19, 20]. This camera robot has 2 redundant DOF,
complicated mechanical structure, and large size of sample
space, which renders it challenging to achieve effective
inverse kinematic solutions. Therefore, genetic algorithm for
the inverse kinematics is proposed. End-effector minimum
position and orientation error are commonly considered as
optimization objective function of a basic genetic algorithm,
which fails to identify the effective inverse kinematic solutions due to the large size of sample space, poor convergence
of a genetic algorithm, and running over time. According to
structural characteristics of the camera robot, a subinterval
of optimal solutions is determined in advance to reduce
dimension of the solution space. Subsequently, the relative
position between body structure and target point is identified.
Finally, a theoretical effective initial population is set by virtue
of pattern search algorithm to reduce operation time and
improve quality of the optimal solution. The directors can
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Figure 1: Camera robot physical prototype.

directly specify end-effector position without any support of
professional operators and automatically select a best track
to audition through the genetic algorithm. Meanwhile, total
running time of this algorithm is in an allowed time.

2. Inverse Kinematic Solutions Based
on Genetic Algorithm with Physical
Constrained 2 Redundant DOF
2.1. Establishing Mathematical Mode. In this paper, the camera robot is an 8 DOF PRRPR-S robot. Compared with the
traditional industrial robot, upper arms can be extended, and
the robot body can be moved in a linear orbit, which can be
found in Figure 1.
The kinematic model of this camera robot is established
based on an assumption that robot is a rigid body. DH model
is adopted for the first 7 joints of the robot [21–24], and the
last one employs 6-parameter model. Finally, connecting rod
coordinate system is created, as presented in Figure 2.
There are 8 movement axes. As shown in Figure 2, 𝑟1 is
the displacement of bottom linear motion, 𝜃2 is the rotation
angle of bottom annular rotator, 𝜃3 is the rotation angle of top
pitch rotator, 𝑟4 is the displacement of top linear motion, 𝜃5 is
the rotation angle of top distal pitch rotator, 𝜃6 is the rotation
angle of end-effector posture rotator, 𝜃7 is the rotation angle
of end-effector pitch rotator, 𝜃ee is the rotation angle of endeffector roll rotator, and the major structure of camera robot
is the annular structure.
According to the position and orientation analysis of
robot, the transformation matrix is obtained as
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Then the forward kinematic matrices of the robot are
Tee = A0 ⋅ A1 ⋅ A2 ⋅ A3 ⋅ A4 ⋅ A5 ⋅ A6 ⋅ A7 ⋅ Aee .

2.2. Inverse Kinematic Basic Genetic Algorithm in the Joint
Space. Inverse kinematic basic genetic algorithm for the
camera robot is currently an explicit expression of endeffector position according to the robot transformation
matrix, and the key to solve inverse kinematic solutions is
on the basis of the forward kinematic equation with genetic
algorithm.
Make CRCP camera robot current position zero point;
paT is homogeneous matrix of target position.
CRCP = [0 0 0 0 0 0 0 0]
1
[0
paT = [
[0
[0

0

]
]
0]
]
]
𝑟2 ]
1]

(2)

0
1
0
0

0 5000
0 1500]
].
1 1500]
0 1 ]

𝑇

(3)

In terms of this algorithm, the basic genetic algorithm
parameters are set in the joint space, and an experiment is
simulated by MATLAB. It turns out that computing time
with this algorithm is about 2094.838654 s, and the minimum
value of fitness function is 62858.09908986.
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Figure 2: Connecting rod coordinate system.

The solution set of effective inverse solution for camera
robot is

CRTP = [6851.62 2.7255 0.0195 132.3 −2.6053 −1.059 3.4355 −0.5001] .

Robot reaches the target position, as shown in Figure 3.
According to the experiment results, camera robot does
not reach the target position, and computing time of this algorithm takes about half an hour, which is beyond endurance in
practice. That is principally due to a large number of camera
robot joints, large movement of each axis especially linear
motion at the top and the bottom, uncertain optimization
objective function of algorithm, and complex camera robot
mechanism, as well as many transformational matrices.
Therefore, the inverse kinematic solutions based on basic
implicit genetic algorithm with constrained 2 redundant
DOF are herein proposed to replace explicit expression of
fitness function on individual genes.

2.3. Inverse Kinematic Solutions Based on Implicit Genetic
Algorithm with Physical Constrained 2 Redundant DOF. The
inverse kinematic solutions of camera robot are obtained
by genetic algorithm, which takes an arbitrary set of 2dimensional vector of 2 redundant DOF as an individual
in physical constraint. Effective inverse solutions which
are obtained with least relative weight of each joint angle
variation are extracted in infinite inverse solutions through
limiting optimization objective function. This indicates that,
in the same movement time, there is small variation with large
load inertia and large variation with small load inertia.
Make CRCP camera robot current position, CRTP camera robot target position, and CRMD movement displacement of each axis.

CRCP = [r1C 𝜃2C 𝜃3C r4C 𝜃5C 𝜃6C 𝜃7C 𝜃eeC ]
CRTP = [r1T 𝜃2T 𝜃3T r4T 𝜃5T 𝜃6T 𝜃7T 𝜃eeT ]

(4)

𝑇

𝑇

CRMD = CRTP − CRCP = [Δr1 Δ𝜃2 Δ𝜃3 Δr4 Δ𝜃5 Δ𝜃6 Δ𝜃7 Δ𝜃ee ]

(5)

𝑇
𝑇

= [r1T − r1C 𝜃2T − 𝜃2C 𝜃3T − 𝜃3C r4T − r4C 𝜃5T − 𝜃5C 𝜃6T − 𝜃6C 𝜃7T − 𝜃7C 𝜃eeT − 𝜃eeC ] .
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Figure 4: The graph of fitness function.

Absolute movement displacement of each axis is considered to be a measure of movement, represented by CRMDA.
CRMDA
 
   
 
 
 
𝑇
  
= [Δr1  Δ𝜃2  Δ𝜃3  Δr4  Δ𝜃5  Δ𝜃6  Δ𝜃7  Δ𝜃ee ] .

(6)

Considering load rotary inertia of each motor, make
CRMW movement weight of each axis.
CRMW = [w1 w2 w3 w4 w5 w6 w7 wee ]
= [50 200 100 50 30 1 1 1] .

(7)

In this paper, in terms of weight assignment principle, the
larger the load rotary inertia is, the larger the weight is, and
vice versa. After achieving optimization objective function,
the rotary inertia becomes larger, the displacement becomes
smaller, and vice versa. Besides, the smaller the value of the
optimization objective function, the better the optimization
performance to camera robot operation.
Based on our knowledge, the bottom line motion almost
dose not lead to vibration of end-effector of camera robot.
Therefore, the movement of bottom linear motion axis can be
large. Conversely, the bottom annular rotating axis has a great
impact on end-effector with movement as small as possible.
Movement of the top linear motion should be smaller without
requirement of a higher operational height. There can be
more movement of end-effector, and load rotary inertia of
each motor on end-effector is fairly small.
On this basis, camera robot movement amplitude weighting as the optimization objective function is represented by
CRMAW.
CRMAW = CRMW ⋅ CRMDA
= [w1 w2 w3 w4 w5 w6 w7 wee ]
 
   
 
 
 
𝑇
  
⋅ [Δr1  Δ𝜃2  Δ𝜃3  Δr4  Δ𝜃5  Δ𝜃6  Δ𝜃7  Δ𝜃ee ] (8)


 


 
= w1 ⋅ Δr1  + w2 ⋅ Δ𝜃2  + w3 ⋅ Δ𝜃3  + w4 ⋅ Δr4  + w5








⋅ Δ𝜃5  + w6 ⋅ Δ𝜃6  + w7 ⋅ Δ𝜃7  + wee ⋅ Δ𝜃ee  .

The larger the value of CRMAW, the larger the movement
amplitude weighting and the greater the maximum value
of acceleration in the motion process, and vice versa. In
addition, the solutions minimizing value of CRMAW are
extracted from the infinite number of inverse solutions in an
ideal situation.
For invalid inverse solution [𝑟1 𝑟4 ], the movement
amplitude weighting is set as a very large value, that is,
nCRMAWF = 600000.
Fitness function to be optimized is called objective
function in the classical optimization algorithm. In this
paper, the minimum value of objective function is found
through using the setting of GA toolbox in MATLAB, and
the movement amplitude weighting is taken as optimization
objective function, which is included in fitness function
𝐻𝑖𝑗𝐺𝐴𝐹𝑐𝑛,
𝐹𝑖𝑡𝑛𝑒𝑠𝑠𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝐻𝑖𝑗𝐺𝐴𝐹𝑐𝑛.

