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Trajectory Tracking Control of Rowing Pectoral
Fin-Actuated Robotic Fish
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Abstract—Robotic fish has received increasing attention
in the last few decades, as they hold strong promise in
a myriad of applications. Efficient and precise control of
these robots, particularly accurate trajectory control, has
become essential in many of these applications. This ar-
ticle proposes a dual-loop backstepping-based trajectory
tracking control approach for a robotic fish actuated by
rowing pectoral fins. While rowing pectoral fin-based lo-
comotion is important for maneuvering, the range con-
straints of fin movement pose significant challenges in the
control of robotic fish, including potentially preventing the
robot from generating the thrust needed to maneuver in a
desired direction. To overcome these challenges, we pro-
pose a dual-loop controller, designed based on an averaged
dynamic model of the robot. In particular, an outer-loop
backstepping-based controller finds the needed force and
moment inputs for the robot to track the desired trajectory,
while the inner loop determines the optimal fin-beat param-
eters such that the resulting fin-generated forces and mo-
ment are close to their desired values. Experimental results
are presented to show the efficacy of the proposed control
scheme, where the robot is commanded to track a trajectory
with variable linear and angular velocities. Comparing to
a well-tuned proportional–integral–derivative controller, the
proposed control scheme shows a distinct advantage in
tracking desired orientations in addition to tracking desired
positions.

Index Terms—Averaged model, backstepping control,
robotic fish, trajectory tracking.

I. INTRODUCTION

T
HE efficiency, agility, and remarkable feats in swimming

of fish have inspired significant interest in developing

robotic fish, with potential applications in search and res-

cue, environmental monitoring, and robot–animal interactions

[1]–[3]. Various bio-inspired propulsion methods, from pectoral
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or oscillating caudal fins to undulation of the entire body [4],

have been explored in the design of these robots. Although

caudal fins are typically used for efficient propulsion at relatively

high speeds, pectoral fins are vital for maneuvering and assisting

propulsion at lower swimming speeds [5].

Pectoral fin motions are generally classified into three modes

based on the axis of rotation: rowing, feathering, and flapping.

Feathering and flapping involve fin rotation about the transverse

and longitudinal axis, respectively, while rowing involves fin

rotation about the vertical axis. Rowing motion is classified as

a “drag-based” swimming mechanism, where the drag element

of fluid dynamics generates the thrust. Furthermore, it can be

effective in realizing a number of maneuvering tasks, such as

sideway swimming, forward swimming, and turning [6]. In the

rowing motion, the fin beat cycle comprises two submovements:

a power stroke, during which the pectoral fin rotates toward the

back of the robot and produces thrust through the induced drag

on the fin surface, and a recovery stroke, where the fin moves

toward the front of the body, ideally with minimal loading, to

get ready for the next fin-beat cycle.

Accurate trajectory tracking is essential to many applications

of robotic fish, for instance, when sampling specific areas or

seeking pollutant sources. There has been limited work reported

on the control of pectoral fin-actuated robotic fish. For example,

some work has focused on open-loop motion control, where the

generation of fish-like swimming gaits is considered [7]–[10].

Several authors have proposed closed-loop control methods

based on sensory-feedback central pattern generators (CPGs)

to achieve target tracking or obstacle avoidance [11]–[13].

Kato [14] proposed fuzzy rules-based control laws to drive

a robotic fish to rendezvous and dock in a three-dimensional

workspace. In [15] geometric control methods were used to

achieve closed-loop depth control of a robotic fish using pectoral

fins undergoing feathering motion. The aforementioned work

has been largely based on motion primitives (which can be

system-specific) or focused on heading, depth, and velocity

tracking for robotic fish using pectoral fins undergoing feath-

ering or lead-lag motion.

