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Abstract: In this paper, an energy-saving model-free adaptive control (MFAC) is proposed for
the control of the bionic robotic fish. First, the original MFAC controllers for the speed based
on the full form dynamic linearization data model are presented as an example of the controlled
variable of the controlled object. Then by modifying the criterion function for control input
optimization, an energy-saving MFAC controller is designed to reduce the energy consumption.
The proposed method is a data-driven control method, which means that the control system
designing process merely needs input and output (I/O) measurement data of the controlled
plant, and does not need any model information. Simulation results demonstrate the effectiveness
of the improved MFAC in speed and attitude control of the bionic robotic fish.
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1. INTRODUCTION

To exploit marine resources and realize complex under-
water tasks, bionic underwater vehicle has become a hot
topic in this field. Due to the characteristics of good
fluid property and high swimming efficiency, the flapping
wing fish provides better motion performance than the
traditional propeller driving model [Wang et al. (2009)].
Lots of excellent work has been done in this field. Among
them, batoid fish and its swimming mode attract many
researchers’ attention. Its swimming requires only a pair
of large pectoral fins, so the motion control is main task
to tackle with [Lu et al. (2018); Chung et al. (2006)].

Over the years, there are some control methods proposed
for the control of the bionic robotic fish, and most of
them are designed based on the kinematics model of the
designed robotic fish [Li et al. (2010); Niu et al. (2014); Cai
et al. (2010)], dynamics model [Shen et al. (2015); Moored
et al. (2011a); Moored et al. (2011b)] and central pattern
generator control method [Tkeda et al. (2013); Crespi et al.
(2008)]. From the system control point of view, they can
be recognized as the model based control methods since
them are designed by accurate controlled fish mechan-
ic structures or motion dynamics models. However, the
performance of these control methods usually significantly
depend on the system models, and suffers a lots for their
robustness when they are implemented in practical ocean
environment.
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In order to deal with the strong coupling of underwater
motion and nonlinear hydrodynamics [Yoerger and Slotine
(1985)], and the questionable performance of the inaccu-
rate fish’s modeling based on traditional control methods,
a data-driven model free adaptive control method for the
bionic robotic fish is proposed in this paper. The data-
driven control can provide a new way for the study of
bionic robotic fish [Hou et al. (2017); Zhu and Hou (2017)].
As we know, PID control is the first data driven control,
and it has gotten numerical successful applications in
various fields [Samad (2017)]. However, its control perfor-
mance to some complex controlled plants usually exhibit
a poor behavior due to an improper parameter tunings.
Theoretically speaking, a good PID parameter tuning for
a complex controlled plant is an impossible task, which is
already demonstrated and verified in the past century’s
control engineering practices due to the fact that the
PID controller parameters should be a time-varying ones
essentially [Hou and Xiong (2019)]. In this paper, we will
use a novel data driven control method, called model-free
adaptive control (MFAC), including the PID as a special
case, to control the speed and the attitude of the bionic
robotic fish.

MFAC, as a data-driven control method for a class of the
discrete-time nonlinear systems, was originally proposed
by Hou in 1994 [Hou (1994)]. MFAC could be designed
merely using the closed-loop input-output data of the
controlled plant, and the controller structure is determined
by the optimization on the one-step-ahead control input
criterion via the dynamic linearization data model, which
is dynamically modeled at each working point by using
the I/O data with help of the novel concept called pseudo-
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gradient(PG) or pseudo-partial derivative (PPD) of the
controlled plant [Hou and Jin (2011b)]. The dynamic
linearization technique includes three kind of dynamic
linearization data models, that is, the compact-form dy-
namic linearization (CFDL) data model, the partial-form
dynamic linearization (PFDL) data model, and the full-
form dynamic linearization (FFDL) data model [Hou and
Jin (2011a)]. The controller parameters are then on-line
tuned by using the projection algorithm with help of the
pre-specified data model.