(9)

In function structure, [𝑛𝐹𝑖𝑡𝐹𝑐𝑛] = 𝐻𝑖𝑗𝐺𝐴𝐹𝑐𝑛(r), function variable r = [r1 r4 ]. In order to develop a more
profound understanding of the optimization space, the image
of fitness function HijGAFcn under the target position paT is
drawn, as presented in Figure 4.
Figure 4 shows that the minimum value of fitness function exists in a space consisting of 𝑟1 ∈ [1000, 2000] and 𝑟4 ∈
[0, 500], which is related to the weight setting of optimization
objective function.
A set of random [𝑟1 𝑟4 ] as a 2-dimensional individual is
introduced to the genetic algorithm, Individual = FUTS =
[𝑟1 𝑟4 ]. The 50-group target value of bottom linear motion
axis and top linear motion axis are randomly selected, with 2
genes for each individual. As a result, there are 10 rows and
2 columns in population matrix with identical individuals in
the population at the same time.
The setting of zero position CRTP and target position paT
are the same as basic genetic algorithm. Genetic algorithm
parameters are set, and experiment is simulated in MATLAB.
It turns out that computing time with this algorithm is about
112.775544 s, and the minimum value of fitness function is
390739. Average and minimum values of fitness function
change with the genetic algebra, as shown in Figure 5.
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3. The Improved Genetic Algorithm
3.1. Improved Genetic Algorithm Based on Theoretical Constraints on 𝑟1 and Physical Constraints on 𝑟4 . The implicit
genetic algorithm with physical constrained 2 redundant
DOF is improved through analyzing range of motion for dual
redundant camera robot. Known target position, the movement range of bottom linear motion 𝑟1 , and top linear motion
𝑟4 are prejudged with mechanism characteristics of camera
robot, which refers to limiting the range of genetic variables of
genetic algorithm to improve the computational efficiency of
genetic algorithm. The improved genetic algorithm flow chart
is presented in Figure 7.
In Figure 6, paT represents a target point; vR1TS is the
range of 𝑟1 with theoretical constraints. vR4PS is the range of
𝑟4 with physical constraints, and R1TSFcn is obtained from
the analysis of camera robot workspace and motion range.

9000

Figure 6: The target position on implicit genetic algorithm.

At this time, the individual corresponding value of fitness
function can be obtained as

(10)

The solution set of effective inverse solution for camera
robot is

CRTP = [7296.7 2.71459 −0.04783 505.9 −2.37323 0 0.85027 −0.42700] .

Robot reaches the target position, as shown in Figure 6.
The green dashed line is initial position, and the blue line is
target point position.
Contrasting with the graph of fitness function, it shows
that 𝑟1 ∈ [7000, 8000] is local optimization after optimizing,
and the optimization effect is not ideal. It is due to the fact that
the range of bottom and top linear motion is larger, and the
possibility of obtaining effective solution from random values
in 2 redundant DOF is quite low.

8000

m)
x (m

[𝑟1 𝑟4 ] = [7296.7 505.9] .
In this simulation experiment, although the minimum
value of fitness function is consistent with the mean value of
population after 8 generation, it fails to converge all the time.

7000

(11)

vR1TS can be deduced out from R1TSFcn through processing
paT, which only considers the physical constraint on 𝑟4 .
Given paT, 𝑟1 , and 𝑟4 , the inverse kinematic of camera robot
is operated by HijGAFcn, the inverse kinematic solutions
are substituted into CRMAW, and CRMAW corresponding
optimum solution [𝑟1 𝑟4 ] is treated as the current fitness
function 𝑛𝑔𝐹𝑖𝑡𝐹𝑐𝑛.
Prior to solving inverse kinematics of the camera robot,
if 𝑟1 subinterval existing minimum fitness function value is
determined at first, the computation time can be reduced
by half. The intersection point of top pitch axis of camera
robot ring body and plane perpendicular to the bottom line
is defined as 𝑆, namely, shoulder point. The 𝑋 coordinates 𝑆𝑥
is specified as decision point of robot main body, and the pT
coordinate pT𝑥 is identified as decision point of target point.
In addition, according to analysis of robot motion range, the
target point in robot workspace is arbitrarily given, and the
motion range of bottom linear motion can be obtained as
𝑟1 ∈ [𝑟1a , 𝑟1b ] ∪ [𝑟1c , 𝑟1d ] .

(12)

When 𝑆𝑥 ≤ pT𝑥 , 𝑟1 is limited to [𝑟1a , 𝑟1b ], and when 𝑆𝑥 >
pT𝑥 , 𝑟1 is limited to [𝑟1c , 𝑟1d ].
The setting of initial position, target position, and parameters of genetic algorithm are the same as before. Based on the
simulation results, the computing time is about 109.602341 s
with this improved genetic algorithm, and the minimum
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value of fitness function is 390739. Average and minimum
values of fitness function change with the genetic algebra, as
shown in Figure 8.
After improvement, the minimum values of fitness function is 70361.4, and the individual corresponding value of
fitness function is

R1TSFcn

vR1TS

paT

vR4PS

HijGAFcn

nFitFun

Figure 7: Improved genetic algorithm flow chart.

[𝑟1 𝑟4 ] = [1403.06 0.42] .
Effective inverse solution for the camera robot is

CRTP = [1403.06 0.5238 −0.01892 0.42 −2.57024 0 1.0184 −2.6178] .

Pose of the camera robot when target position is reached
is shown in Figure 9.
Although efficiency of implicit genetic algorithm has been
improved, the genetic algorithm has a slow convergence rate
at each time. Besides, a rather large gap exists between the
minimum value and average value of fitness function, and
the minimum value of fitness function is also different, even
the failure of optimization algorithm. It is due to fact that
the selection of population individual is still random, and
the optimal individual still can not be obtained as expected,
even though expanding population size and increasing the
truncated generation.
3.2. Setting the Initial Population and Using Pattern Search
Algorithm. In order to further improve algorithm, the 𝑟1 is
averagely selected in its theoretical intervals, the value range
of 𝑟4 is determined according to each 𝑟1 value, and the intermediate value of interval is selected as the value of 𝑟4 . Setting
on the basis of this initial population, the individual is evenly
distributed in theoretical range. In addition, it can solve the
problem that the excellent gene 𝑟4 is lost due to matching
with inappropriate gene 𝑟1 . However, the more accurate local
optimization ability for complex fitness function is poor, and
population size and truncated generation are limited by the

3.3. Comparison. In the same setting of initial position,
target position, and parameters of genetic algorithm, the final
improved algorithm in comparison with initial algorithm

(14)

computing time. According to Figure 3, value distribution of
fitness function boasts certain regularity, and the minimum
function value is few in number. As a result, after identifying
the global optimal solutions, the pattern search method is
used to address the precise optimal solutions [25].
The setting of initial position, target position, and parameters of genetic algorithm is the same as before. 20 values are
selected in effective theoretical intervals of 𝑟1 , the value range
of 𝑟4 is determined according to each 𝑟1 value, and the intermediate value of 𝑟4 interval and 𝑟1 forms an individual. The
initial population individual constitutes an initial population
matrix gInitPop, the reference value of HybridFcn is set as
patternsearch, and then simulation experiment is conducted
for 10 times.
After the experiment, computing time is on average about
203.6 s at a time, and the minimum values of fitness function
in 10 experiments are shown in Figure 10.
The minimum value of fitness function is about 70283 in
10 experiments, and the optimal individual difference is very
small, which is nearly
[𝑟1 𝑟4 ] = [1401.92379 0.000001] .

(15)

Corresponding inverse solution for the camera robot is

CRTP = [1401.9 0.52360 −0.01931 0.000001 −2.56796 0 1.01647 −2.617994] .

The camera robot position when reaching target position
is shown in Figure 11.
According to experimental results, it can be found that
each time the results are basically consistent, which is close to
the global minimum of fitness function. In accordance with
the 10 key points, total running time is about 0.5 hours, and
the running time is considered as acceptable.

(13)

(16)

implicit genetic algorithm with physical constrained 2 dual
redundant DOF, and the motion range of each axis is shown
in Table 1.
The comparison between motion range and movement
weight of each axis demonstrates that the movement of
bottom linear motion, the rotation angle of bottom annular
rotator, and the rotation angle of top pitch rotator are reduced
significantly. It indicates that translation and rotation of main
structure are very small, and the top distal pitch axis has
more movement in comparison with top pitch axis, when
camera robot reaches the target point. End-effector with
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Table 1: Comparison of genetic algorithm (GA).

Parameter
𝑟1
𝜃2
𝜃3
𝑟4
𝜃5
𝜃6
𝜃7
𝜃ee

Initial position
0
0
0
0
0
0
0
0

×105
6

Basic GA
6851.62
2.7255
0.0195
132.30
−2.6053
−1.0590
3.4355
−1.5001

Implicit GA
7296.7
2.71459
−0.04783
505.9
−2.37323
0
0.850267
−0.42700

Improved GA
1401.9
0.52360
−0.01931
0.000001
−2.56794
0
1.01647
−2.61799

×104

Best: 70361.4; mean: 96905.9
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Figure 10: The minimum values of fitness function in 10 experiments.

Figure 8: Average and minimum values of fitness function change
with the genetic algebra by limiting genetic variables.
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Figure 11: The target position on improved genetic algorithm.

Figure 9: The target position by limiting genetic variables.

3 axes and small load inertia has more movement than
the unimproved one. This comparison achieves the desired
optimization results, and the movement of axis with smaller
load inertia is larger. On the contrary, the movement of axis
with larger load inertia is smaller. Besides, the top linear
movement is about 0, which accords with the idea that the

movement of top linear motion is reduced as much as possible
in the case of operational height.

4. Experimental Validation
Considered as Coordinate Measuring Machine, Metronor is
used to measure the space position of target point. Besides,
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the results of optimal solution obtained by final improved
algorithm are verified on the physical prototype.
The initial position of camera robot is
CRCP = [0 0 0 0 0 0 0 0] .

