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Abstract 

One of the major respects of the autonomous capability of underwater robots in unknown environment is to be capable of global path 
planning and obstacles avoiding when encountering abrupt events. For the Spherical Underwater Robot (SUR) to fulfill autonomous task 
execution, this paper proposed a novel fuzzy control method that incorporates multi-sensor technology to guide underwater robots in 
unknown environment. To attain the objective, a SUR we designed is used to design the controller. According to its kinematic model, the 
safety distance was calculated and sensors (US1000-21A) were arranged. The novel fuzzy control method was then explored for robot’s 
path planning in an unknown environment through simulation. The simulation results demonstrate the capability of the proposed method 
to guide the robot, and to generate a safe and smooth trajectory in an unknown environment. The effectiveness of the proposed method was 
further verified through experiments with a SUR in a real platform. The real environment experiments by using the novel fuzzy control 
method were compared with the basic control method. The experimental results show that in unknown environments, the proposed method 
improves the execution efficiency and flexibility of the SUR. 

Keywords: path planning, fuzzy control, spherical underwater robot, unknown environment 
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1  Introduction 

Currently, the path planning and autonomous 
navigation of underwater robots have been widely used 
in water patrol, military reconnaissance, and pipeline 
inspection scenarios[1,2]. However, most environments 
are dynamic and unknown when the robot is performing 
tasks, and the mathematical model of the robot cannot be 
accurately constructed[3,4]. This paper, therefore, at-
tempts to improve the efficiency and stability of the 
Spherical Underwater Robot (SUR) we designed to 
work in unknown environments. Based on the multi- 
sensor technology and kinematic model of the SUR, a 
novel fuzzy control method is proposed. 

In recent years, many researches have been carried 
out on path planning, which is becoming a hot topic in 
the field of robotics[5,6]. Ma et al. proposed a path plan-
ning method based on the ant colony algorithm[7], which 
combines multi-constrained features, but does not con-
sider the unknown environments. Duan et al. proposed a 

real-time path planning method for AUV based on fuzzy 
control[8,9], and the detection range of the sensor is lim-
ited. Chen et al. studied the path tracking problem of 
underwater robots under different conditions[10,11], but 
lacking consideration of constraints. 

Although numerous achievements have been made 
in path planning and navigation of underwater robot, the 
research remains inadequate for many practical works. 
The first reason is that most underwater robots are 
nonlinear systems, and it is difficult to build accurate 
mathematical models[12]. The second reason is the lack 
of consideration of multi-sensor technology to meet the 
needs of tasks in unknown environments. Therefore, this 
paper proposes a novel fuzzy control method that does 
not rely on accurate mathematical models and has the 
strong anti-interference ability. 

To implement the autonomous navigation capabil-
ity of the SUR, in previous works, we designed a control 
system for the SUR[13,14], which realized the switching of 
multiple behaviors of the robot. We also designed a 
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multi-robot collaborative control system, which achieved 
coordination between multiple robots[15]. In the present 
paper, based on these control strategies, we focus on the 
path planning of the SUR in unknown environments[16]. 
And the effectiveness and feasibility of the proposed 
method are verified by simulations and experiments. 
Our contributions are: 

Due to the limited detection distance of the sensors 
and the uncertainty of the surrounding environments, 
this paper uses multi-sensor technology to implement 
the autonomous navigation capability of the SUR in an 
unknown environment. Next, obstacle avoidance of the 
SUR plays an important role in path planning. Therefore, 
this paper improves the self-adjust ability of the SUR by 
solving the parameters of the end effector of the water jet. 
Then, in this paper, path planning experiments of the 
SUR in unknown and moving obstacle environments are 
performed. Simulation and experimental results show 
that the proposed method effectively improves the per-
formance of the SUR. 

The paper is organized as follows: First, we pro-
pose a novel fuzzy control method, and describe the 
feasibility results from several previous works. Then, the 
second part introduces the research strategy of SUR path 
planning, and the minimum safety distance is obtained 
according to the robot model, and the sensor arrange-
ment is executed. Next, in section 3, the design of the 
fuzzy controller and the simulation experiments in an 
unknown environment is designed. Next, section 4 uses 
the SUR to carry out the path planning experiments in an 
unknown environment. And section 5 discusses some 
underwater experiments. Finally, section 6 presents our 
conclusions. 