After years of development, the MFAC is gradually shaped
as a systematic work, and has been successfully applied in
many specific practical fields, e.g., data dropout compen-
sation control [Pang et al. (2016)], linear motor control [Li
et al. (2017)], chemical field [Zhu et al. (2017)], and so on.

Additionally, the bionic robotic fish can only use the ener-
gy carried by itself in the moving about underwater, and
has the requirement for the longer search distances and
longer detection time, thus the energy-saving MFAC (eM-
FAC) is a great significance for the robotic fish develop-
ment [Zhi et al. (2001)]. In this paper, an modified MFAC
control method, called energy-saving MFAC is proposed
for the bionic robotic fish based on the FFDL data model.

The contributions of this paper are as follows. 1) The M-
FAC is first applied to the control of the bionic robotic fish.
The controller structure is determined without any model
information of the plant model. 2) By modifying the con-
trol criterion function, the energy-saving MFAC(eMFAC)
controller is designed to save the energy of the bionic
robotic fish.

The rest content is arranged as follows. In Section 2,
the dynamics model of bionic robotic fish is formulated.
In Section 3, the MFAC and the eMFAC method is
detailedly designed. The Section 4 and 5 are simulations
and conclusions respectively.

2. BIONIC FISH MODEL FORMULATION
2.1 Three Rigid Bodies Model

In this section, we will first introduce the fish model to
explain the fish dynamics, although we do not use it in
control system design. The quasi-coordinate Lagrangian
method is adopted to model the dynamics of bionic robotic
fish with three rigid bodies. The advantage of this method
is that the variables are expressed in the body frame, which
will reduce the degrees of freedom [Meirovitch and Stemple
(1995)].

The three rigid bodies model of the fish is shown in the
Fig. 1. The body frame is named as rigid body 0, the left
wing is rigid body 1, and the right wing is rigid body 2.
The quasi-coordinate Lagrangian equation is

d (0L oL
dt<8VV>+H6VV:Q (1)

where L means the Lagrangian function, namely the total
kinetic energy, W is the quasi-velocity, H is a coefficient
matrix, () is a combination of forces and moments, and ¢
is the time.

The dynamics of the fish can be formulated as follows
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where T;(i = 0,1,2) is the kinetic energy of the rigid
body ¢, m; is the mass, V; is the linear velocity, V; =
[Um,vyi,vzi]T, I; is the inertia tensor, w; is the angular
velocity, w; = [wm,wyi,wzi]T, w10, w90 are the angular
velocities of rigid bodies 1 and 2 respect to rigid body
0, Fy is the force on the rigid body 0, M; is the moment
on the rigid body 7. The more detailed statements can be
found in [Meirovitch and Kwak (1992)].

2.2 Hydrodynamic Model

The multiple rigid bodies motion of the bionic robotic fish
coupled with complex fluid dynamics requires a reason-
able description method. This section introduces a fluid
dynamics descripting the multiple rigid bodies based on
the idea of fluid dynamics modeling of each component.
According to the real-time motion state of each body,
the hydrodynamic force and moment acting on it are
calculated and used to solve the dynamic equation.

The force vector F; and the moment vector M; of rigid
body ¢ are

Fip = —p(ciz + Aciz)
Fiy = p(ciy + Aciy)
Fiz = PCiz
Miw = meix
M,
Miz

= meiy
=pL (miz + Amlz)
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where p = %pVgS, p is the density of sea, S is the
reference area, L is the reference length; c;z,ciy, ci. are
the resistance, lift and lateral force coefficients of the rigid
body i respectively, mjz, M4y, m;, are the roll moment,
yaw moment and pitch moment coefficients of the rigid
body 7 respectively. The effect of the tail fin is reflected in
Acizv Aciya Amzz