Although beneficial for in-plane locomotion, utilizing rowing

motion for propulsion and maneuvering presents challenges in

control robotic fish. These challenges lie with the fin movement

constraints and the mechanism of how the “drag-based” swim-

ming method generates thrust. Once the fin reaches its maximum

angular position, it has to first row in the opposite direction

(which generates undesirable drag), in order to make room to be

able to generate the desired thrust. For example, to propel the
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robot, a forward thrust is needed, which can only be generated

during the power stroke of the pectoral fin; once the fin has

reached its maximum angular position, it has to recover in order

to be able to generate forward thrust again. During the recovery

phase, however, the fin will produce a unwanted thrust that would

thrust the robot backwards. Coordinating optimal fin movement

while handling these actuation constraints with rigorous control

design is challenging. To the best of our knowledge, systematic

trajectory tracking control approaches that accommodate the

input constraints and have closed-loop stability guarantees have

not been proposed for robotic fish with pectoral fins undergoing

rowing motion.

In this article, we propose a dual-loop backstepping-based

controller for trajectory tracking of a robotic fish actuated by a

pair of rigid pectoral fins undergoing rowing motion. By consid-

ering the general nature of cyclic actuation, the control design is

based on an averaged dynamic model, where the hydrodynamic

force generated by the pectoral fins is captured using the blade

element theory [16]. In this design, the physical control inputs

involve two of the fin-beat parameters, the bias, and the power to

recovery stroke ratio, while the other parameters (fin-beat period

and bias) are kept constant. Dual-loop control paradigms, which

separates the controller implementation into two hierarchical

levels and thus facilitates the synthesis, have been used in

multiple contexts, such as motion control of manipulators [17],

mode transition control for hybrid electric vehicles [18], and

robust control of wind turbines [19]. In our work, a dual-loop

design paradigm allows us to treat the robotic fish with pectoral

fins as a cascaded system, facilitating the control synthesis and

handling of actuation constraints. In particular, we consider the

robotic fish and the fins as separate, interconnected systems.

Backstepping-based control design presents a systematic, com-

putationally inexpensive method for trajectory tracking control

and allows the handling of input constraints while guaranteeing

stability [20]. The proposed scheme thus uses a backstepping-

based outer-loop controller to find the needed hydrodynamic

forces and moment inputs for the robot to track the desired

trajectory. The inner loop then uses a multivariable minimization

solver to determine the optimal fin-beat parameters such that the

achieved forces and moment are close to their desired values.

To demonstrate the effectiveness of the proposed scheme,

we present experimental results on tracking a trajectory with

variable linear and angular velocities. Furthermore, we compare

the proposed control with a well-tuned proportional–integral–

derivative controller. In particular, we compare the mean posi-

tion and heading tracking error performance for both controllers

across five trials. The averaged position and orientation error

scores results show the proposed backstepping-based approach

has better performance than PID in terms of tracking the posi-

tion, but it significantly outperforms the PID controller in terms

of tracking the desired orientations.

Our recent work [21] proposed a similar dual-loop approach

to achieve maneuvering control based on the original dynamic

model (instead of an averaged dynamic model); however, it was

limited to tracking only body-fixed surge and angular veloci-

ties (instead of reference position/orientation trajectories) and

was evaluated only with simulation. In addition, the inner-loop

Fig. 1. (a) Top view of a robotic fish actuated by pectoral fins un-
dergoing planar motion. (b) Side view of the right pectoral fin with its
parameters. (c) top view of the pectoral fin with its associated forces
and angles. [21].

model-predictive fin motion planning algorithm in [21] was

computational-intensive, making it difficult if not infeasible to

implement in real time. Some of our previous works focused on

(single-loop) trajectory tracking and path following control for

robotic fish actuated by a tail fin [20], [22], where backstepping

control and model predictive control were used, respectively.

Compared with the case of tail-actuation, control of robotic

fish actuated by pectoral fins is significantly more difficult.

Developing an effective real-time control strategy for the latter

case, as proven in experiments, is the central contribution of this

current article.

The rest of this article is organized as follows. We first

briefly review the dynamic and averaged models for a rowing

pectoral fin-actuated robotic fish in Section II. In Section III, the

problem of trajectory tracking is formulated, followed by the

presentation of the backstepping control design. In Section IV

experimental results on trajectory tracking are presented and

discussed. Finally, Section V concludes this article.