2  Methodology 

2.1  Motion model of the SUR 
During underwater motion, the essence of SUR 

path planning is the inverse solution of position. Taking 
the horizontal motion of the SUR as an example, the 
solution of the horizontal motion equation is obtained in 
this paper[17–19].  

The horizontal motion of the SUR is mainly de-
scribed by the forward velocity μ, the lateral velocity v, 
and the heading angle r. The coordinate vector is defined 
as ηh = [ξ η ψ]T, where ξ, η and ψ are the Euler angle of 

horizontal plane movement; the velocity vector is defined 
as Vh = [μ υ r]T. In this paper, the off-diagonal terms of 
the inertia matrix and the damping matrix in the dynamic 
model are ignored, and the equation of Horizontal plane 
motion is obtained as shown in Eqs. (1) and (2). 

( ) ,h h hψ=η R V                                 (1) 

( ) ( ) ,h h h h h h h h h+ + =M V C V V D V V τ            (2) 

where Rh(ψ) is the transformation matrix of the SUR, as 
shown in Eq. (3); Mh is the inertia matrix of the SUR, as 
shown in Eq. (4); Ch(Vh) is the Coriolis force and the 
centripetal force matrix, as shown in Eq. (5); Dh(Vh) is 
the damping matrix, as shown in Eq. (6); τh is the force 
generated by the actuator of the SUR, as shown in Eq. (7). 
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Substituting the parameters (Eq. (3) to Eq. (7)) into 
Eqs. (1) and (2) to obtain the horizontal kinematic 
equation of the SUR, as shown in Eq. (8). 
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2.2  S-function of the SUR 
After analyzing the kinematic equation of the SUR, 

this paper obtained the model parameters of the SUR. 
The total mass M of the SUR is shown in Eq. (9)[20]. 

,R AM M M= +                            (9) 

where MA is the additional mass parameter, as shown in 
Eq. (10). MR is the inertial mass parameter, as shown in 
Eq. (11). The damping coefficient DV is shown in  
Eq. (12).  

{ }
{ }
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After the model parameters are determined, this 
paper uses Matlab to write the S-function of the SUR, as 
shown in Table 1. The Parameters of additional mass 
coefficient , ,u v rX Y Z , as shown in Eq. (10); The pa-
rameters of inertial mass coefficient m and Ix, as shown 
in Eq. (11). The parameter of damping coefficient Xμ, Yν 
and Zr, as shown in Eq. (12). 

 
2.3  Ultrasonic sensor US1000-21A layout and opti-

mization 
This paper uses multi-sensor fusion technology to 

improve the obstacle avoidance ability of spherical un-
derwater robots in unknown environments[21–23]. The 
US1000-21A ultrasonic sensor module is used to com-
plete the path planning of the SUR. According to the 
motion characteristics of the SUR and the ranging prin-
ciple of the ultrasonic sensor, this paper designs the 
overall mechanical structure of the SUR, as shown in  
Fig. 1. A total of four ultrasonic sensors are arranged, 
and the two sides of the sensors are symmetrical. 

The SUR detects the distance from the surrounding 
obstacles by the ultrasonic sensors fixed on the robot. 
The angle between the front-left ultrasonic sensor and 
the central axis is 30˚, as is the front-right ultrasonic 
sensor, as shown in Fig. 1b. 

The   arrangement   of   the   ultrasonic   sensors   is  

Table 1  S-function of the SUR 

Algorithm 1  SUR-S-function 

1: function [ u , v , r , ξ ,η ,ψ ] = fcn(u, v, w, X, N, ξ, η, ψ) 
2: /*Initial Definition*/ 

3: /*Parameters of inertial mass coefficient*/ 

4: m = 3.58; 

5: I_z = 0.0075; 

6: /*Parameters of additional mass coefficient*/ 

7: X_ u  = −4.09; 

8: Y_ v  = −4.09; 

9: N_ r  = −4.09; 

10: /*Parameter of damping coefficient*/ 

11: X_u = −9.78; 

12: Y_v = −9.78; 

13: N_r = −9.78; 

14: X_uu = −0; 

15: Y_vv = −0; 

16: N_rr = −0; 

17: /*Main Function*/ 

18:
19:

/*The horizontal dynamic and kinematics equations of the  
SUR*/ 

20: u  = ((m − Y_ v )·v·r + (X_u + X_uu·abs(u))·u+X)/(m − X_ u ); 

21: v  = (−(m − X_ u )·u·r + (Y_v + Y_vv·abs(v))·v)/(m − Y_ v ); 

22: r  = (−(X_ u  − Y_ v )·u·v + (N_r + N_rr·abs(r)) · + N)/(I_z − N_ r );

23: ξ  = u·cos(ψ) − v·sin(ψ); 

24: η  = u·sin(ψ) + v·cos(ψ); 

25: ψ  = r; 

 
determined based on the safety distance of the SUR. This 
paper uses multi-sensor fusion technology to optimize 
the path planning of SUR. A total of four ultrasonic 
sensors are used. The schematic diagram of obstacle 
detection by the left and right sensors is shown in Fig. 2, 
where L1 and L2 represent the left-sensors, R1 and R2 
represent the right-sensors. According to the distribution 
of obstacles, the SUR movement can be divided into 
three situations: forward, leftward and rightward, re-
spectively. In order to obtain the minimum safety dis-
tance of the SUR, the center of the SUR is set as a ref-
erence point, the motion of the SUR can be regarded as 
circular motion, wherein the linear motion is the motion 
when the radius of the arc is infinite. The SUR has a 
certain time interval, generally 100 ms, when reading the 
sensor information. Therefore, when the SUR has a large 
speed, the time lag distance must be considered. The 
maximum moving speed of the SUR used in this paper is 
10 cm·s−1, and the time lag distance is at least 1.5 cm. 
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Fig. 1  Overall mechanical structure of the SUR. 

 
The SUR must keep a certain distance from the 

surrounding obstacles during the path planning process. 
In order to make the SUR successfully complete the path 
planning, the minimum safety distance of the SUR is 
obtained in this paper, as shown in Eq. (13). 

,rD R R= +                              (13) 

where R is the radius of motion of the robot and Rr is the 
radius of the SUR. 

Next, this paper will calculate the minimum safety 
distance of the SUR in the following two cases. The first 
case: When an obstacle is detected in front, the SUR 
needs to deflect a certain angle (circle motion) to avoid 
the obstacle. Assume that the movement speed of the 
SUR is v, the radius of the circular motion is R, and the 
rotation angle is 90˚, as shown in Fig. 3. The minimum 
safety distance can be obtained by Eq. (13). 

It can be seen from Fig. 3 that the radius R of the 
circular  motion  depends  on  the  moving  speed  v of the  

 
Fig. 2  Obstacle avoidance diagram of the SUR. 

 

 
Fig. 3  Minimum safety distance for the SUR with obstacles 
moving obstacles ahead. 

 
SUR. When the speed v is larger, the radius R is smaller. 
Since the maximum speed of the SUR is 10 cm·s−1, the 
radius R ≥ 15.8 cm can be obtained by the least square 
method. The distribution radius of the ultrasonic sensors in 
the SUR is 15.5 cm, so the actual minimum safe distance 
is D ≥ 15.8 + 15.5 = 31.3 cm, that is, do is about 15.8 cm. 
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Fig. 4  Minimum safety distance for the SUR with obstacles on the 
side (e.g. left) 
 

The second case: When an obstacle is detected on 
the side, for example, on the left, as shown in Fig. 4. 

In Fig. 4, α is the angle between the direction of 
movement and the ordinate of the global coordinate 
system. Assuming that the SUR makes a circular mo-
tion, the minimum safety distance can be obtained from 
Eq. (14). 

cos
  (1 cos ) 15.8(1 cos ) 15.5.

r r

r

D d R R R R
R R

θ
θ θ

= + = − × +
= − + ≥ − +

    (14) 

3  Models and simulation experiments 

3.1  Design of fuzzy controller for the SUR 
The SUR detects the distance of the obstacle 

through ultrasonic sensor (US1000-21A). A total of four 
ultrasonic sensors are arranged in this paper, which are 
divided into two groups. In each group, the smaller de-
tection distance is used as the input of the fuzzy con-
troller, that is, min (DL1, DL2) and min (DR1, DR2). Where 
DL1 is the left distance, DL2 is the front-left distance, DR1 
is the front-right distance, and DR2 is right distance. The 
input variable angle α is the angle between the target 
position and the robot position. The output variables are 
the rotation angle (θ) and the motion step (Sa). 