1 0 0 5000
[
]
[0 1 0 1500]
]
paT = [
[0 0 1 1500] .
[
]

(17)

Pose matrix of end-effector coordinate system relatively
to inverse solutions world coordinate system is
0 0 1 3500
]
[
[0 −1 0 0 ]
].
[
paZ = [
]
[1 0 0 −330]
[0 0 0

The matrix of target position is

(18)

1 ]

[0 0 0

(19)

1 ]

Pose homogeneous matrix of target point coordinate
system based on end-effector coordinate system is
0 0 1 1830
[
]
[0 −1 0 −1500]
−1
]
paT𝑍 = (paZ) ⋅ paT = [
[1 0 0 1500 ] .
[
]
[0 0 0

1

(20)

]

Optimum solution obtained by improved algorithm is

CRTP = [1401.9 0.52360 −0.01931 0 −2.56796 0 1.01647 −2.617994] .

(21)

According to kinematic model and reduction ratio of
the robot physical prototype, the position input command
vector of host computer is obtained as

StU = [1800168 −268860 796132 0 −11313862 0 −3105818 −395250] .

The end-effector coordinate system is set, as shown in
Figure 12.
The end-effector coordinate system is represented by 3
space points, coordinate origin O, point X in the 𝑥-axis, and
point Z in the 𝑧-axis, respectively. In addition, Metronor
system is employed to determine the coordinates of this 3
target space points, digital camera placement, and shooting
angle, as shown in Figure 13.
Measurements of 3 points in the end coordinate system
are shown in Table 2
Among them, coordinates of all point are relative to the
world coordinate system of Metronor. The coordinate system
of end-effector adopts right-hand rule. 𝑌 direction vector is
obtained by the cross product of 2 unit vector in 𝑋 and 𝑍
direction, as shown in Table 3.
The zero position of the end-effector coordinate system
which is relative to the world coordinate system of Metronor
is obtained based on Table 3. The homogeneous matrix of the
zero position is
−0.0448 0.3106 −0.9504 1281.147

𝑀

paZ

[
]
[ 0.9794 −0.1734 −0.0561 −1217.745]
[
] . (23)
=[
]
[−0.1969 −0.9333 −0.3059 −7351.774]
[

0

0

0

1

]

(22)

And the homogeneous matrix of the target position is

paT𝑀

−0.92 −0.3848 −0.0618 −686.575
[
]
[−0.1239 0.1049 0.9884 762.754 ]
[
] . (24)
=[
]
[−0.3719 0.917 −0.139 −6850.280]
[

0

0

0

1

]

Thus, when the paZ is a reference coordinate system, the
homogeneous matrix of paT relative to paZ is
−1

paT𝑍 = (paZ𝑀)

⋅ paT𝑀

−0.055 −0.065 0.998 1856.540
[
]
[ 0.083 −0.996 −0.061 −1426.166]
]
=[
[ 0.998 0.082 −0.002 1516.816 ] .
[
]
[

0

0

0

1

(25)

]

Compared with (20), it can be seen that the measurement
is almost consistent with theoretical position. The target
pose error between actual measurement and theoretical
simulation is primarily attributed to the parameter error
of robot links and the artificial error of three coordinate
measuring systems.
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Table 2: Measurements of 3 points in the end coordinate system.
Parameter
O𝑍
X𝑍
Z𝑍

Zero position

Target position

[1281.147 −1217.745 −7351.774]
[1278.963 −1170.012 −7361.370]
[1248.746 −1219.657 −7362.201]

[−686.575 762.754 −6850.280]
[−731.258 756.734 −6868.342]
[−688.626 795.572 −6854.896]

Table 3: Direction vector in the end coordinate system.
Parameter
O𝑍 X𝑍
O𝑍 Y 𝑍
O𝑍 Z𝑍
O𝑇 X𝑇
O𝑇 Y𝑇
O𝑇 Z𝑇

Vector
[−2.184 47.733 −9.596]
—

Unit vector
[−0.0448 0.9794 −0.1969]
[0.3106 −0.1734 −0.9333]
[−0.9504 −0.0561 −0.3059]
[−0.92 −0.1239 −0.3719]
[−0.3848 0.1049 0.9170]
[−0.0618 0.9884 −0.139]

[−32.401 −1.912 −10.427]
[−44.683 −6.02 −18.062]
—
[−2.051 32.818 −4.616]

(a)

(b)

Figure 12: (a) Camera robot with end-effector. (b) Measuring surface of coordinate frame.

(a)

(b)

Figure 13: (a) Digital camera placement. (b) digital camera shooting angle.

5. Conclusions
The present study aims to reduce the difficulty and time used
for the inverse kinematic algorithm and the complex camera
robot. It is hard to obtain effective inverse kinematic solutions
due to the large size of sample space, poor convergence of
GA, and running over time. Therefore, a new algorithm is
proposed and improved. Although the optimal solution can

be obtained based on a new algorithm, stability of the algorithm is relatively poor even with expanding population size
and increasing truncated generation. In addition, the inverse
kinematic solutions are obtained through analyzing the range
of motion for dual redundant camera robot. The improved
algorithm achieved by setting the initial population and using
pattern search algorithm can converge to a global optimum,
which meets the requirements of practical application.

10
Finally, the zero position of physical prototype is calibrated through using coordinate measuring machine, and the
camera robot is driven to specified target position based on
optimal inverse solutions. The actual measurement position
of end-effector is basically consistent with the theoretical
results, and the goal of alleviating operation difficulty and
reducing operation time of camera robot is consequently
reached.

Conflicts of Interest
The authors declare that there are no conflicts of interest
regarding the publication of this paper.

References
[1] C. S. G. Lee and M. Ziegler, “Geometric approach in solving
inverse kinematics of puma robots,” IEEE Transactions on
Aerospace and Electronic Systems, vol. 20, no. 6, pp. 695–706,
1984.
[2] T. Asfour and R. Dillmann, “Human-like motion of a humanoid
robot arm based on a closed-form solution of the inverse kinematic problem,” in Proceedings of the IEEE/RSJ International
Conference on IROS, pp. 1407–1412, October 2003.
[3] A. C. Nearchou, “Solving the inverse kinematics problem of
redundant robots operating in complex environments via a
modified genetic algorithm,” Mechanism and Machine Theory,
vol. 33, no. 3, pp. 273–292, 1998.
[4] M. A. Ali, H. A. Park, and C. S. G. Lee, “Closed-form inverse
kinematic joint solution for humanoid robots,” in Proceedings of
the 23rd IEEE/RSJ 2010 International Conference on Intelligent
Robots and Systems, IROS 2010, pp. 704–709, Taipei, Taiwan,
October 2010.
[5] M. Kallmann, “Analytical inverse kinematics with body posture
control,” Computer Animation and Virtual Worlds, vol. 19, no. 2,
pp. 79–91, 2008.
[6] J. Duffy, Analysis of Mechanisms And Robot Manipulators,
Edward Arnold, London, UK, 1980.
[7] A. A. Goldenberg, B. Benhabib, and R. G. Fenton, “A Complete
Generalized Solution to the Inverse Kinematics of Robots,”
IEEE Journal on Robotics and Automation, vol. 1, no. 1, pp. 14–20,
1985.
[8] J. Angeles, “On the numerical solution for the inverse kinematic
problem,” The International Journal of Robotics Research, vol. 4,
pp. 21–37, 1985.
[9] B. Damas and J. Santos-Victor, “An online algorithm for
simultaneously learning forward and inverse kinematics,” in
Proceedings of the 25th IEEE/RSJ International Conference on
Robotics and Intelligent Systems, IROS 2012, pp. 1499–1506,
Vilamoura, Portugal, October 2012.
[10] D. Manocha and J. F. Canny, “Efficient inverse kinematics for
general 6R manipulators,” IEEE Transactions on Robotics and
Automation, vol. 10, no. 5, pp. 648–657, 1994.
[11] O. Kanoun, F. Lamiraux, and P.-B. Wieber, “Kinematic control of redundant manipulators: Generalizing the task-priority
framework to inequality task,” IEEE Transactions on Robotics,
vol. 27, no. 4, pp. 785–792, 2011.
[12] C. Chen and D. Jackson, “Parameterization and evaluation of
robotic orientation workspace: A geometric treatment,” IEEE
Transactions on Robotics, vol. 27, no. 4, pp. 656–663, 2011.