II. MODELS FOR PECTORAL FIN-ACTUATED ROBOTIC FISH

In this section, we first review the dynamic model for a

robotic fish actuated by rowing pectoral fins, and then present

the corresponding averaged dynamic model, which is used for

the model-based control design.

A. Original Dynamic Model

As done in [21], the pectoral fin-actuated robotic fish is

modeled as a rigid body with rigid pectoral fins that are actuated

at their corresponding bases, and it is assumed that the robot

operates in an irrotational, inviscid, and incompressible fluid

within an infinite domain [23].

As illustrated in Fig. 1(a), we define [X,Y,Z]T as the inertial

coordinate system and [x̂, ŷ, ẑ]T as the body-fixed coordinate

system. The velocity vector of the center of mass in the body-

fixed coordinates is given as V c = [vcx , vcy , vcz ], where vcx ,

vcy , and vcz correspond to the surge, sway, and heave velocities,

respectively. On the other hand, ω = [ωx, ωy, ωz], denotes the

angular velocity expressed in the body-fixed coordinate, where

ωx, ωy , ωz correspond to the roll, pitch, and yaw motions,
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respectively. Let Cp be the distance between the body’s center

of mass and the pectoral fin base, and A0R and A0L denote the

pivot points for the right and left fins, respectively. Furthermore,

γL and γR denote the angles formed by the left and the right

pectoral fin, respectively, with the body-fixed x̂-axis. Finally,

we consider the pectoral fins to be rigid and rectangular with

chord length Dp and span length Sp.

In this work, only the planar motion is considered, and it is

assume that the body is symmetric with respect to the x̂ẑ-plane

and that the pectoral fins move in the x̂ŷ-plane. As a result,

the system only has three degrees of freedom, namely, surge

(vcx), sway (vcy ), and yaw (ωz). It is further assumed that the

inertial coupling between yaw, sway, and surge motions can be

neglected [24], which leads to the following simplified equations

of planar motion:

(mb −max
)v̇cx = (mb −may

)vcyωz + fx (1)

(mb −may
)v̇cy = −(mb −max

)vcxωz + fy (2)

(Jbz − Jaz
)ω̇z = (may

−max
)vcxvcy + τz (3)

where Jbz is the inertia of the body about the ẑ-axis, mb is the

mass of the body,max
andmay

are the hydrodynamic derivatives

that represent the added masses of the robotic fish along the x̂ and

ŷ directions, respectively, and Jaz
represents the added inertia

effect of the body about the ẑ direction. Furthermore, we let α

denote the angle of attack, given by α = arctan(
vcy

vcx
), and let

the heading angle, formed by the x̂-axis relative to the X-axis,

be denoted by ψ. Finally, fx, fy , and τz are the hydrodynamic

forces and moment due to the pectoral fin actuation and the

body-fluid interactions and are given by

fx = fhx
− FD cos(α) + FL sin(α) (4)

fy = fhy
− FD sin(α)− FL sin(α) (5)

τz = τhz
+MD (6)

where FD, FL, and MD are the body drag, lift, and moment,

respectively, and fhx
, fhy

, and τhz
are the hydrodynamic forces

and moment transmitted to the fish body by the right and left

pectoral fins.

The final dynamic model augmented with the kinematic equa-

tions can be summarized as follows:

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

Ẋ

Ẏ

ψ̇

v̇cx
v̇cy
ω̇z

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

vcx cosψ − vcy sinψ
vcx sinψ + vcy cosψ

ωz

f1(vcx , vcy , ωz) +
fhxR + fhxL

m1

f2(vcx , vcy , ωz) +
fhyR + fhyL

m2

f3(vcx , vcy , ωz) +
τhR

+ τhL

J3

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(7)

where

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

f1(vcx , vcy , ωz) =
m2

m1

vcyωz −
c1

m1

vcx

√

v2
cx

+ v2
cy
+

c2

m1

vcy

√

v2
cx

+ V 2
cy

arctan

(

vcy

vcx

)

f2(vcx , vcy , ωz) = −
m1

m2

vcxωz −
c1

m2

vcy

√

v2
cx

+ v2
cy

−
c2

m2

vcx

√

v2
cx

+ v2
cy

arctan

(

vcy

vcx

)

f3(vcx , vcy , ωz) =
(m1 −m2)