The swimming of biological batoid fish depends on flap-
ping and twisting movement of the left and right pectoral
fins and flapping movement of tail fin , which will affect the
parameters Ciz, Ciy, Cizy, Mix, Miy, Miz, ACiz, Aciy,, Am,, in
equation (6). Among them, the flapping amplitude of the
pectoral fin has a greater effect on the hydrodynamics
and the twisting amplitude of the pectoral fin has a s-
maller effect. In addition, the control frequency and phase
difference tend to make the bionic robotic fish unstable.
Therefore, considering the flapping amplitude of the pec-
toral fin (3, as the control input of the forward speed vy,
the movements of left and right pectoral fin are likely.
Based on the similar analysis, the yaw angle is controlled
by the difference of the flapping amplitude of left and
right pectoral fins. The pitch angle of bionic robotic fish is
controlled by the flapping amplitude of the tail fin.

3. MODEL-FREE ADAPTIVE CONTROL METHOD
AND IT MODIFICATION

From the model description in Section 2.1, we can see that
the model of the bionic robotic fish is highly nonlinear
and complex, so directly designing the controller based
on the simplified model would be not accurate and in a
sequel the controller must be a very complex one, which
will definitely lead to the difficulties in analysis, diagnosis
and applications. In this paper, we will use the FFDL
MFAC method to deal with the control system designing
issue, instead of the model based control system designing
method. The purpose of the research is to demonstrate
the alternative robotic fish control method, by which we
will show the merit of MFAC for the robotic fish motion
control.

As the model of speed and attitude angles are similar, this
paper will take the speed as an example. The relationship
between the speed v (simplified from v,o) and left pec-
toral fin angular 8, can be discretized into the following
expression

v(k+1) = f(v(k), - ,v(k—ny),Bu(k), -, Bu (k— nu()%),
where k is sampling instant, n, and n, denote unknown
orders of the system. f(---) is an unknown nonlinear
function. v(k) is the system output, 3,(k) is the control
input.

3.1 Prototype of Model-free Adaptive Control

Assumption 1: The partial derivatives of f(---) in System
(7) with respect to all variables are continuous.

Assumption 2: System (7) satisfies the generalized Lips-
chitz condition

(ki +1) —v (ke + 1) <b||Hyp, 1, (k1) — Hy, 1, (k)|
where Hp, r,(0) is the initial value of Hp, (k).
Hp,p,(k) = [v(k), - v(k=Ly+1),Bu(k), -, Bo(k -

Lu+1)] T ¢ REwtLy is a vector , which consists of all control
input signals between relevant time period [k — L, + 1, k]
and all system output signals between relevant time period
[k — L, + 1, k]. b means a positive constant. L, and L,, are
pseudo order of system (7).

Referred to the assumptions above [Hou and Xiong
(2019)], (7) can be converted to the following FFDL data
model

Av(k+1) = o7 1. (k)AHL, 1, (k) (8)

where Av(k+1) =v(k+1) —v(k),ABy(k+ 1) = By (k+
1) = Bu(k). AH, 1, (k) = [Av(k), -, Av(k— L, + 1),

ABy(k),+  ABy (k= Lu+ )" bp, 1, (k) = [éa(k),
T .

’¢Ly(k)’¢Ly+1(k)7... 7¢Ly+Lu(k’)] is the PG.

The control criterion function is selected as

T (Bu(k)) =[v* (k + 1) —v(k + 1)|*+X 5v(k)6v(k1)(29)
where A > 0 is a weighting constant.

Substituting (8) into (9), then minimizing 5, (k) in (9), the
controller structure is determined.

Bu(K) = Bl — 1) 4 Plrtifnn(b) (07 (k + DR)
At [, (8|
_ dr,+1(k) i pidi(k)Av(k — i+ 1)
A+ [ a)]
B L, 11(k) Xty pidi(R)ABy (ki + Ly — i+ 1)

A-+‘$Ly+1(k)2

(10)
where p; € (0,1],5=1,2,--- , L, + L,,.

Since PG ¢;(k) is unknown, the following optimization
criterion function is given to estimate PG.