Mathematical Problems in Engineering
[13] J. Lenareie, “An Efficient Numerical Approach for Calculating
the Inverse Kinematics for Robot Manipulators,” Robotica, vol.
3, no. 1, pp. 21–26, 1985.
[14] S. Lee and A. K. Bejczy, “Redundant arm kinematic control
based on parameterization,” in Proceedings of the IEEE ICRA,
pp. 458–465, 1991.
[15] D. Tolani and N. I. Badler, “Real-time inverse kinematics of the
human arm,” Presence: Teleoperators and Virtual Environments,
vol. 5, no. 4, pp. 393–401, 1996.
[16] K. Kreutz-Delgado, M. Long, and H. Seraji, “Kinematic Analysis
of 7-DOF Manipulators,” The International Journal of Robotics
Research, vol. 11, no. 5, pp. 469–481, 1992.
[17] S. Kucuk and Z. Bingul, “Inverse kinematics solutions for industrial robot manipulators with offset wrists,” Applied Mathematical Modelling. Simulation and Computation for Engineering and
Environmental Systems, vol. 38, no. 7-8, pp. 1983–1999, 2014.
[18] Y. Y. Jin and W. Qin, “Adaptive genetic algorithms based on simulated annealing for the inverse kinematic of the manipulator,”
Jinlong Machinery & Electronics Co.,LTD, vol. 1, pp. 61–63, 2007.
[19] M. Shimizu, H. Kakuya, W.-K. Yoon, K. Kitagaki, and K.
Kosuge, “Analytical inverse kinematic computation for 7-DOF
redundant manipulators with joint limits and its application to
redundancy resolution,” IEEE Transactions on Robotics, vol. 24,
no. 5, pp. 1131–1142, 2008.
[20] G. K. Singh and J. Claassens, “An analytical solution for the
inverse kinematics of a redundant 7DoF manipulator with link
offsets,” in Proceedings of the 23rd IEEE/RSJ 2010 International
Conference on Intelligent Robots and Systems, IROS 2010, pp.
2976–2982, Taipei, Taiwan, October 2010.
[21] C. E. Wilson and J. P. Sadler, Kinematic and Dynamics of
Machinery, Harper & Row Publishers, New York, NY, USA,
1983.
[22] D. E. Whitney, Mechanical Assemblies: Their Design Manufacture and Role in Product Development, Oxford University Press,
New York, NY, USA, 2004.
[23] R. P. Judd and A. B. Knasinski, “Technique to calibrate industrial
robots with experimental verification,” IEEE Transactions on
Robotics and Automation, vol. 6, no. 1, pp. 20–30, 1990.
[24] H. W. Stone and A. C. Sanderson, “Statistical performance evaluation of the S-model arm signature identification technique,”
in Proceedings of the IEEE International Conference on Robotics
and Automation, pp. 939–946, 1988.
[25] A. A. Ata and T. R. Myo, “Optimal point-to-point trajectory
tracking of redundant manipulators using generalized pattern
search,” International Journal of Advanced Robotic Systems, vol.
2, no. 3, pp. 249–253, 2005.

Hindawi
Mathematical Problems in Engineering
Volume 2017, Article ID 7979438, 14 pages
https://doi.org/10.1155/2017/7979438

Research Article
Robust Course Keeping Control of a Fully
Submerged Hydrofoil Vessel without Velocity Measurement:
An Iterative Learning Approach
Sheng Liu, Changkui Xu, and Lanyong Zhang
College of Automation, Harbin Engineering University, Harbin 150001, China
Correspondence should be addressed to Changkui Xu; xuchangkui@hrbeu.edu.cn
Received 15 March 2017; Accepted 13 June 2017; Published 20 July 2017
Academic Editor: Rafael Morales
Copyright © 2017 Sheng Liu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This paper proposes a novel robust output feedback control methodology for the course keeping control of a fully submerged
hydrofoil vessel. Based on a sampled-data iterative learning strategy, an iterative learning observer is established for the estimation
of system states and the generalized disturbances. With the state observer, a feedback linearized iterative sliding mode controller
is designed for the stabilization of the lateral dynamics of the fully submerged hydrofoil vessel. The stability of the overall closedloop system is analyzed based on Lyapunov stability theory. Comparative simulation results verify the effectiveness of the proposed
control scheme and show the dominance of the disturbance rejection performance.

1. Introduction
As an advanced marine vehicle, the fully submerged hydrofoil
vessel (FSHV) can cruise at a high speed against rough
sea waves. The lift force of the hydrofoils generated by the
high-speed fluid elevates the ship hull up from the water,
which highly reduces the wave resistance and friction on the
ship. However, the lift force also destabilizes the open-loop
system of the FSHV. Therefore, it is necessary to equip an
autopilot for this type of marine vehicles [1–3]. Currently,
the commercial control systems equipped on board are based
on optimal control theory [4], which has a weak disturbance
rejection property. For the sake of the high cruising speed,
the nonlinear hydrodynamic damping of the FSHV cannot
be neglected [5, 6]. Therefore, the widely used linear model
of marine surface vessels is no longer applicable given the
strong coupling between yaw and roll dynamics. Moreover,
the model uncertainties and disturbances caused by wind,
waves, and currents prevent precise steering of this species
of marine vehicle.
The path of marine surface vehicles is usually a straight
line or straight lines formed by waypoints at the open
sea. Hence, there is little coupling between the longitudinal
dynamics and the lateral dynamics. Some literatures present

the riding control design of the FSHV [4, 7]. This paper
mainly focuses on the steering control of the FSHV.
For the nonlinear steering control of marine vessels, a
series of control methodologies have been proposed, such as
advanced sliding mode control [8–10], robust control [11, 12],
and adaptive control [13, 14]. But these passive disturbance
attenuation control methods may suffer from actuator chattering, system conservation, derivative explosion, and rigorous proof for stability. Intelligent approximation tools such
as neural network, fuzzy logic, and SVM are introduced as
feedforward components for state estimate and disturbance
compensation, but the convergence rate of weight function
and the problem of extremum solving still remain to be
settled [6, 12].
Disturbance rejection control is also widely used in
applications of rigid body dynamics and servo systems [15–
17]. Disturbance observer based control (DOBC) approaches
provide an active way to handle disturbances and improve
the robustness of the closed-loop systems. The effectiveness
of DOBC has been shown in many fields such as manipulator
tracking control [18], missile guidance and control [19–
21], and motor control [22, 23]. However, traditional DOB
methodology cannot be used in nonlinear dynamics due to
the limitation of linear system theory, and the low pass filter
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must be designed strictly such that the convergence of the
disturbance estimate can be guaranteed [16].
Most of the methodologies for motion control of marine
vehicles in the existing literatures employ full-state feedback.
In many practical applications, only angle signals can be
measured and utilized [24–32] since the sensor information
of angle velocity usually contains irregular noises caused
by the environment and properties of electric components,
which are difficult to filter [5, 33]. Therefore, it is necessary
to design a state observer to make state estimation for the
system. State observer based control schemes have been
developed for many species of nonlinear systems such as
nonlinear time-delay systems [34, 35], Lipschitz nonlinear
systems [24, 26, 36], and other structured systems [15, 27,
28]. According to the design theory, state observers can be
classified, for example, as Luenberger observer [29, 36], highgain observer [30], and sliding mode observer [31, 32]. For
nonlinear systems with model uncertainties and external
disturbances, there are the following disadvantages of these
above-mentioned state observers.
(1) In most control engineering applications, the system
structures do not match these observers very well,
so the observers require complicated coordinated
transformations.
(2) Many state observer methodologies are designed for
SISO systems, but the practicality and stability of
these methodologies for MIMO systems still need to
be further discussed.
(3) Most of these observers estimate only the system
states, while the disturbance estimate could not be
overall considered.
The course keeping control of the FSHV suffers severely
from model uncertainties and wave disturbances. Therefore,
it is of great necessity to design an observer which is able
to estimate system states as well as the generalized disturbances integratedly. Furthermore, in order to guarantee the
disturbance rejection performance of the control scheme, the
feedback controller of the inner loop should also achieve disturbance attenuation properties, such that the residual error
of the disturbance estimate can be compensated through a
composite strategy.
In this paper, a novel output feedback control methodology is proposed for the course keeping control of the
FSHV based on a sampled-data iterative learning approach.
An iterative learning observer is established for the state
estimation as well as generalized disturbances. Then a sliding
model controller with an iterative learning sliding manifold
is presented for the stabilization of the lateral dynamics
of the FSHV. The design of the iterative sliding surface
introduces a memory effect for the controller, which includes
both the current and past information of the system states
and outperforms the standard sliding mode control in the
improvement of the transient performance.
The rest of the paper is organized as follows. In Section 2, the mathematical model of the lateral dynamics of
the FSHV is established. In Section 3, an observer based
sliding mode control is proposed based on iterative learning

approach. Then we analyze the Lyapunov stability of the
overall closed-loop system in Section 4. Simulation is carried
out in Section 5 to validate the effectiveness of the proposed
methodology, followed by Conclusions in Section 6.

