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ABSTRACT
Underwater spherical robot motion control can be used to simulate satellite motion control under
weightlessness. In this paper, firstly the motion equation of spherical robot is established by
force analysis. Then, to solve the nonlinear and control channel coupling problems, the CMAC-
PID control algorithm with neural network decoupling and genetic algorithm optimization is
proposed. In the algorithm, CMAC-PID compound control is designed to generate control sig-
nals, and neural network decoupler is designed to decouple multi-channel control into single-
channel control, and genetic algorithm is adopted to obtain the best PID parameters. The simula-
tion results show that the GA can obtain the appropriate parameters quickly, and the decoupler
can adapt to the change of the attitude of the controlled object. Compared with conventional
PID control method, the proposed algorithm shows fast dynamic response and high steady-
state accuracy, which can be used for reference of neutral buoyancy experimental object motion
control.
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1. Introduction

Underwater motion control experimental simulation can
be used to simulateweightlessness in space environment
by submerging the tested object in the water completely
and making the gravity of the object be equal with the
buoyancy it subjected by accurately adjusted counter-
weight (Churchill, Akin, & Howard, 1993).

There have been numerous studies about modelling
the experimental object. Most modelling takes Newton
–Euler approach. Isa and Arshad (2013) established the
motion equation of the underwater vehicle in the form
of the vector on the basis of the Newton-Euler method,
which is concise and common in form, and easy to carry
out theoretical analysis. According to the characteristics
of the autonomous underwater vehicle (short for AUV)
with single vectored thruster. Wang et al. (2014) estab-
lished the 6-DOF kinematic model and dynamic model of
the AUV by Newton-Euler method. Isa and Arshad (2012)
addressed mathematical model for a buoyancy-driven
underwater glider on the basis of the AUV characteristics.
And the recursive Newton-Euler approach is adopted to
develop the direct dynamic function.

There have been numerous studies about controlling
the experimental object. The underwater vehicle gen-
erally adopts PID control but also adopts other compli-
cated control methods. Khodayari and Balochian (2015)
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combined adaptive methods and dual PID controllers to
solve theuncertainty challenge in the PIDparameters and
AUV modelling uncertainty. Yang and Ma (2011) devel-
oped a nonlinear feedforward and feedback controller
to improve the inherent efficiency. The method adopted
a new stable inversion technique and a quadratic opti-
mal control method. Keehong, Chung, and Slotine (2010)
presented biologically inspired control strategies for an
autonomous underwater vehicle propelled by flapping
fins that resemble the paddle-like fore limbs of a sea
turtle.

The control algorithm mentioned above is compli-
cated, the calculation is not fast enough, and the delay
effect can reduce the control precision. At the same time,
the constant variation of the coupling degree between
the hydrodynamic parameters and the propeller makes
the above algorithms not ideal for adaptive performance.

To solve these problems, the multidimensional PID
and Cerebellar Model Articulation Controller (short for
CMAC) compound control algorithm, which is based on
the dynamic decoupling and genetic algorithm, is pro-
posed. In the algorithm, CMAC-PID compound control
are used to generate control signals, and a two-layer
neural network decoupler is used to decouple multi-
channel control into single-channel control, and genetic
algorithm is used to optimize PID parameters.
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2. Dynamics model of the robot

2.1. Coordinate system and coordinate system
transformation

As shown below in Figure 1, the origin of specified refer-
ence coordinate system (E − ξηζ )was designated in the
zero point of the measurement coordinate system, with
the Eξ , Eη and Eζ pointing to the geographical east, geo-
graphical south and geocentric, respectively. Themoving
coordinate system (O − xyz) was fixed on the plant, and
the origin O was the center of mass of the plant with Ox
axis pointing to the right front of the plant, Oy axis point-
ing to the right side of the plant and Oz axis pointing to
the bottom of the plant.

The fixed coordinate system is superimposed with the
moving coordinate system after three times of rotation,
so the formula of the coordinate system transformation is
shown as follows: ⎡

⎣ξη
ζ

⎤
⎦ = T ·

⎡
⎣x
y
z

⎤
⎦ , (1)

where the rotation matrix T is

T =

⎡
⎢⎢⎢⎢⎣
cosψ cos θ cosψ sin θ sinϕ cosψ sin θ cosϕ

− sinψ cosϕ + sinψ sinϕ
sinψ cos θ sinψ sin θ sinϕ sinψ sin θ cos

+ cosψ cosϕ − cosψ sinϕ
− sin θ cos θ sinϕ cos θ cosϕ

ϕ

⎤
⎥⎥⎥⎥⎦ ,

(2)

where ϕ is roll angle, θ is pitch angle and ψ is yaw
angle.