The membership function is determined by the 
linearization method, as shown in Eq. (15). The domain 
of distance d is [0 cm, 80 cm], which is described by 
three linguistic variables: near (ND), middle (MD), and 
far (FD). The domain of angle α is [−90˚, 90˚], which is 
described by three linguistic variables: left (TL), front 
(TF), and right (TR). The domain of the rotation angle θ 

of the SUR is [−90˚, 90˚], which is described by the 
language variables NL, NS, Z, PS, and PL. The domain 
of motion step Sa is [0, 6], which is described by lin-
guistic variables VS, V, and VF. 

1 10.x k x∗= −                          (15) 

In Eq. (15), x* represents the actual distance, x is the 
range of discrete points, and k1 represents the scale factor. 

The membership function shape of this paper is the 
symmetrical triangle. Defines that α is positive when the 
target is in front of the robot, and negative otherwise. 
When the obstacle is on the right side of the SUR, the 
membership function of the input variable distance d and 
angle α are shown in Fig. 5a. And the membership 
function of the output variable rotation angle θ and mo-
tion step Sa are shown in Fig. 5b. 

The path planning of the SUR actually adjusts the 
robot’s motion according to the position of the obstacle 
and target until it reaches the target position. The obsta-
cle avoidance principle is as follows: When multiple 
obstacles are detected, the one with the smallest distance 
is selected as the input. When the distance to the obstacle 
is closer, the speed of the robot is slower. When the 
distance is longer, the speed of the robot is faster. Fuzzy 
rules are described in the form of IF-THEN, as shown in 
Eq. (16). 

Ri: if (di is ND and α is TL) then (θ is NL and Sa is VF). 
                                     (16) 

The table of fuzzy control rules is shown in Table 2, 
where U represents the output variable, that is, the rota-
tion angle θ and motion step Sa. 

The fuzzy rule is a matrix that reflects the rela-
tionship between input variables and output variables, 
which can ensure that the robot can avoid obstacles 
safely and reach the target position smoothly. Next, this 
paper uses Mamdani’s reasoning method to obtain rea-
soning results, as shown in Fig. 6. The value relationship 
between variables can be obtained. 

This paper uses the center of gravity method for 
defuzzification, as shown in Eq. (17), which has the 
characteristics of strong rationality and high accu-
racy[24,25]. 

( )
( )0 .N

N

z z dz
Z

z dz

μ

μ

⋅
= ∫
∫

                        (17) 
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Fig. 5  Membership function of input and output variables of the SUR. (a) Membership function of the input variable distance d (left) and 
angle ɑ (right); (b) membership function of the output variable corner θ (left) and step size Sa (right). 

 
Table 2  Fuzzy control rule table 

 
 ND MD FD ND MD FD 

TL R1[PS, VZ] R4[NS, VS] R7[NL, VF] TL R1[PL, VF] R4[PS, VS] R7[NS, VS] 

TF R2[Z, VS] R5[Z, VF] R8[Z, VF] TF R2[Z, VS] R5[Z, VF] R8[Z, VF] 

TR R3[PL, VF] R6[PS, VS] R9[PS, VS] TR R3[PS, VZ] R6[NS, VS] R9[PL, VF] 

 

 
Fig. 6  The result of the fuzzy reasoning.   

DRDL 
 U 

a 

U

a
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Fig. 7  Fuzzy control simulation model for the SUR. 

 
In Eq. (7), ∫ represents the integral of all membership 
values on the continuous domain, μN (z) represents the  
membership function of the input variable, and z 
represents the center of gravity of the membership 
function of the output variable. The purpose of using 
the center of gravity method is to convert blur amount 
into the exact amount that is convenient for controlling 
the movement of the SUR, thereby achieving path 
planning. 
 
3.2  Simulation experiments in unknown environment 

In order to improve the obstacle avoidance per-
formance of the SUR, this paper adds its motion model 
to the control system and realizes it by S-function (Table 
1). The simulation model is designed as shown in Fig. 7, 
including the fuzzy controller, motion model, multi- 
sensor obstacle avoidance model, etc. 