J3

vcxvcy − c4ω
2
zsgn(ωz)

(8)

withm1 = mb −max
,m2 = mb −may

,J3 = Jbz − Jaz
, c1 =

1
2
ρSCD, c2 = 1

2
ρSCL, c4 = 1

(J3)
CM . ρ is the density of water,

SA is the wetted surface area for the robot, CD, CL, and CM

are the drag force coefficient, lift force coefficient, and the drag

moment coefficient, respectively. sgn(·) is the signum function.

Finally, the subscripts R and L correspond to the right and left

pectoral fin, respectively. We use fhx
, fhy

, and τh along with

the subscripts R and L to denote the the hydrodynamic forces

and moment transmitted to the fish body by the right and left

pectoral fin, respectively. We refer the reader to [21], [25] for a

more detailed derivation of the hydrodynamic forces.

B. Averaged Dynamic Model

The rowing pectoral fins sweep back and forth within the

frontal plane. In order to generate a net thrust, the pectoral fins

need distinct power and recovery strokes actuation. For example,

to generate net forward thrust the fin has to be actuated faster

in the power stroke than in the recovery stroke. We let fin beat

pattern be defined as follows:

γ(t) =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

γ0 − γA cos

[

π
(ζ + 1)

Tp

t

]

, 0 ≤ t ≤
Tp

ζ + 1

γ0 + γA cos

[

π

(

ζ + 1

ζTp

)

(t−
Tp

ζ + 1
)

]

,

Tp

ζ + 1
< t ≤ Tp

(9)

where γA is the fin-beat amplitude, γ0 is the fin-beat bias, TP is

the fin-beat period, and ζ is the ratio of the angular velocities of

the fin during the power and recovery strokes, respectively.

Considering this periodic fin movement, one can develop an

averaged dynamic model for the robotic fish, through proper

scaling of the fin-generated hydrodynamic forcing terms and

then classical averaging, as proposed in [16]. Let the subscripts

R andL correspond to the right and left pectoral fin, respectively,

such that the scaled-averaged dynamics can be summarized as
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follows:

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

˙̄vcx = f1(v̄cx , v̄cy , ω̄z) +KfxR · f̄hxR(γ0R, γAR, TpR, ζR)
+KfxL · f̄hxL(γ0L, γAL, TpL, ζL)

˙̄vcy = f2(v̄cx , v̄cy , ω̄z) +KfyR · f̄hyR(γ0R, γAR, TpR, ζR)
+KfyL · f̄hyL(γ0L, γAL, TpL, ζL)

˙̄ωz = f3(v̄cx , v̄cy , ω̄z) +KmR
· τ̄hR

(γ0R, γAR, TpR, ζR)
+KmL

· τ̄hL
(γ0L, γAL, TpL, ζL)

(10)

where the right pectoral fin hydrodynamic forces and moment

are given by

f̄hxR =
DpλS

3
pπ

2ργ0Rγ
2
AR(−4γ2

0R− 3(−8+γ2
AR))(−1+ζ2

R)

288m1ζRT
2
pR

(11)

f̄hyR =
−γ2

ASpπ
2

96m2T
2
pRζ

(

4Dpγ
2
0RλS2

pρ(−1 + ζ2
R)

+Dp(−8 + γ2
AR)λS

2
pρ(−1 + ζ2

R)− 4γ3
0Rmp(1 + ζR)

2

− 3γ0Rγ
2
ARmp(1 + ζR)

2
)

(12)

τ̄hR

=
CpDpλS

3
pπ

2ργ0Rγ
2
AR(−4γ2

0R−3(−8+γ2
AR))(−1+ζ2

R)

288J3ζRT
2
pR

(13)

λ is the fin’s normal force coefficient, and Kfx ,Kfy ,Km along

with the subscripts R and L are the force and moment scaling

functions for the right and left pectoral fins, respectively, and

are dependent on its corresponding fin-beat parameters. We

refer the reader to [16] for a more comprehensive derivation of

the averaged model and the methods for identifying its scaling

functions and parameters.