2.2. Gravity andmoment of gravity

The gravity and the moment of gravity of the plant are
projected into the moving coordinate system, expressed
as follow:[

FG
MG

]
= G[ − sin θ cos θ sinϕ 0 0 0 ]T, (3)

where FG is gravity vector of three directions in moving
coordinate system,MG is gravity moment vector of three

Figure 1. Fixed coordinate system and moving coordinate
system.

directions in moving coordinate system, G is The gravity
of the experimental plant, ϕ is roll angle, θ is pitch angle
andψ is yaw angle.

2.3. Buoyancy and buoyancymoment

The buoyancy of the plant subjected is projected into the
moving coordinate system, expressed as follow:

[
FB
MB

]
= −B

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

− sin θ
cos θ sinϕ
cos θ cosϕ

zb cos θ sinϕ − yb cos θ cosϕ
xb cos θ cosϕ + zb sin θ
−yb sin θ − xb cos θ sinϕ

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
, (4)

where FB is buoyancy vector of three directions in mov-
ing coordinate system, MB is buoyancy moment vector
of three directions in moving coordinate system, B is the
buoyancy the plant subjected, and the ( xb yb zb )T is
theprojectionof thebuoyancy center in themoving coor-
dinate system, ϕ is roll angle, θ is pitch angle andψ is yaw
angle.

2.4. Hydrodynamic force and torque

In general, the hydrodynamics are related to a variety of
factors, including the scale and shape of the plant, the
physical state of the plant, the physical and geometric
properties of the flow field, and the control elements of
the propeller and so on. Since the plant is a symmetric
sphere with slowmoving speed, the predominant hydro-
dynamic force of the fluid inertia is considered only in
order to facilitate the design of control law. In terms of six
degrees of freedom, its forces and moment of forces are
expressed as follow:

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Xf
Yf
Zf
Kf
Mf

Nf

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−λ11 •
u−λ33wq + λ22vr

−λ22 •
v−λ11ur + λ33wp

−λ33 •
w−λ22vp + λ11uq

−λ44
•
p

−λ55
•
q

−λ66 •
r

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (5)

where(λ11 λ22 λ33) is the additional mass, and the
(λ44 λ55 λ66) is the additional moment of inertia, (u,
v, w) is the speed in the moving coordinate system, (p, q,
r) is angular velocity in the moving coordinate system.

2.5. Thrust of the propeller and its thrust torque

The plant with six degrees of freedom is a symmetrical
sphere, being equipped with three pairs of propellers,
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Figure 2. Position and direction of propellers.

6 sets of propellers in total. Every pair of propellers is
deployed along each of the three axes on the surface of
the plant, as shown in Figure 2.

The resultant force and moment generated by the
propellers in the moving coordinate system are

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Tx
Ty
Tz
Mx
My
Mz

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

T1 + T2
T3 + T4
T5 + T6

R3T3 + R4T4
R5T5 + R6T6
R1T1 + R2T2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
, (6)

where Ri is the vertical distance between the ith propeller
and the axis parallel with the propeller, Ti is the force of
ith propeller.

2.6. Kinematics equation

The transformation formulas of the velocity and angular
velocity between the fixed coordinate system and mov-
ing coordinate system are shown as follow:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

•
ϕ
•
θ
•
ψ
•
ε
•
η
•
ζ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

p + q tan θ sinϕ + r tan θ cosϕ
q cosϕ − r sinϕ

q sinϕ cos θ + r cosϕ sec θ
u cosψ cos θ + v(cosψ sin θ sinϕ − sinψ cosϕ)

+w(cosψ sin θ sinϕ − sinψ sinϕ)
u sinψ cos θ + v(sinψ sin θ sinϕ + cosψ cosϕ)

+w(sinψ sin θ cosϕ − cosψ sinϕ)
v cos θ sinϕ + w cos θ cosϕ − u sin θ

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(7)

2.7. Kinetic equation

According to the centre of mass motion theorem and
themomentofmomentumtheorem, and the relationship
between the absolute derivative and the relative deriva-
tive, the kinetic equation is obtained, as shown below:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

m(
•
u+qw − rv) = X

m(
•
v+ru − pw) = Y

m(
•
w+pv − qu) = Z

Ix
•
p+(Iz − Iy)qr = K

Iy
•
q+(Ix − Iz)rp = M

Iz
•
r +(Iy − Iz)pq = N

(8)

wherem is mass of the robot, Ix , Iy , Iz is moment of inertia
of the robot.