After setting the sampling time and simulation pa-
rameters, the simulation experiments of the SUR in an 
unknown environment are completed, as shown in Fig. 8. 
To verify the effectiveness and practicability of the fuzzy 
control algorithm, the comparison experiments are set as 
follows: By changing the number of obstacles and the 
position of the target, the number of obstacles is set to 20 
(in Fig. 8a), and the number of obstacles is set to 30 (in 
Fig. 8b). 

Among them, the red curve represents the trajec-
tory of the SUR, and the blue represents the obstacles. 
From the simulation diagram, it can be clearly seen that 
the robot can effectively avoid the obstacles reaching the 
target point in real-time under the premise of not col-
liding with obstacles, and the trajectory is short, which 
has better effect. By changing the number of obstacles 

and the state of the target position, the fuzzy control 
algorithm in the unknown environment has a better ob-
stacle avoidance performance can be effectively veri-
fied. 

In order to more realistically simulate the experi-
mental environment, this paper uses the fuzzy control 
method to design state-based path planning experiments. 
The parameters of the SUR were set through the 
MOBOTSIM software platform, including the sensor 
distribution angle, detection range, and the number of 
sensors, etc. The set as follows: the number of sensors is 
4, the detection range is 0.8 m, the sensor interval of the 
left is 60 degrees, and the right too. 

According to the obstacle avoidance principle of 
the SUR, this paper uses the MOBOTSIM platform to 
complete the path planning experiments when there are 
obstacles in front and sides of the robot. Among them, 
the target position is indicated by the yellow circle, and 
the moving obstacle is indicated by the pink robot. 

The path planning experiment when there is a 
moving obstacle in front of the robot is shown in Fig. 9. 
Each group of experiments is tested three times. The 
starting position and the target position were kept con-
sistent during the experiments. Among them, the path 
planning experiment of the basic control method is 
shown in Fig. 9a. After using the novel fuzzy control 
method, as shown in Fig. 9b. It can be seen from Fig. 9 
that the robot trajectory is smoother and stable, and the 
robot can safely reach the target position. 

In order to further verify the effectiveness of the 
novel fuzzy control method, then, this paper carries out 
the path planning experiment when there is an obstacle 
on the side, as shown  in Fig. 10. The angle between the  
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Fig. 8  Simulation results of fuzzy control algorithm in unknown environments. (a) The number of obstacles is 20, and the simulation result 
of changing the target position; (b) the number of obstacles is 30, and the simulation result of changing the target position. 

 

 
Fig. 9  Simulation path planning experiments of relative motion 
between robot and obstacle. (a) Experiments with basic control 
method; (b) experiments with novel fuzzy control method. 

 
target position and the starting position is 45˚. The 
moving obstacle (pink robot) is located to the right of the 
master robot. It can be seen from the Fig. 10b that after 
using the novel fuzzy control method, the movement of 
the master robot is more stable, and the experimental 
error is reduced. 

4  Experimental results 

Most obstacles in the underwater environment are 
moving, so obstacle avoidance for stationary obstacles is 
difficult to verify the effectiveness and stability of robot 
movement. According to the obstacle avoidance model 
of the SUR, the underwater test is divided into two kinds 
of environments, the first test: Underwater path planning 
analysis under the environment of the moving obstacle 
in front. Second: Underwater path planning analysis 
under the environment of the moving obstacle on the 
side.  

Firstly, the underwater experimental platform that 
is 2500 mm in length, 2000 mm in width, and 900 mm in 
height, the water depth is 600 mm is built, as shown in 
Fig. 11. Among them, the NDI tracking system tracks 
the trajectory of the SUR through the passive rigid body  
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Fig. 10  Simulation path planning experiments with obstacle on 
the side. (a) Experiments with basic control method; (b) experi-
ments with novel fuzzy control method.  

 

 
Fig. 11  Experimental set up for underwater path planning ex-
periments. 

fixed on the robot. Then, the underwater path planning 
experiments of the SUR are carried out, including path 
planning experiments using the fuzzy control method 
and path planning experiments with basic control 
method. And the experimental results are analyzed 
which further verify the effectiveness and feasibility of 
the fuzzy control method. 