2. Problem Formulation
A typical configuration of a fully submerged hydrofoil vessel
is shown in Figure 1 [4]. The T-shaped bow foil is equipped
with two controlled flaps, acting together. The aft foil has a
pair of central flaps and two pairs of ailerons. Struts of the
aft foil are equipped with rudders, which are used for roll and
yaw dynamics together with the ailerons. The bow foil and the
central part of the aft foil are for longitudinal motion control.
Course keeping control, or so-called ship heading control, is the primary task of the autopilots of ships. The
control objective of course keeping control is to stabilize
the yaw angle to a desired heading angle. As to the course
keeping control for conventional marine surface vessels, the
roll dynamics is rarely considered due to the weakness of
the control actuators for roll dynamics. The roll restoring
moments provide static stability, which the FSHV does not
have. Therefore, it is necessary to take the roll dynamics into
consideration for the course keeping control design for the
FSHV.
The surge speed 𝑢 is usually controlled by an individual
propulsion system and is kept at a fixed speed 𝑢0 when a ship
is maneuvered in the course keeping mode. Accordingly, a 2DOF steering model of the FSHV is shown as
𝜂̇ = 𝐽 (𝜂) 𝜐
𝑀𝜐̇ + 𝐶 (𝑢0 , 𝜐) 𝜐 + 𝐷 (𝑢0 , 𝜐) 𝜐 + 𝐺 (𝜂) 𝜂 = 𝑏𝑢 + 𝜏𝑑 ,

(1)

where 𝜂 = [𝜙, 𝜓]𝑇 , in which 𝜙 and 𝜓 denote the roll
angle and heading angle of the FSHV with coordinates in
the earth-fixed frame, respectively; 𝜐 = [𝑝, 𝑟]𝑇 , in which
𝑝 and 𝑟 represent the angular velocities with coordinates
in the body-fixed frame, respectively; 𝐽 = [ 10 cos0 𝜙 ] is the
Jacobian transformation matrix related to the above frames;
𝐼 −𝐾 𝑚𝑥𝑔 −𝐾𝑟̇
𝑀 = [ 𝑚𝑥𝑥 𝑔 −𝑁𝑝̇ 𝑝̇ 𝐼𝑧 −𝑁
] is the inertia including added mass;
𝑟̇

and 𝐶(𝑢0 , 𝜐) = [ 00 𝑚𝑥0𝑔 𝑢0 ] denotes the Coriolis and centripetal
matrix. Selecting the origin point of the body-fixed frame at
the center of gravity yields 𝑥𝑔 = 0. 𝐷(𝑢0 , ]) is the coupling
interaction caused by the nonlinear hydrodynamic damping,
−𝐾 −𝐾
which is defined as 𝐷 = 𝐷𝐿 + 𝐷𝑁. 𝐷𝐿 = [ −𝑁𝑝𝑝 −𝑁𝑟𝑟 ] stands for
0 −𝐾

𝜙2

the linear part and 𝐷𝑁 = [ 0 −𝑁𝑟𝜙𝜙 𝑟𝜙 ] represents the nonlinear
𝑟𝑟𝜙
damping, respectively. 𝐾𝑝 , 𝐾𝑟𝜙𝜙 , 𝐾𝑟 , 𝐾𝑟𝜙𝜙 , and 𝑁𝑟𝜙𝜙 , 𝑁𝑝 ,
𝑁𝑟 , 𝑁𝑟𝑟𝜙 are the hydrodynamic coefficients. In the low-speed
mode, the high-order terms and coupling interactions among
the forces from each DOF are not considered. Therefore,
𝐷(𝑢0 , ]) is often regarded as a linear term and even cancelled
in many literatures. However, given the high-speed character
of the FSHV, the nonlinear damping hydrodynamics can no
longer be neglected. 𝐺(𝜂) represents the gravity term which
is described as 𝐺(𝜂) = [𝑊𝐺𝑀𝑇 , 0]𝑇 , where 𝑊 = 𝑚𝑔 is the
weight and 𝐺𝑀𝑇 is the transverse metacenter height [37].
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Figure 1: Fully submerged hydrofoil vessel.

𝐾

𝑏 = [ 𝑁𝛿𝛿𝑅

𝑅

𝐾𝛿𝐴
𝑁𝛿𝐴

] is the control moment coefficient matrix
𝑇

subjected to the control surface, and 𝑢 = [𝛿𝑅 , 𝛿𝐴 ] is the
control input, where 𝛿𝑅 and 𝛿𝐴 represent the rudder angle
and aileron angle of the hydrofoil system, respectively. As for
the modeling of the FSHV, it is reasonable to select the origin
point of the body-fixed frame at the center of gravity, thus
yielding 𝑥𝑔 = 𝑦𝑔 = 𝑧𝑔 = 0.
Considering the course keeping problem of the FSHV, the
first equation in (1) can be simplified as 𝜂̇ = 𝜐 . By defining
𝑥1 ≜ 𝜂, 𝑥2 ≜ 𝜐, the steering model of the FSHV can be
regarded as a second-order system as
𝑥̇ 1 = 𝑥2
𝑥̇ 2 = 𝐹 (𝑥1 , 𝑥2 ) + 𝜉 (𝑥1 , 𝑥2 ) + 𝑏𝑢 + 𝜏𝑑 ,

(2)

where
𝐹 (𝑥1 , 𝑥2 )
= −𝑀−1 [𝐶 (𝑢0 , 𝑥2 ) 𝑥2 + 𝐷𝐿 (𝑢0 , 𝑥2 ) 𝑥2 + 𝐺 (𝑥1 ) 𝑥1 ] ,
𝜉 (𝑥1 , 𝑥2 ) = −𝑀−1 𝐷𝑁 (𝑢0 , 𝑥2 ) 𝑥2 ,
𝑏 = 𝑀−1 𝑏,
𝜏𝑑 = 𝑀−1 𝜏𝑑 .

(3)

If the model uncertainties are considered in the modeling and
control of the FSHV, the following notations are introduced:
𝐹 (𝑥1 , 𝑥2 ) = 𝐹0 (𝑥1 , 𝑥2 ) + 𝐹Δ (𝑥1 , 𝑥2 ) ,
𝜉 (𝑥1 , 𝑥2 ) = 𝜉0 (𝑥1 , 𝑥2 ) + 𝜉Δ (𝑥1 , 𝑥2 ) ,

(4)

where subscript 0 denotes the nominal part of the corresponding matrix and the subscript Δ represents the perturbed
part of the system dynamics. The yaw/roll dynamics of the
FSHV with model uncertainties can be rewritten as follows:
𝑥̇ 1 = 𝑥2
𝑥̇ 2 = 𝐹0 (𝑥1 , 𝑥2 ) + 𝜉0 (𝑥1 , 𝑥2 ) + 𝑏𝑢 + 𝑓𝑑 (𝑡) ,

(5)

where 𝑓𝑑 (𝑡) = 𝐹Δ (𝑥1 , 𝑥2 ) + 𝜉Δ (𝑥1 , 𝑥2 ) + 𝜏𝑑 is the generalized
disturbances of the system.
Remark 1. When ships sail at a fixed speed, 𝑀(⋅), 𝐶(⋅), 𝐷𝐿 (⋅),
and 𝐺(⋅) are linear matrices with constant element parameters, so 𝐹0 (𝑥1 , 𝑥2 ) is also a linear function, while 𝜁0 (𝑥1 , 𝑥2 )
represents the nonlinear damping of the coupling hydrodynamics of the FSHV.
Hence, the control objective is to design an observer
based output feedback controller for the course keeping of
the FSHV using an iterative learning approach. The control
structure of the system is summarized in Figure 2. For the
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Figure 2: Control structure for the course keeping of FSHV.

subsequent analysis, the following assumptions are carried
out for convenience.
Assumption 2 (see [25–28, 37]). The nonlinear function 𝜉(⋅) is
continuously differentiable and satisfies Lipschitz condition
with Lipschitz constant 𝜎; that is,


̂‖ .
𝑥) ≤ 𝜎 ‖𝑥 − 𝑥
(6)
𝜉 (𝑥) − 𝜉 (̂
Remark 3. For marine vehicle systems, the high-order coupling hydrodynamics is sufficiently smooth. Therefore, it is
reasonable that the nonlinear function 𝜉(⋅) satisfies Lipschitz
condition.
Assumption 4. The disturbance 𝑓𝑑 (𝑡) is bounded; namely,
‖𝑓𝑑 (𝑡)‖ ≤ 𝑓𝑑 .

3. Output Feedback Control
Design of the FSHV
3.1. Iterative Learning Observer Design. In this section, an
iterative learning observer (ILO) is established for estimation
of system states as well as the disturbances. To facilitate the
subsequent design, the system dynamics in (5) are rewritten
into a generalized state space model as
𝑥̇ = 𝐴𝑥 + 𝜉 (𝑥) + 𝐵𝑢 + 𝐸𝑓𝑑 (𝑡)

(7)

𝑦 = 𝐶𝑥,
where 𝐴 =

0
0
𝐼
[ −𝑀−1 𝐺 −𝑀−1 (𝐶+𝐷𝐿 ) ], 𝜉(𝑥) = [ −𝑀−1 𝐷𝑁 𝑥2
𝑇
𝐸 = [ 0𝐼 ], and 𝑥 = [𝑥1 𝑥2 ] , 𝑦 = 𝑥1 .