III. MODEL-BASED TRAJECTORY TRACKING CONTROL

A. Trajectory Tracking Problem

Let the vectors F̄(t) = [X Y ψ]T and T̄(t) = [Xr Yr ψr]
T

denote the position (of the center) and orientation of the

robotic fish and the desired position/orientation of a refer-

ence robot, respectively, with respect to the inertial frame

{I} at a given time t. Furthermore, we let ur, vr, ωr be the

body-fixed velocities of the reference robot, where its longi-

tudinal axis is defined by ψr. Let eχ = [Xe Ye ψe]
T denote

the tracking error vector expressed in the robot’s body-fixed

frame

eχ = I
RB(F̄− T̄) (14)

where I
RB is the rotation matrix from the inertial frame {I} to

the body-fixed frame {B}

I
RB =

⎡

⎣

cosψ sinψ 0

− sinψ cosψ 0

0 0 1

⎤

⎦ . (15)

The derivative of eχ (expressed in {B}) is given by

deχ
dt

= S̄

(

I
RB 02×1

01×2 1

)

(F̄− T̄)

+

(

I
RB 02×1

01×2 1

)(

dF̄

dt
−

dT̄

dt

)

(16)

where

S̄ =

⎡

⎣

0 ω 0

−ω 0 0

0 0 0

⎤

⎦ . (17)

With (16), the following error state model, augmented with

the averaged dynamics (10), is obtained

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

Ẋe

Ẏe

ψ̇e

˙̄vcx
˙̄vcy
˙̄ωz

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

v̄cx − Vr cos(ψe − ψ̄r) + ω̄zYe

v̄cy + Vr sin(ψe − ψ̄r)− ω̄zXe

ω̄z − ωr

f1 +KfxR · f̄hxR +KfxL · f̄hxL

f2 +KfyR · f̄hyR +KfyL · f̄hyL

f3 +KmR
· τ̄hR

+KmL
· τ̄hL

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(18)

where Vr =
√

u̇2
r + v̇2

r, ψ̄r = arctan( vr

ur
), and ωr = ψ̇.

By formulating the trajectory tracking problem in terms of the

error dynamics, the control objective is to find a control law such

that, for an arbitrary initial error, the position and orientation

error states (Xe, Ye, ψe) of system (18) is stabilized at the origin.

B. Trajectory Tracking Control Algorithm

To design the controller, let the control inputs be chosen as

the effective fin-generated hydrodynamic forces and moment

u1 = KfxR · f̄hxR +KfxL · f̄hxL (19)

u2 = KfyR · f̄hyR +KfyL · f̄hyL (20)

u3 = KmR
· τ̄hR

+KmL
· τ̄hL

(21)

such that the averaged dynamic model (10) is expressed in the

control-affine form as
⎡

⎣

˙̄vcx
˙̄vcy
˙̄ωz

⎤

⎦ =

⎡

⎣

f1(v̄cx , v̄cy , ω̄z) + u1

f2(v̄cx , v̄cy , ω̄z) + u2

f3(v̄cx , v̄cy , ω̄z) + u3

⎤

⎦. (22)

To achieve trajectory tracking, we use a backstepping con-

troller that determines the inputs u1, u2, and u3 needed such that

(Xe, Ye, ψe) → 0. We then determine the fin-beat parameters,

considering their practical constraints, such that the generated

force and moment inputs are close to their desired values.

The states of an auxiliary system capture the mismatch between

the generated and desired input values, and is used jointly with

the backstepping controller to guarantee closed-loop stability,

as is similarly done in [20] and [26]. Fig. 2 illustrates the control

scheme. We elaborate the controller design below.