 
4.1  Path planning experiments with moving obstacle 

ahead 
In this experiment, two SURs were used. One SUR 

was used as the attached robot (Moving Obstacle), and 
one SUR was used as the master robot for underwater 
path planning experiments. 

In order to verify the obstacle avoidance ability and 
stability of the SUR with moving obstacle ahead, this 
paper sets as follows: The attached robot is located in 
front of the master robot, and the attached robot moves 
in a straight line. The target position of the master robot 
and the attached robot are in a straight line to ensure that 
the master robot continues to move toward the target 
position after avoiding the obstacle. The movement 
process of the master robot is shown in Fig. 12. When 
the robot detects no obstacle, in Fig. 12a, it tends to 
dominate the target behavior. When the obstacle is de-
tected, in Figs. 12b and 12c), the master robot is domi-
nated by obstacle avoidance behavior. In Figs. 12d–12f, 
the master robot will continue to move toward the target 
position after avoiding the obstacle until it reaches the 
target position. 

The trajectory of the master robot is shown in  
Fig. 13. This paper compares the two group experiments 
using the fuzzy control method and basic control method. 
The data is collected by the NDI system, and the starting 
position and target position of each group of experiments 
are consistent. Each group of experiments is tested three 
times. 

It can be seen from the trajectory that after the 
fuzzy control method is adopted, the detection distance 
of the master robot to the moving obstacle becomes 
smaller, the distance detection is more accurate, the 
reaction is more sensitive, and the motion trajectory is 
smoother. It also can be seen that the fuzzy control al-
gorithm reduces the actual distance that the master robot 
reaches the target position. 
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Fig. 12  Path planning experiments with moving obstacle in front. (a) t1; (b) t2; (c) t3; (d) t4; (e) t5; (f) t6. 

 

 
Fig. 13  The trajectory of the SUR with moving obstacle in front. 
(a) Experiments with basic control method; (b) experiments with 
novel fuzzy control method. 

 
4.2  Path planning experiments with moving obstacle 

on the side 
After completing the path planning experiments of 

the moving obstacles ahead, this paper also tested the 
obstacles  on the side,  and further  verified the  excellent  

 
Fig. 14  Path planning experiments with moving obstacle on the 
side. 

 
performance of the fuzzy control algorithm. In the ex-
periments with moving obstacles on the side, we used 
two SURs and set them as follows: the starting position 
of the robot is (300, 1200) and the target position is 
(1600, 380). And the obstacle is located on the left side 
of the master robot. The robot motion is shown in  
Fig. 14. 

During the movement of the master robot, when the 
main robot detects an obstacle on the left side (t = 4 s), it 
starts to turn right to avoid obstacles. When avoiding the  
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Fig. 15  The trajectory of the SUR with moving obstacle on the 
side. (a) Experiments with basic control method; (b) experiments 
with novel fuzzy control method. 
 
obstacle, it starts to turn left and moves toward the target 
position (t = 8 s). Until the target position is reached.  

We also compared the two experiments using the 
fuzzy control algorithm and with basic control method, 
as shown in Fig. 15. Each group of experiments ensures 
that the robot’s motion speed, starting position and target 
position are the same. 

It can be seen from Fig. 15 that the master robot 
with basic control method will have a jitter phenomenon 
during the motion, and the motion is unstable. Especially 
the jitter of motion trajectory in the obstacle avoidance 
process is serious. After adopting the fuzzy control al-
gorithm, the motion trajectory has changed greatly, and 
the distance to reach the target position of the SUR has 
been shortened. 

5  Discussion 

When the SUR moves in the unknown water sur-
face and underwater environments, the stability of the 
robot’s movement is crucial for autonomous navigation 
and path planning. In order to effectively prove the ef-
fectiveness of the novel fuzzy control method, this paper 
guarantees that the starting position of the robot and the 

target position are same in the simulation and real en-
vironments. The same setting includes the number of 
sensors which is set to 4, the interval between sensors 
which is set to 60˚, and the radius of robot is set to  
15.5 cm, etc. 