], 𝐵 =

𝐶 = [𝐼 0],
Based on (7), an ILO is designed as

[ 0𝑏 ],

called ILO input, 𝛾(𝑡) is the current ILO input and 𝛾(𝑡 − 𝜏)
is the ILO input at the last sampling period. 𝐿 and 𝜇𝑖 (𝑖 =
1, 2) are two gain matrices with appropriate dimensions to be
determined.
Remark 5. It can be seen from (8) that if the gain matrix
𝜇1 is selected as a zero matrix, the ILO will degenerate into
a conventional Luenberger observer. Therefore, zero matrix
should be avoided for the gain tuning in order to maintain the
capability of the estimation for the generalized disturbance.
Remark 6. It is necessary to clarify that the ILO input 𝛾(𝑡)
proposed in (8) is not a discrete-time equation since the
sampling time 𝜏 can be chosen as any value theoretically.
𝜏 used in the control design in Part B also matches this
instruction, which can be further indicated by the Lyapunov
function in stability analysis.
Remark 7. Compared with the conventional adaptive state
observers, the proposed ILO has several advantages. It is able
to estimate both system states and time-varying disturbance
at the same time. Additionally, persistence of excitation (PE)
is not required, which is necessary for the adaptive observers
to update the estimation law online.
Subtracting (8) from (7) results in the estimation error
dynamics as
̃̇ = (𝐴 − 𝐿𝐶) 𝑥
̃ + [𝜉 (𝑥) − 𝜉 (̂
𝑥
𝑥)] + 𝐸 [𝑓𝑑 (𝑡) − 𝛾 (𝑡)] ,

̃ ≜𝑥−𝑥
̂ is the estimate error.
where 𝑥
̃ and an auxiliary
The disturbance estimation error 𝑑
variable 𝑑𝜏 are defined as follows:
̃ = 𝑓 (𝑡) − 𝛾 (𝑡) ,
𝑑
𝑑

̂̇ = 𝐴̂
̂ ) + 𝐸𝛾 (𝑡)
𝑥
𝑥 + 𝜉 (̂
𝑥) + 𝐵𝑢 (𝑡) + 𝐿 (𝑦 − 𝑦
̂ (𝑡)]
𝛾 (𝑡) = 𝜇1 𝛾 (𝑡 − 𝜏) + 𝜇2 [𝑦 (𝑡) − 𝑦

𝑑𝜏 = 𝑓𝑑 (𝑡) − 𝜇1 𝑓𝑑 (𝑡 − 𝜏) ,

(8)

̂ (𝑡) = 𝐶̂
𝑦
𝑥,
̂ is the estimation value of 𝑥, 𝑦
̂ (𝑡) is the estimation of
where 𝑥
system output at time 𝑡, 𝜏 is the sampling time interval, 𝛾 is

(9)

(10)

and then it yields
̃ (𝑡) = 𝑑 (𝑡) − 𝜇 𝛾 (𝑡 − 𝜏) − 𝜇 𝐶̃
𝑑
1
2 𝑥 (𝑡)
̃ (𝑡 − 𝜏) − 𝜇 𝐶̃
= 𝜇1 𝑑
2 𝑥 (𝑡) + 𝑑𝜏 .

(11)

Mathematical Problems in Engineering

5

By substituting (11) into (9), it yields

By using the inequality in

̃ (𝑡 − 𝜏) − 𝐸𝜇 𝐶̃
̃̇ = (𝐴 − 𝐿𝐶) 𝑥
̃ + 𝐸𝜇1 𝑑
𝑥
2 𝑥 (𝑡) + 𝐸𝑑𝜏
+ [𝜉 (𝑥) − 𝜉 (̂
𝑥)] .

(12)

Theorem 8. Given the system dynamics in (7) with the proposed ILO designed in (8), the state estimate error is bounded
if the following conditions hold:
(𝐴 − 𝐿𝐶)𝑇 𝑃 + 𝑃 (𝐴 − 𝐿𝐶) = −𝑄,
𝑇

𝑃𝐸 = 𝜌 (𝜇2 𝐶) , 𝜌 > 1,

𝑇

+

𝑡−𝜏

̃ 𝑇 (𝛼) 𝑑
̃ (𝛼) 𝑑𝛼,
𝑑

(13)

(14)

where 𝑃 is a positive definite symmetric matrix.
Based on (9) and (12), differentiating 𝑉1 with respect to
time yields

𝑇

̃ (𝑡 − 𝜏) [(𝜌 + 𝑚2 ) 𝜇𝑇 𝜇 − 𝐼] 𝑑
̃ (𝑡 − 𝜏)
+𝑑
1 1
+ (𝜌 +

̃ (𝑡 − 𝜏) − 2̃
𝑥 (𝑡)
𝑥 (𝑡) 𝑃𝐸𝜇2 𝐶̃
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝜇1 𝑑
𝑇

namely,
𝜌 2  2
 ̃ 2
𝑉̇ 1 ≤ −𝑘 ‖̃
𝑥‖2 − 𝜀 𝑑
(𝑡) + (𝜌 + 2 ) 𝑑𝜏 
𝑚
̃ (𝑡 − 𝜏) ((𝜌 + 𝑚
+𝑑

𝑇

𝑇

̃ (𝑡) 𝑑
̃ (𝑡) + 𝜌𝑑
̃ (𝑡) 𝑑
̃ (𝑡)
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝑑𝜏 (𝑡) − 𝜀𝑑

(15)

𝑇

̃ (𝑡 − 𝜏) + 2̃
̃ (𝑡 − 𝜏) 𝑑
𝑥)] ,
𝑥𝑇 (𝑡) 𝑃 [𝜉 (𝑥) − 𝜉 (̂
−𝑑

̃ 𝑇 [(𝐴 − 𝐿𝐶)𝑇 𝑃 + 𝑃 (𝐴 − 𝐿𝐶)] 𝑥
̃
𝑉̇ 1 = 𝑥
̃ (𝑡 − 𝜏)
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝜇1 𝑑
𝑥)] − 2̃
𝑥 (𝑡) 𝑃𝐸𝜇2 𝐶̃
𝑥 (𝑡)
+ 2̃
𝑥𝑇 (𝑡) 𝑃 [𝜉 (𝑥) − 𝜉 (̂
(16)

𝑇
̃
̃ (𝑡 − 𝜏) 𝜇𝑇 𝜇 𝑑
+ 𝜌𝑑
1 1 (𝑡 − 𝜏) + 𝜌𝑑𝜏 𝑑𝜏

For any 𝑄 = 𝑄𝑇 > 0, there exists 𝑃 = 𝑃𝑇 > 0 satisfying the
following Riccati equation:
𝑇

𝑇

(17)

 ̃ 2 ̃ 𝑇
̃ (𝑡 − 𝜏)
𝑥‖ − 𝜀 𝑑
𝑉̇ 1 ≤ −𝜆 min (𝑄) ‖̃
(𝑡) − 𝑑 (𝑡 − 𝜏) 𝑑
2

̃ (𝑡 − 𝜏) 𝜇𝑇 𝑑 (𝑡) + 𝜌𝑑2 + 2𝜂 ‖𝑃‖ ‖̃
𝑥‖2 .
+ 2𝜌𝑑
1 𝜏
𝜏

̃ (𝑡 − 𝜏) ,
− 𝐼) 𝑑

where 𝑘 = 𝜆 min (𝑄) − 2𝜂𝜆 max (𝑃) > 0.
If 0 < (𝜌 + 𝑚2 )𝜇1𝑇 𝜇1 ≤ 𝐼 holds, the estimation error as
well as the generalized disturbances is uniformly ultimately
bounded (UUB) [38].

̂̇ 1 = 𝑥
̂2,
𝑥

̂ 2 ) + 𝑏𝑢.
𝜒 = 𝜉0 (̂
𝑥1 , 𝑥

(22)

̂̇ 2 = 𝐹0 (̂
̂ 2 ) + 𝜒𝑠 + 𝑒𝑑 ,
𝑥
𝑥1 , 𝑥
(18)

(23)

Based on the proposed ILO, the estimate of 𝑓𝑑 (𝑡) can be
̂ = 𝛾.
obtained as 𝑓
𝑑
̂ as a feedforward compensator, the virtual
By using 𝑓
𝑑
̂ . Then it yields
control can be designed as 𝜒 = 𝜒𝑠 − 𝑓
𝑑
̂̇ 1 = 𝑥
̂2
𝑥

Then it yields

̃
̃ 𝑇 (𝑡 − 𝜏) 𝜇𝑇 𝜇 𝑑
+ 𝜌𝑑
1 1 (𝑡 − 𝜏)

(21)

where 𝜒 is a virtual control variable defined as

̃ 𝑇 (𝑡 − 𝜏) 𝑑
̃ (𝑡 − 𝜏) .
−𝑑

𝑃𝐸 = 𝜌 (𝜇2 𝐶) .

) 𝜇1𝑇 𝜇1

̂ 2 ) + 𝜒 + 𝑓𝑑 (𝑡) ,
̂̇ 2 = 𝐹0 (̂
𝑥1 , 𝑥
𝑥

𝑇
̃ 𝑇 (𝑡 − 𝜏) 𝜇𝑇 𝑑 (𝑡) − 2𝜌̃
𝑥𝑇 (𝜇2 𝐶) 𝑑𝜏 (𝑡)
+ 2𝜌𝑑
1 𝜏

(𝐴 − 𝐿𝐶) 𝑃 + 𝑃 (𝐴 − 𝐿𝐶) = −𝑄,

2

3.2. Observer Based Iterative Sliding Mode Controller Design.
As to the controller design, an ILO based sliding mode
controller is proposed for the output feedback course keeping
control problem of the FSHV based on an iterative learning
sliding surface. Before the controller design, we first make the
following transformation.
By utilizing the feedback linearization method and
replacing the system states with the estimated values, the
system model in (2) can be rewritten as

where 𝜌 and 𝜀 are positive constants and 𝜌 − 𝜀 = 1.
Substituting (11) into (15), we can obtain

̃ 𝑇 (𝑡) 𝑑
̃ (𝑡)
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝑑𝜏 (𝑡) − 𝜀𝑑

(20)

2
𝜌2
𝑥‖2 ;
) 𝑑𝜏 + 2𝜂𝜆 max (𝑃) ‖̃
𝑚2

𝑇

̃ [(𝐴 − 𝐿𝐶) 𝑃 + 𝑃 (𝐴 − 𝐿𝐶)] 𝑥
̃
𝑉̇ 1 = 𝑥
𝑇

(19)