T (bry.0, (k) = |o(k) —v(k —1) = 6T, (WAHL, 1, (k—1)|”

+u H¢Ly,Lu(k) — b0, (k— 1)H2
(1)
where p > 0 is the weight factor.

From (11), the pseudo-gradient estimation algorithm with
some modification for simplicity can be obtained as [Hou
and Xiong (2019)]
A~ ~ UAHL,/,LU k — 1
¢r,,L.(k) = ¢r,L,(k—1)+ o L ) 5
pt||AHL, L, (k=1)|
x (v(k) —o(k—1) = ¢F . (k—1)AH, 1, (k—1)

(12)
where 1 € (0,2] is a step size constant. q[A)Ly’Lu (k) is an
estimate of the pseudo-gradient ¢r, 1, (k).

Yo

The control method introduce a reset mechanism to im-
prove the tracking performance

qZ)Lvau,(k) = (ZASLy,Lu(]-)
if HésLy,Lu(k)H < cor |AHL (k-] < e o

sign (qAbLyH(k:)) # sign ((ﬁLyH(l)), where € > 0 is a small
positive constant.

(13)
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3.2 Energy Saving Model-free Adaptive Control

For the bionic robotic fish, choosing L, = 3, L, = 1, then
the FFDL-MFAC data model (8) is written as

Av(k 4 1) = ¢1(k)Av(k) + po(k)Av(k — 1)

+ ¢3(k)Av(k — 2) + da(k) ALy (k)

To reduce the energy consumption of the bionic robotic

fish, the control criterion function is redesigned as
T (Bu(k)) = [v"(k + 1) = o(k + D) + MABF (k) + Ao ()
(15)

(14)

where A1 > 0, A2 > 0.
Then substituting (14) into (16) and minimizing 5, (k) in
(16), the controller of eMFAC can be written as

)\1+¢E4(k)2
(k) = - L(k—1
Buo(k) )\1+)\2+¢4(k)2/)7 ( )

dak)ps (v*(k +1) = v(k) = p161 (k) Av (k)
M+ Ao+ G2 (k)
Da(k) [p2d2(k) Mok — 1) + pada(k)Av(k - 2)]
M+ Ao + G2 (k)

+

(16)
where p; € (0,1],i = 1,2,3,4.

The estimation criterion function of PG vector is:
J(¢3.1(k)) = |v(k) —v(k —1) — ¢3 (k) AH3 1 (k — 1)

N 2
11| @3.1(k) = o1 (k= 1)

‘ 2

(17)

Minimizing (18) and using a similar modification proce-
dure like in Section 3.1 above, the pseudo-gradient esti-
mation algorithm is constructed as follows

¢3.1(k) =31 (k — 1)
nAH3 (k- 1)(v(k) —v(k — 1))
p+|AH 3 (k — 1)”2
B nAH3 1 (k— 1)¢§3T1(k —1)AH3:(k—1)
p+ | AHs (k- 1))

(18)
where n > 0, (Z)g’l(]ﬂ is an estimate of the pseudo-gradient

¢3.1(k).
A reset mechanism isA )

¢3.1(k) = ¢3.1(1) (19)
if [ ds.1(8)| < & or |AHs(k ~ 1)) < e, or sign (ds(k)) #
sign ((;33(1)) ,where £ is a small positive constant.

Remark 1. The design method of eMFAC is to add 32 (k)
to the control input criterion function, so that the control
input S8,(k) will not be too large. In addition, it means
that B, (k) will not touch the upper and lower boundaries
very often, and changes more smoothly. In other words,
the actual actuator does not oscillate too often. eMFAC
is designed to reduce the energy consumption of control
input S, (k). By controlling the amplitude variation of the
input, the amplitude accumulation becomes smaller and
the energy required to produce the input for the whole
system is correspondingly reduced.