 
5.1  Evaluation of average time performance for the 

SUR 
In the simulation experiments, as shown in Fig. 9 

and Fig. 10, we set the same experimental parameters for 
each group, including the starting position, target posi-
tion, and the movement speed of slave robot (the moving 
obstacle), the function of SetTimeStep etc, which ensure 
the reliability of the experiments. It can be seen from the 
Fig. 9a and Fig. 10a that when the robot adopts the basic 
control method, although the robot can safely reach the 
target position, during the movement, the robot’s motion 
trajectory is unstable and it is difficult to move along the 
ideal trajectory. After adopting the novel fuzzy control 
method, as shown in Fig. 9b and Fig. 10b, the robot’s 
motion is more stable, and the trajectory is almost the 
same every time, which guarantees the safe and reliable 
execution of tasks by the SUR. The parameter settings in 
the simulation experiments are shown in Table 3. 

Next, this paper debugs the water jet motor to en-
sure that the thrust of four water jet motors remains the 
same in a real environment. This ensures the stable 
execution of the path planning experiment of the SUR. 
The thrust of the water jet thruster used in this paper is 
0.2 N, and the input voltage is 9 V. After adopting the 
fuzzy control method, it can be seen from Fig. 13 and 
Fig. 15 that the SUR moves more stably, reduces the 
experimental error, and approaches the ideal trajectory. 

The underwater experiments will still be disturbed 
by the external environment, which may cause the SUR 
to deviate from the ideal trajectory. This paper uses the 
following methods to deal with the interference of un-
certain factors: Firstly, because water waves will affect 
the stability of the underwater robot, when the experi-
ment is performed, this paper sets the robot’s starting 
position and target position to be the same, also makes 
sure that the interval between experiments is certain to 
reduce the interference of water waves on the robot mo-
tion. Next, in order to ensure the accuracy of the path 
planning  experiments  in   unknown  environments,  this  
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Table 3  Setting parameters for comparison experiments in simulation environments 

Experiments Algorithm Initial position (m) Target position (m) Slave robot speed (cm·s−1) SetTimeStep (s)

With basic control 
The moving obstacle in front 

With fuzzy control 
(0, 0.95) (2.1, 0.95) 30 0.2 

With basic control 
The moving obstacle on the side 

With fuzzy control 
(0.3, 1.2) (1.6, 0.38) 30 0.2 

      

 
Table 4  Setting parameters for comparison experiments in real environments 

Experiments Algorithm Initial position
(mm) 

Target position
(mm) 

Sampling time
(s) 

Water jet thrust 
(N) 

Average time 
(s) 

With basic control 38.3 
The moving obstacle in front 

With fuzzy control 
(0, 950) (2100, 950) 40 0.2 

23.5 

With basic control 36.9 
The moving obstacle on the side 

With fuzzy control 
(300, 1200) (1600, 380) 40 0.2 

23.6 
       

 
paper uses NDI to track the robot trajectory with a 
measurement accuracy of 0.3 mm RMS. 

Because the measurement range of NDI tracking 
system is limited, within 3.5 m, the measurement envi-
ronment is limited. In order to more intuitively verify the 
performance of the fuzzy control algorithm, the average 
time of each group of experiments is calculated in this 
paper, as shown in Table 2. Due to the length of the 
actual distance is related to the time taken by the master 
robot to reach the target position, this paper guarantees 
that the starting position and target position of each 
group of experiments are consistent. Each group of ex-
periments is tested three times, and the NDI tracking 
system is used to track the trajectory of the SUR. Each 
group of experiments verifies the effectiveness of the 
fuzzy control method by calculating the average time it 
takes for the robot to reach the target position. 

It can be seen from Table 4 that the fuzzy control 
algorithm shortens the time it takes for the SUR to reach 
the target position by about 14 s. It can also be seen from 
the motion trajectory that the robot’s response to obsta-
cles is more sensitive, improving its self-adjust ability. 

 
5.2  Evaluation of path travelled performance for the 

SUR 
After analyzing the average time, this paper further 

calculated the path travelled of each experiment and 
analyzed the results. The path travelled is mainly re-
flected by the distance of the robot from the starting 
point to the target point. 