3. Design of CMAC-PID controller

The CMAC takes advantage of the associative memory
and look-up table technology to achieve fast learning
speedonlinewith strongnonlinear approximation ability,
so it canbeusedeffectively for real-timedynamics control
(Lin & Chen, 2001).

The overall control structure of the experimental body
is shown in Figure 3 as below. It is a six closed-loop
feedback control system. The actual location and attitude
information is compared with the set value to generate
the error signal. The error signal is processed by the con-
troller and the decoupling device to drive six propellers
to change the position and attitude of the subject. Each
channel consists of a CMAC-PID controller which has fast
learning ability and nonlinear approximation ability.

Figure 3. System control structure.
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The implementation process of single loop CMAC and
PID compound control algorithm is shown as follows.

The value range of input space S is [Smin, Smax], which
is divided into N+2C fractions:⎧⎪⎪⎨

⎪⎪⎩
v1 = v2 = · · · = vc = Smin

vi = vi−1 +
vi(i = c + 1, c + 2, . . . , c + N),

vN+c+1 = · · · = vN+2c = Smax

(9)

whereN is the quantize levels, c is the fraction generaliza-
tion parameter.

The formula of the actual CMAC mapping method is
described as follows:

ai =
{
1, Si ∈ [vi, vi+c], i = c + 1, c + 2, . . . , c + N

0, others
(10)

The CMAC weightsw = [w1,w2, . . . ,wN] is adjust accord-
ing to gradient descent method, as shown as follow:

E(k) = 1
2
(un(k)− u(k))2 · ai

c
,


w(k) = −η ∂E
∂w

= η
u(k)− un(k)

c
ai,

w(k) = w(k − 1)+
w(k)+ α · (w(k)− w(k − 1)),
(11)

where η(0 < η < 1) is the learning rate of the CMAC neu-
ral network, α(0 < α < 1) is the inertia coefficient.

The output of CMAC is

un(k) =
c∑

i=1

wiai (12)

The total control output is superposition of CMAC and
PID:

u(k) = un(k)+ up(k). (13)

4. Design of neural network decouple method

There is not only the coupling between the six control
channels, but also the coupling degree will change with
the changing of the attitude of the experimental object
(Vega, Chocron, & Benbouzid, 2016). So a two-layer lin-
ear neural network decouple method is designed. The
decoupling principle is shown below as Figure 4.

The input and output relation of the neural network
decoupler can be described by V = MU as⎡

⎢⎢⎢⎢⎢⎢⎢⎣

v1
v2
v3
v4
v5
v6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎣
m11 · · · m16
...

. . .
...

m61 · · · m66

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

u1
u2
u3
u4
u5
u6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(14)

Figure 4. Neural network decoupler.

The input and output relations of the object can be
described by Y = GV as

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

y1
y2
y3
y4
y5
y6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎣
g11 · · · g16
...

. . .
...

g61 · · · g66

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

v1
v2
v3
v4
v5
v6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(15)

So the input and output relations of the decoupler and
the object can be described by Y = GMU as below:

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

y1
y2
y3
y4
y5
y6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎣
g11 · · · g16
...

. . .
...

g61 · · · g66

⎤
⎥⎦

⎡
⎢⎣
m11 · · · m16
...

. . .
...

m61 · · · m66

⎤
⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

u1
u2
u3
u4
u5
u6

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
(16)

The total system error can be defined as

E(k) =
6∑

s=1

es(k) =
6∑

s=1

(rs(k)− ys(k)) (17)

The goal of the decoupler is to transform the matrix GM
into a diagonal matrix. For the transfer matrix G is hard to
obtain, the method used here is to reduce the total sys-
tem error by adjusting the weight matrix M by gradient
descent method as follows:
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mij(k) = −η ∂E(k)
∂mij(k)

= −η
6∑

s=1

∂es(k)

∂mij(k)

= −η
6∑

s=1

∂(rs(k)− ys(k))

∂mij(k)

= η

6∑
s=1

∂ys(k)

∂mij(k)

= η

6∑
s=1

∂ys(k)

∂vi(k)

∂vi(k)

∂wij(k)

= η

6∑
s=1

∂ys(k)

∂vi(k)
uj(k)

= η

6∑
s=1

sgn
ys(k)− ys(k − 1)
vi(k)− vi(k − 1)

uj(k)

= ηuj(k)
6∑

s=1

sgn
ys(k)− ys(k − 1)
vi(k)− vi(k − 1)

(18)

where the value of the ∂ys(k)/∂vi(k) could not be
achieved for the specific parameters is unknown, how-
ever, its sign can be used as an approximation.