1) Outer-Loop: Backstepping Control Design: Let v1, v2, and

v3 represent the nominal inputs from the backstepping design,

and let u1, u2, and u3 be the inputs that can be practically

implemented. The effect that arises due to the mismatch between

the nominal and actual inputs is analyzed with the following
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Fig. 2. Illustration of the proposed dual-loop control scheme for a
robotic fish actuated with rowing pectoral fins. The green dashed line
encompasses the outer loop backstepping-based trajectory tracking
controller, while red dotted and dashed line encompasses the inner loop
fin parameter optimization algorithm.

auxiliary system:

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

λ̇1 = −ζ1λ1 + λ2

λ̇2 = −ζ2λ2 + (u1 − v1) + Ye(u3 − v3)

λ̇3 = −ζ3λ3 + λ4

λ̇4 = −ζ4λ4 + (u2 − v2)−Xe(u3 − v3)

λ̇5 = −ζ5λ5 + λ6

λ̇6 = −ζ6λ6 + (u3 − v3)

(23)

where ζ1, ζ2, ζ3, ζ4, ζ5, ζ6 are positive tuning constants. The vari-

ables λ1, λ3, and λ5 capture the propagated, filtered effect of the

nonachievable portion of the inputs.

To stabilize the eχ error while also considering the mismatch

between nominal and achievable inputs, we define the following

Lyapunov function:

V1(X̄e, Ȳe, ψ̄e) =
1

2
X̄2

e +
1

2
Ȳ 2
e +

1

2
ψ̄2
e (24)

where X̄e = Xe − λ1, Ȳe = Ye − λ3 and ψ̄e = ψe − λ5, are the

modified tracking errors. The time derivative of (24) is given by

V̇1 = X̄e(v̄cx − Vr cos(ψe − ψ̄r) + ω̄zYe + ζ1λ1 − λ2)

+ Ȳe(v̄cy + Vr sin(ψe − ψ̄r)− ω̄zXe + ζ3λ3 − λ4)

+ ψ̄e(ω̄z − ωr + ζ5λ5 − λ6).

(25)

Letα1 = v̄cx ,α2 = v̄cy andα3 = ω̄z denote the virtual inputs

with αd1, αd2, and αd3 as the corresponding desired virtual

inputs. The modified virtual input errors are then defined as

Z̄1 = α1 − αd1 − λ2 (26)

Z̄2 = α2 − αd2 − λ4 (27)

Z̄3 = α3 − αd3 − λ6. (28)

Let the desired virtual inputs be given by

αd1 = Vr cos(ψe − ψ̄r)− ω̄zYe − ζ1λ1 −KX̄eX̄e (29)

αd2 = −Vr sin(ψe − ψ̄r) + ω̄zXe − ζ3λ3 −KȲe
Ȳe (30)

αd3 = ωr − ζ5λ5 −Kψ̄e
ψ̄e (31)

such that (25) becomes

V̇1=X̄e(Z̄1−KX̄eX̄e)+Ȳe(Z̄2−KȲe
Ȳe)+ψ̄e(Z̄3 −Kψ̄e

ψ̄e)

(32)

where KX̄e, KȲ e, and Kψ̄e
are positive tuning constants.

To account for the virtual input errors, we then define a new

Lyapunov function

V̄2 = V̄1 +
1

2
Z̄2

1 +
1

2
Z̄2

2 +
1

2
Z̄2

3 (33)

with its time derivative given by

˙̄V2 = ˙̄V1 +
˙̄Z1Z̄1 +

˙̄Z2Z̄2 +
˙̄Z3Z̄3 (34)

Eq. (34) can be further expanded using (10) along with the input

definition (19). We choose v1, v2, and v3 such that

˙̄V2 = −KX̄eX̄
2
e −KȲe

Ȳ 2
e −Kψ̄e

ψ̄2
e + X̄eZ̄1

+ ȲeZ̄2 + ψ̄Z̄3 −K1Z̄
2
1 −K2Z̄

2
2 −K3Z̄

2
3 . (35)