The path travelled of the SUR in the simulation 
environment is shown in Fig. 16. Among them, the 

red-bar represents the straight-line distance from the 
starting point to the target point. The green-bar repre-
sents the path travelled using the basic control method. 
The yellow-bar represents the path travelled using the 
fuzzy control method. Fig. 16a is the path travelled when 
there is a moving obstacle in front, the ideal distance is 
2100 mm. By calculating the average path travelled, the 
average travelled distance after using the basic control 
method is about 2300 mm, and the average path trav-
elled after using the novel fuzzy control method is about 
2180 mm. It can be seen that the path travelled is 
shortened by approximately 120 mm. Similarly, this 
paper also calculated the path travelled when there is a 
moving obstacle on the side, as shown in Fig. 16b, the 
ideal distance is 1430 mm. The path travelled after using 
the basic control method is about 1670 mm, and the 
average path travelled after using the novel fuzzy control 
method is about 1500 mm. It can be seen that the path 
travelled is shortened by approximately 170 mm. 

The path travelled of the SUR in the real environ-
ment is shown in Fig. 17. The path travelled when there 
is a moving obstacle in front is shown in Fig. 17a, and 
the ideal distance is consistent with the simulation. The 
average path travelled after using the basic control 
method is about 2300 mm, and the average path trav-
elled after using the novel fuzzy control method is about 
2200 mm. It can be seen that the path travelled is 
shortened by approximately 100 mm. The path travelled 
when there is a moving obstacle on the side is shown in 
Fig. 17b, and the ideal distance is also consistent with 
the simulation. The average path travelled after using the 
basic control method is about 1750 mm, and the average  
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Fig. 16  Experimental result of the robot path travelled in simulation environment. (a) The moving obstacle in front; (b) the moving 
obstacle on the side. 

 

 
Fig. 17  Experimental result of the robot path travelled in real environment. (a) The moving obstacle in front; (b) the moving obstacle on 
the side. 

 
path travelled after using the novel fuzzy control algo-
rithm is about 1540 mm. It can be seen that the path 
travelled is shortened by approximately 210 mm. 

In the real environment, due to the existence of 
certain external interference, the path of the SUR will 
have certain changes. However, it can be seen from the 
path planning experiments when there are the moving 
obstacle in front (Figs. 16a and 17a) and the moving 
obstacle on the side (Figs. 16b and 17b), the average 
path travelled is almost the same, which further validates 
the effectiveness and feasibility of the proposed method. 

 
5.3  Evaluation of path deviation performance for the 

SUR 
Finally, after carrying out the path planning ex-

periments (simulation and real environment), this paper 
further analyzed the error, as shown in Fig. 18. Under the 

same conditions, the error also quickly converges and is 
adjusted by the controller. The error is stable between  
0 m and 0.1 m, and the error is small. In the experiments 
under simulation and real environment, there are still 
some deviations. The main reason is that the robot will 
be subject to certain external interference in the under-
water environment, and the system will appear corre-
sponding jitter, but the overall error does not exceed 5%, 
which meets the actual requirements of the engineering. 
Therefore, the error analysis experiment further proves 
the feasibility and effectiveness of the proposed method.  

The novel fuzzy control method used in this paper 
not only improves the flexibility of the SUR, but also 
optimizes the time and distance for the robot to reach the 
target position, and the motion trajectory is smoother. 
This will ensure the execution efficiency of the SUR in 
unknown environments. 
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Fig. 18  The error in path planning experiments (Simulation and 
real environment). 

 

6  Conclusion and future work 

To improve the autonomous navigation of the SUR 
in the unknown environment, this paper proposed a path 
planning method for the SUR based on fuzzy control. 
Firstly, by analyzing the kinematic model of the SUR, 
this paper completed the arrangement of the ultrasonic 
sensors (US1000-21A), and calculated the minimum 
safety distance. This paper, then, designed the fuzzy 
controller using Matlab Fuzzy Toolbox, and constructed 
the good control response table, and also carried out 
simulation experiments in an unknown environment. 
Next, a series of underwater path planning experiments 
were performed in this paper using ultrasonic sensors. 
The scenario of the path planning experiments were as 
follows: Scenario 1, with moving obstacle in front; 
Scenario 2, with moving obstacle on the side. Finally, 
this paper completed comparative experiments that with 
using fuzzy control method and basic control method, 
and analyzed the experimental results by calculating the 
average time.  

The experimental results showed that the fuzzy 
control method met the autonomous navigation re-
quirements of the SUR in unknown environments, and 
verified the effectiveness and feasibility of the fuzzy 
control system. In the future, we will use the SUR to 
complete experiments in deep water. 
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