So the neural network decoupler weight adjustment
method is⎧⎪⎨
⎪⎩
mij(k) = mij(k − 1)+ ηuj(k)

6∑
s=1

sgn ys(k)−ys(k−1)
vi(k)−vi(k−1) , i �= j

mij(k) = 1 , i = j
(19)

5. Optimization of control parameters based on
genetic algorithm.

The PID not only serves as the primary controller in the
initial stage but also serves as the tutor signal for the
CMAC. Therefore, the selection of appropriate PID param-
eters is of great significance to the whole control system.
Genetic algorithms can solve complex linear and nonlin-
ear problems, and it also can be used inmultidimensional
space optimization problems (Gupta, Agarwal, & Kumar,
2013). So genetic algorithm is selected to optimize PID
parameters in this paper.

First of all, the real value encoding is selected in
this paper. In the genetic algorithm, fitness function is
the main index to describe the individual performance.
According to the fitness level, the individual performs the
survival of the fittest. Fitness is the driving force of the
genetic algorithm.

To achieve better dynamic characteristics in the transi-
tion process, the systematic error e (t) is introduced into

the formula. To limit the control energy, the controller
output u (t) is introduced. In addition, to avoid overshoot,
the penalty mechanism is introduced. That is, when ey (t)
= y (t)−y (t−1) < 0 happens, it will be introduced in the
optimal indicator. So, the optimal indicator can be shown
as follows:

J =

⎧⎪⎪⎨
⎪⎪⎩

∞∫
0
(t|e(t)| + t|u(t)|)dt, if ey(t) ≥ 0

∞
∫
0
(t|e(t)|+t|u(t)|+t|ey(t)|)dt, if ey(t) < 0

(20)
Therefore, the fitness function can be obtained as follows:

f = 1/J (21)

The selection of fitness function directly affects the con-
vergence speed of genetic algorithm and the ability to
find the optimal solution. So the design of fitness function
shouldbe as simple as possible tominimize the time com-
plexity of the calculation. The fitness ratiomethod is used
to select. The greater the individual fitness, the higher the
probability of selection, and vice versa. That is

Psi = fi/
n∑
j=1

fj, (22)

where Psi is the ith individual selection probability, fi is
the ith individual fitness value, and n is the population
number.

Crossover refers to the operation of generating new
individuals by substituting the partial structure of the
two parent individuals. By crossing, the search ability
of genetic algorithm can be improved. The single-point
crossover operator is used in themethod. In this case, the
adaptive mutation probability is used, that is to say, the
variation probability is related to fitness, the less fitness,
the greater the probability of mutation, and vice versa.

pc =
{

k1(fmax−fb)
fmax−favg

, fb ≥ favg

k2 , fb < favg
(23)

pm =
{

k2(fmax−f )
fmax−favg

, f ≥ favg

k4 , f < favg
(24)

where pc is the crossover ratio, pm is the mutation ratio,
fmax is the maximum individual fitness in the population,
favg is the average individual fitness in the population, fb
is the greater fitness of two individuals involved in the
crossover, and f is the individual fitness k1 = 0.65, k2 =
0.85, k3 = 0.05, k4 = 0.15 .

6. Simulation analysis

The algorithm proposed in this paper is adopted. In
the algorithm, CMAC-PID compound control are used to
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Figure 5. The adjustment process of J.

Figure 6. The adjustment process of Kp.

generate control signals, and two layers of neural net-
works decoupler are used todecouplemulti-channel con-
trol into single-channel control, and genetic algorithm is
used to optimize PID parameters.

The spherical controlled object can be simplified to a
sphere with a mass of 40.32 kg and a diameter of 0.59 m.
The centre of gravity and the centre of buoyancy of the
experimental object on the three axes of xyz cannot be
completely consistent, but the deviation is less than 0.02
m by accurate balancing.