 ̃ 2
𝑉̇ 1 ≤ −𝜆 min (𝑄) ‖̃
𝑥‖2 − 𝜀 𝑑
(𝑡)

Proof. Define the following Lyapunov function candidate:
𝑡

𝜌2 𝑇
𝑑 (𝑡) 𝑑𝜏 (𝑡) ,
𝑚2 𝜏

It follows that

0 < (𝜌 + 𝑚2 ) 𝜇1𝑇 𝜇1 ≤ 𝐼.
̃ 𝑇 (𝑡) 𝑃̃
𝑥 (𝑡) + ∫
𝑉1 = 𝑥

𝑇

̃ (𝑡 − 𝜏) 𝜇𝑇 𝑑 (𝑡) ≤ 𝑚2 𝑑
̃ (𝑡 − 𝜏) 𝜇𝑇 𝜇 𝑑
̃
2𝜌𝑑
1 𝜏
1 1 (𝑡 − 𝜏)

(24)

̂ and |𝑒 | ≤ 𝑒 .
where 𝑒𝑑 is the residual error of 𝑓
𝑑
𝑑
𝑑
Based on (24), the iterative learning sliding mode controller can be designed as follows.
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Define a novel sliding surface with an iterative item in the
following form:
̂ 2 − 𝐾̂
̂ 1 (𝑡 − 𝜏) ,
𝑠=𝑥
𝑥1 − 𝐾𝜏 𝑥

(25)

where 𝐾, 𝐾𝜏 ∈ 𝑅2×2 are sliding parameters to be designed.
Remark 9. According to (25), it is clear that if the time
interval 𝜏 is chosen as 𝜏 = 0, the sliding surface will become
̂ 2 − (𝐾 + 𝐾𝜏 )̂
𝑥1 , which is actually a conventional
𝑠 = 𝑥
linear sliding surface. Hence, the existence of 𝜏 implies the
improvement of the dynamic performance of the iterative
learning sliding surface.
Let 𝑠 = 0, then it yields
̂ 1 (𝑡 − 𝜏) .
̂̇ 1 = 𝐾̂
𝑥1 + 𝐾𝜏 𝑥
𝑥

(26)

Define the Lyapunov function 𝑉2 as
̂ 𝑇1 Φ̂
𝑉2 = 𝑥
𝑥1 + ∫

𝑡

𝑡−𝜏

̂ 𝑇1 (𝜔) 𝑍̂
𝑥1 (𝜔) 𝑑𝜔,
𝑥

(27)

− 𝑥1𝑇 (𝑡 − 𝜏) 𝑍𝑥1 (𝑡 − 𝜏) .

̂ 𝑇1 𝑍̂
̂ 𝑇1 (𝑡 − 𝜏) 𝐾𝜏𝑇 Φ̂
+𝑥
𝑥1 (𝑡 − 𝜏) + 𝑥
𝑥1

Denote Λ ≜
as

̂ 𝑇1 (𝑡
𝑥

(29)

𝑇

− 𝜏)] ; then (29) can be rewritten

𝐾𝑇 Φ + Φ𝐾 + 𝑍 Φ𝐾𝜏

𝑉̇ 2 = Λ𝑇 [

Φ𝐾𝜏

−𝑍

] Λ.

(30)

By appropriately tuning 𝐾, 𝐾𝜏 , Φ, and 𝑍, there exists a
positive definite matrix Γ such that
[

𝐾𝑇Φ + Φ𝐾 + 𝑍 Φ𝐾𝜏
Φ𝐾𝜏

−𝑍

The closed-loop stability of the observer-controller structure
of system (5) is analyzed in this part.
Theorem 10. Given the system model for the course keeping
control of the FSHV in (5), with the ILO proposed in (8)
and the feedback linearization based iterative learning sliding
mode controller in (34), uniformly ultimate boundedness can be
guaranteed for the closed-loop system at the equilibrium point.

1
𝑉3 = 𝑉1 + 𝑠𝑇 𝑠.
2

(35)

̃ 𝑇 [(𝐴 − 𝐿𝐶)𝑇 𝑃 + 𝑃 (𝐴 − 𝐿𝐶)] 𝑥
̃
𝑉̇ 3 = 𝑥

− 𝜏) 𝑍̂
𝑥1 (𝑡 − 𝜏) .

[̂
𝑥𝑇1 (𝑡)

4. Stability Analysis

Differentiating 𝑉3 with respect to time, we can obtain

̂ 1 (𝑡 − 𝜏)
̂ 𝑇1 (𝐾𝑇 Φ + Φ𝐾) 𝑥
̂1 + 𝑥
̂ 𝑇1 Φ𝐾𝜏 𝑥
𝑉̇ 2 = 𝑥

−

(34)

Therefore, the iterative learning sliding mode controller for
the course keeping of the FSHV in an output feedback scheme
is implemented.

(28)

Substituting (26) into (28), we can obtain

̂ 𝑇1 (𝑡
𝑥

−1

̂ − 𝜉 (𝑥 , 𝑥 )] .
̂2) − 𝑓
𝑥1 , 𝑥
𝑢 = 𝑏 [𝜒𝑠 (̂
0
1 2
𝑑

Proof. The Lyapunov function of the closed-loop system is
selected as

where Φ, 𝑍 are positive definite matrices.
Differentiating 𝑉2 with respect to time yields
𝑉̇ 2 = 𝑥̇ 𝑇1 Φ𝑥1 + 𝑥1𝑇 Φ𝑥̇ 1 + 𝑥1𝑇 (𝑡) 𝑍𝑥1 (𝑡)

Then the final control input 𝑢 is obtained as

] = −Γ.

(31)

̃ (𝑡 − 𝜏) − 2̃
𝑥 (𝑡)
𝑥 (𝑡) 𝑃𝐸𝜇2 𝐶̃
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝜇1 𝑑
̃ 𝑇 (𝑡) 𝑑
̃ (𝑡) + 𝜌𝑑
̃ 𝑇 (𝑡) 𝑑
̃ (𝑡) (36)
+ 2̃
𝑥𝑇 (𝑡) 𝑃𝐸𝑑𝜏 (𝑡) − 𝜀𝑑
̃ (𝑡 − 𝜏) + 2̃
̃ 𝑇 (𝑡 − 𝜏) 𝑑
𝑥)]
𝑥𝑇 (𝑡) 𝑃 [𝜉 (𝑥) − 𝜉 (̂
−𝑑
+ 𝑠𝑇 𝑠.̇
Based on the results of (21), (24), and (25), substituting the
control law (34) into (36), we have
2
𝜌2
 ̃ 2
𝑉̇ 3 ≤ −𝑘 ‖̃
𝑥‖2 − 𝜀 𝑑
(𝑡) + (𝜌 + 2 ) 𝑑𝜏
𝑚

̃ 𝑇 (𝑡 − 𝜏) ((𝜌 + 𝑚2 ) 𝜇𝑇 𝜇 − 𝐼) 𝑑
̃ (𝑡 − 𝜏)
+𝑑
1 1

(37)

+ 𝑠 [𝑒𝑑 − 𝑒𝑑 sgn (𝑠) − 𝛼𝑠]

Then it yields
𝑉̇ 2 = −Λ𝑇 ΓΛ ≤ −𝜆 min (Γ) ‖Λ‖2 ,

(32)

which indicates that the iterative learning sliding motion (25)
is asymptotically stable. Therefore, once the system trajectory
reaches the sliding surface, it can be kept at the sliding surface.
Based on the proposed sliding surface, the control law 𝜒𝑠
can be designed as
̂ 2 (𝑡 − 𝜏) + 𝛼𝑠]
̂ 2 ) − 𝐾̂
𝑥1 , 𝑥
𝑥2 − 𝐾𝜏 𝑥
𝜒𝑠 = − [𝐹0 (̂
− 𝑒𝑑 sgn (𝑠) ,
where 𝛼 is a positive scalar.