4. SIMULATION RESULTS

Because PID controller is simple and efficient, and is wide-
ly used in practical industrial environment, therefore, it is
selected as to compare the control performance of MFAC
controllers and the eMFAC controller. To better simulate
the complexity of underwater environment, the north flow
velocity 0.4m/s and the vertical flow velocity 0.3m/s are
added as the disturbance factors. The following simulation
results for both control methods are all performed under
the same perturbation conditions.

In order to adapt to various task requirements, the ex-
pectation curve adopted here is square wave. Due to the
unique combination movement of flapping (up and down)
and twisting (back and forth), the hydrodynamic force and
moment are very complex. In addition, considering the
actual movement ability of the pectoral fin and tail fin,
the control interval is chosen as 0.5s, which made the speed
and attitude angle of the bionic robotic fish have inevitable
small amplitude oscillation in the whole process.

The parameters of speed controller and yaw angle con-
troller are shown in the table 1-table 3.

Table 1. Parameters of PID

Parameters  Speed Control Value  Yaw Angle Control Value
kp 3 0.92
kr 1 0.3
kp 0.5 0.2

Table 2. Parameters of Prototype MFAC

Parameters  Speed Control Value Yaw Angle Control Value

p1 3 1

p2 1 0.5

3 1 0.5

P4 0.8 1

A 0.5 0.1

o 1 1

n 2 1

o) (1,1,1] [1,1,1]

Table 3. Parameters of eMFAC
Parameters  Speed Control Value  Yaw Angle Control Value

p1 3 1

P2 0.8 0.3

p3 0.8 0.5

pa 0.4 0.4

A 0.03 0.1

A2 0.003 0.0001

i 1 1

n 1.8 1

é [1,1,1] [1,1,1]

The simulation comparison results between PID, MFAC
and eMFAC of speed controller are shown in Fig. 2-Fig. 3.
PID parameter has been adjusted to the best control
effect. It can be seen from the simulation results that
both of them can achieve acceptable performances with
small tracking error. However, the performance of MFAC
is superior to that of PID in the overshooting and setting
time. In addition, the eMFAC has almost no overshoot
compared with MFAC and PID, although its response time
is slightly slower.
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The simulation comparison results between PID, MFAC
and eMFAC of yaw angle controller are shown in Fig. 4-
Fig. 5. The eMFAC achieves a better control performance
comparing to that of prototype of FFDL-MFAC, and
the fluctuation of control input is smaller than that of
the prototype as well. So the whole process amplitude
accumulation is smaller, and the energy consumption is
lower.

The sum of the control inputs required to achieve the value
of expectation at the sanme time is used to measure the
energy consumption, defined as sum = Zé u(k), where ¢ is
time, u(k) is the value of the control input at each discrete
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Fig. 5. Yaw angle control

time in time ¢. After calculation, the energy consumed by
different control algorithms to control the speed and yaw
angle is shown in the table 4.

Table 4. Cumulated Value of Energy

Control Algorithm  Speed Control  Yaw Angle Control

PID 382.8418 299.1570
MFAC 383.2084 298.8292
eMFAC 379.8317 297.5724

Remark 2. MFAC can theoretically guarantee the stability
of the controlled object and can produces better control
effect [Hou and Xiong (2019)]. The design of MFAC con-
trollers is simpler and easier to understand than methods
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such as neural networks. MFAC controller design is slightly
more complex than PID, but the parameters of MFAC are
adjusted automatically, rather than PID manually..

5. CONCLUSION

In this paper, the full form dynamic linearization data
model based model-free adaptive control method is applied
to the control of bionic robotic fish and further, the
prototype MFAC scheme is modified by extra adding a new
punishment term in the control input cost function, which
will constraint the energy consumption. Furthermore, the
designed controller is model-free and only needs the 1/0O
data to calculate the control input and pseudo-gradient
vector. The simulation results are given to demonstrate
the advantages of the proposed control method. In near
future, we will put it into a practical application on a lab
robotic fish under some water.
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