The initial position and attitude angle of the controlled
object is (0 m, 0 m, 0 m, 0°,0°,0°). The initial velocity and
acceleration of controlled object is zero. The target posi-
tion and attitude angle is (1 m, 1 m, 1 m, 0°, 0°, 30°). The
simulation is performed in the MATLAB, with duration of
100 s and step of 1ms.

Genetic algorithm is used with 200 samples and
adaptive mutation probability. Crossover and mutation
probability parameter KP values in the range of [0, 20]. Kd
values in the range of [0.1, 10]. Real number encoding is
adopted. After evolving over 100 generations, the opti-
mization of the parameters are obtained: KP = 6.54, kd

= 0.73. The optimization process of the cost function J
and Kp are shown in the figure below.

As shown in Figure 5, the cost function J drops rapidly
in 34 iteration times. Then the adjustment speed slows
down, and finally stabilizes around 8.12, showing a good
evolution effect.

Figure 6 as below is the change curve of Kp in PID
parameter adjustment process. It can be seen that the
optimal value of the Kp can be obtained after 35 iteration
times.

The initial value of the two-layer neural network
decoupling matrix is a diagonal matrix. With the change
of the attitude of the experimental body, the weight of
the decoupled matrix will be changed to reduce the cou-
pling degree. The following Figure 7 shows the decoupler
weight matrix at a certain moment in the calculation
process.

The simulation results of the control algorithm pro-
posed by this paper and the conventional PID control are
shown as follow.

As shown in Figure 8 below, the black solid curve is the
position adjustment curve in the E − ξ direction of the
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Figure 7. Weight matrix of NN decoupler.

fixed coordinate system. From the figure, it is observed
that the plant moved fast in the early phase, and it
reached the designated position at the time of 57 s after
fine tuning, and then it kept stable within the error limit
of 0.02m, so it had a high steady-state accuracy. The blue
broken curve is the position curve in the E − ξ direction
when the conventional PID is used to control the plant.
From the figure, it is known that the moving speed of the

plant is relatively slow, the process of the plant reaching
the steady-state costs more time.

As shown in Figure 9 below, the black solid curve
is the yaw angle adjustment curve when the proposed
algorithm is adopted, and the blue broke curve is the
yaw angle adjustment curve when the conventional PID
is adopted. The goal angle is 30 degrees. From the figure,
it is observed that the black solid curve performs smaller
overshoot and can get to the stable state faster than the
blue broken curve. In addition, this method avoids the
trouble of manually adjusting PID parameters.

When the interference of water flow exists, the change
of running track is simulated. As shown in Figure 10
below, the black solid curve is the position adjustment
curve in the E − ξ directionof the fixed coordinate system
in the absence of external interference. In order to sim-
ulate the water fluctuation in the water tank, sinusoidal
signal with amplitude of 0.01 m and a frequency of 0.5
rad/s was used in the simulation. The blue broken curve

Figure 8. Position adjustment process.

Figure 9. Angle adjustment process.
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Figure 10. Position adjustment curve under different disturbances.

is the position adjustment under water fluctuation. From
the figure, it is observed that the robot can reach the
designated position in 34 s and then keep fluctuating
around thedesignatedpositionwith the amplitude about
0.05 m. The green broken line is the position adjustment
curve when the robot is at upstream with velocity 0.3
m/s. As can be seen from the figure, under the action
of counter-current, the robot first moves backward, then
moves toward the designated position, and finally stabi-
lizes at the designated position in about 37 s. From the
figure, it is observed that the algorithm proposed can
good resist the flow from one direction. However, when
the robot is in a stable state, the suppression of fluctua-
tion is not very good, which requires further research. In
conclusion, the result shows that the algorithm proposed
by this paper is much better than the conventional PID
control method.

7. Conclusion

In this paper, the motion control system of a six degrees
of freedom spherical controlled object in the tank under
neutral buoyancy is studied. Firstly, the motion equation
of the controlled object was established by force analy-
sis. Then, a control method based on CMAC is designed,
and neural network decoupling and genetic algorithm
parameter optimization are adopted. The calculation pro-
cess shows that the decoupling matrix can adapt to
changes in the body posture, the genetic algorithm can
get good mentor parameters in a short time. The simu-
lation result shows that the control algorithm proposed
in this paper, with better dynamic characteristics and
steady-state accuracy, is much better than conventional
PID control for the proposed algorithm. Therefore, this
algorithm proposed is a useful method in motion control
under neutral buoyancy.
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