(33)

2
𝜌2
 ̃ 2
𝑥‖2 − 𝜀 𝑑
𝑉̇ 3 ≤ −𝑘 ‖̃
(𝑡) + (𝜌 + 2 ) 𝑑𝜏
𝑚

̃ 𝑇 (𝑡 − 𝜏) ((𝜌 + 𝑚2 ) 𝜇𝑇 𝜇 − 𝐼) 𝑑
̃ (𝑡 − 𝜏)
+𝑑
1 1

(38)

 
+ ‖𝑠‖ 𝑒𝑑  − 𝑒𝑑 𝑠 sgn (𝑠) − 𝛼 ‖𝑠‖2
2
𝜌2
 ̃ 2
𝑉̇ 3 ≤ −𝑘 ‖̃
𝑥‖2 − 𝜀 𝑑
(𝑡) − 𝛼 ‖𝑠‖2 + (𝜌 + 2 ) 𝑑𝜏
𝑚
𝑇

̃ (𝑡 − 𝜏) ((𝜌 + 𝑚
+𝑑

2

) 𝜇1𝑇 𝜇1

̃ (𝑡 − 𝜏) .
− 𝐼) 𝑑

(39)
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Table 1: Model parameters of the FSHV.
Parameter
𝑢0
𝑚
𝐼𝑥
𝐼𝑧
𝐺𝑀𝑇
𝐾𝑝
𝐾𝑟
𝐾𝑟𝑟𝜙
𝐾𝑟𝜙𝜙
𝑁𝑝
𝑁𝑟
𝑁𝑟𝑟𝜙
𝑁𝑟𝜙𝜙
𝐾𝛿𝑅
𝐾𝛿𝐴
𝑁𝛿𝑅
𝑁𝛿𝐴

Value
23.15
2.62 ∗ 105
2.59 ∗ 105
1.47 ∗ 107
0.025
−13.0354 ∗ 105
−2.4864 ∗ 105
−19.0883 ∗ 105
12.5615 ∗ 105
−0.2182 ∗ 107
−1.3818 ∗ 107
0.9261 ∗ 107
−1.5141 ∗ 107
−1.046
5.84
0.3925
−0.2308

SI-unit
m/s
kg
kgm2
kgm2
m
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s
kgm2 /s

Together with the results of Theorem 8, if the conditions
(𝐴 − 𝐿𝐶)𝑇 𝑃 + 𝑃 (𝐴 − 𝐿𝐶) = −𝑄,
𝑇

𝑃𝐸 = 𝜌 (𝜇2 𝐶) , 𝜌 > 1,
0 < (𝜌 + 𝑚2 ) 𝜇1𝑇 𝜇1 ≤ 𝐼,
[

𝐾𝑇 Φ + Φ𝐾 + 𝑍 Φ𝐾𝜏
Φ𝐾𝜏

−𝑍

(40)

When a marine vessel is sailing in the open sea at a fixed
speed, the encounter frequency is
𝜔𝑒 = 𝜔 −

𝜔2
,
𝑔𝑈 cos 𝛽

(42)

where 𝑈 is the sailing speed and 𝛽 is the wave-to-course
angle. So the wave energy spectrum related to the encounter
frequency is
𝑆 (𝜔)
.
1 − 2𝜔𝑈 cos 𝛽/𝑔

𝑆 (𝜔𝑒 ) =

(43)

According to the strip theory and equivalent energy division
method, the disturbance moments of the yaw and roll
dynamics can be calculated.
To verify the effectiveness of the proposed control
scheme, the following control methodologies are demonstrated for comparison.
(1) Iterative learning observer based sliding mode controller (ILSMC): this is the observer based sliding mode control approach using iterative learning
strategy proposed in the previous sections. In order
to reduce the chattering phenomenon, a saturated
function sat(⋅) is utilized instead of sgn(⋅). The control
parameters are listed as follows:
11.58 −2.85
[
]
[−2.75 22.94 ]
]
𝐿=[
[ 55.47 57.26 ] ,
[
]
[ 75.91 54.89 ]

] = −Γ

𝜇1 = diag [0.97 0.78] ,

hold, the equilibrium point of system (5) is uniformly
ultimately bounded.

127.31 58.11
𝜇2 = [
],
52.15 49.82
11.12 3.14

𝐾=[

5. Simulation
In this section, a mathematical model of a FSHV [2, 3]
is applied to validate the performance of the proposed
approach. The physical parameters of the FSHV are given in
Table 1.
The nominal system model with norm-bounded perturbation items is used to simulate the model uncertainties;
namely, 𝑝Δ 𝑗𝑗 = 𝑝𝑗𝑗 + 0.15𝑝𝑗𝑗 ⋅ rand(−1, 1), where 𝑝Δ 𝑗𝑗 is the
parameter with perturbation and 𝑝𝑗𝑗 is the nominal model
parameter of (1). To simulate the wave disturbance, the
Pierson-Moskowitz (PM) spectrum is selected as the standard wave energy spectrum [39], which can be expressed as

1.73 2.11

(44)

],

4.54 1.71
],
𝐾𝜏 = [
0.63 0.49
𝛼 = 0.35,
𝑒𝑑 = 0.07.

(41)

(2) Iterative learning observer with standard sliding
mode controller (ILOSSMC): in this method, a standard sliding surface is used instead of the iterative
learning sliding manifold to verify the advantage of
the proposed control approach. In the ILOSSMC,
𝐾𝜏 = 0, and the other parameters are the same as the
ILSMC.

−2
, and 𝐻1/3 is the
where 𝐴 = 8.1 ⋅ 10−3 𝑔2 , 𝐵 = 3.11𝐻1/3
significant wave height [37].

(3) Linear extended state observer with standard sliding
mode controller (LESOSSMC): in this method, the
system model is linearized by an auxiliary feedback

𝑆 (𝜔) = 𝐴𝜔−5 exp (−𝐵𝜔−4 ) ,
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Figure 3: Stabilization effect of system states (Case 1).

linearization approach. Based on this approach, a
linear extended state observer (LESO) is designed
to estimate system states as well as the generalized
disturbances. The sliding mode controller design is
similar to the ILOSSMC. The LESO is designed as
follows:
𝑒1 = 𝑥1 − 𝑧̂1 ,
𝑧̂̇ 1 = 𝑧̂2 + 𝑙1 𝑒1 ,
𝑧̂̇ 2 = 𝐹0 (̂𝑧1 , 𝑧̂2 ) + 𝜒 + 𝑧3 + 𝑙2 𝑒1 ,

(45)

𝑧̂̇ 3 = 𝑙3 𝑒1 ,
where 𝑥1 is the system output, 𝑧̂1 , 𝑧̂2 are the estimate
values of 𝑥1 , 𝑥2 , and 𝑧3 is the extended state for
the estimate of the generalized disturbances. The
parameters of the LESO are selected as follows: 𝑙1 =
54, 𝑙2 = 189, and 𝑙3 = 3472.
The above control schemes are tested individually for the
course keeping of the FSHV in two typical cases, namely,
Case 1 (sea state 3, 𝐻1/3 = 1.5 m) and Case 2 (sea state 5,
𝐻1/3 = 3.8 m). Figures 3 and 4 show the stabilization of
roll and yaw dynamics based on three control methods on
the condition 𝐻1/3 = 1.5 m and 𝐻1/3 = 3.8 m, respectively.

The rudder angle and aileron angle of the two cases are
presented in Figures 5 and 6. From Figures 3–6, we can
see that based on the online iterative optimization, the
stabilization performance of the ILSMC is better than that of
the LESOSSMC against wave disturbances, and the system
consumption of the ILSMC does not increase. Comparing
the ILSMC with the ILOSSMC, we can see that the iterative
learning item in the sliding manifold (25) plays an important
role in the system stabilization. Utilizing the learning item,
the system control can be automatically regulated according
to the tendency of the system trajectory, which decreases the
conservation in control design.
As to the state estimate, Figures 7 and 8 show the real
system state and the state estimate of the ILO and the
LESO in Case 1, and Figures 9 and 10 present the system
estimate in Case 2. It can be shown from Figures 7–10 that
the estimate accuracy of the ILO is higher than that of the
LESO. Because of the high-gain character of the LESO, the
peak phenomenon will occur if the observer gain selected
is too large, while this problem will not happen in the ILO.
Because of the design of 𝛾(𝑡) in the ILO, the estimating values
can be updated dynamically according to the sample time 𝜏,
which enhances the state estimate precision for the system.
In addition, 𝛾(𝑡) can detect the generalized disturbances and
compensate them in the feedforward loop. The comparison
of the disturbance estimate between the ILO and the LESO
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Figure 6: Control inputs of rudder and aileron (Case 2).

is illustrated in Figure 11 (Case 1) and Figure 12 (Case 2). It
is illustrated that with the increase of the disturbances, the
gaps in disturbances observing of the two methods become

more obvious, which signifies the advantages of the ILO in
severely perturbed systems. Using fixed observer gain, the
ILO represents a self-adaptation property in state estimate,
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which achieves a better disturbance rejection performance
than the LESO. The root mean square errors (RMSE) of the
above state observers are listed in Table 2.

6. Conclusion
In this paper, an output feedback control scheme is investigated for the course keeping control of the fully submerged
hydrofoil vessel based on an iterative learning strategy. An
iterative learning observer is illustrated for the estimation of

system states as well as the generalized disturbances. Then an
iterative sliding model controller is established for the attitude
stabilization of the fully submerged hydrofoil vessel. Based on
the ILO, the disturbances can be estimated through the inner
loop, and the iterative sliding mode controller attenuates
the residual error of the estimated disturbances in the outer
loop. Based on Lyapunov stability theory, uniformly ultimate
boundedness of the overall closed-loop system is guaranteed.
With the intervention of the iterative item, performance of
the transient states can be improved for both state observer
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Table 2: Estimate performance comparison of the observers.
RMSE
ILO
LESO
ILO
Case 2
LESO
Case 1

̃
𝜙
0.164
0.215
0.258
0.317

̃
𝜓
0.088
0.122
0.184
0.298

̃
𝑝
0.161
0.219
0.187
0.258

̃𝑟
0.092
0.126
0.161
0.214

𝜏̃𝑑roll
0.048
0.049
0.061
0.063

𝜏̃𝑑yaw
0.004
0.006
0.012
0.013

and controller. Comparative simulation results illustrate that
the proposed approach achieves better estimate accuracy and
disturbance rejection performance. The system conservation
also decreases compared with conventional approaches. In
future work, time-varying sampling time is to be considered
based on the time scale and frequency characteristic of the
system. And the control objective for the FSHV will extend
to the kinematic level with goals such as path following and
trajectory tracking.
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