In particular, v1, v2, and v3 are given by

⎡

⎣

v1

v2

v3

⎤

⎦ =

⎡

⎣

1 0 Ye

0 1 −Xe

0 0 1

⎤

⎦

−1 ⎡

⎣

Γ1

Γ2

Γ3

⎤

⎦ (36)

where

Γ1 = −f1 − f3Ye + V̇r cos(ψe − ψ̄r)

− Vr sin(ψe − ψ̄r)(ψ̇e −
˙̄ψr)− ω̄zẎe

−KX̄e
˙̄Xe − ζ1(−ζ1λ1 + λ2)− ζ2λ2 −K1Z̄1

(37a)

Γ2 = −f2 + f3Xe − V̇r sin(ψe − ψ̄r) + ω̄zẊe

− Vr cos(ψe − ψ̄r)(ψ̇e −
˙̄ψr)

−KȲ e
˙̄Ye − ζ3(−ζ3λ3 + λ4)− ζ4λ4 −K2Z̄2

(37b)

Γ3 = −f3 + ω̇r − ζ5(−ζ5λ5 + λ6)− ζ6λ6

−Kψ̄e

˙̄ψe −K3Z̄3.
(37c)

By adding and subtracting 1
4KX̄e

Z̄2
1 ,

1
4KȲ e

Z̄2
2 and 1

4Kψ̄e
Z̄2

3 to

(35), and after completing the squares one can arrive at

˙̄V2 = −KX̄e

(

X̄e −
1

2KX̄e

Z̄1

)2

−KȲe

(

Ȳe −
1

2KȲe

Z̄2

)2

−Kψe

(

ψ̄e −
1

2Kψ̄e

Z̄3

)2

− Z̄2
1

(

K1 −
1

4KX̄e

)

− Z̄2
2

(

K2 −
1

4KȲe

)

− Z̄2
3

(

K3 −
1

4Kψ̄e

)

.

(38)

If KX̄e
> 0, KȲe

> 0, Kψ̄e
> 0, K1 >

1

4KX̄e

, K2 >
1

4KȲe

and K3 >
1

4Kψ̄e

, then ˙̄V2 < 0 unless when X̄e = Ȳe = ψ̄e =

Z̄1 = Z̄2 = Z̄3 = 0, which implies the convergence of (X̄e,

Ȳe, ψ̄e) to zero as time approaches infinity. Furthermore, since
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0 ≤ V̄1(t) ≤ V̄1(0), it can be concluded that (X̄e, Ȳe, ψ̄e) be-

longs to L2. This implies that the modified tracking errors

X̄e, Ȳe and ψ̄e do not diverge even when the desired force and

moment are not achieved. Note that although the convergence

for the modified tracking errors (X̄e, Ȳe, ψ̄e) is guaranteed, the

convergence of the actual tracking errors (Xe, Ye, ψe) is not.

The latter may actually increase during periods when the desired

force and moment inputs cannot be implemented (i.e. u1 �= v1,

u2 �= v2 and/or u3 �= v3). However, when the input limitations

are not in effect, and λ1, λ2, and λ3 approach zero, (X̄e, Ȳe, ψ̄e)

converges toward (Xe, Ye, ψe) and the tracking errors can be

stabilized.

2) Inner Loop: Fin Parameter Optimization: Let v1, v2, and

v3 represent the nominal inputs obtained from the backstepping

design. One needs to determine the (feasible) fin-beat parameters

such that the resultant inputs u1, u2, and u3 are close to v1, v2,

and v3, respectively. To ease the discussion, in this work, we fix

γ0R, γ0L, TpR, and TpL, leaving γAR, γAL, ζR, and ζL as the fin

parameters to be found. Note that by manipulating the power to

recovery ratio, one can control the robot to achieve both forward

and backward swimming (for example, when 0 < ζR < 1, the

right pectoral fin generates negative thrust). We use a constrained

multivariable minimization solver, in particular, a controlled,

elitist genetic algorithm available in MATLAB (a variant of

NSGA-II [27]), to find the best fin parameters at every in-

stant t. Furthermore, to simplify the optimization problem, we

assume that the left and right power-to-recovery stroke ratios

are the same such that ζR = ζL = ζf . Given v1, v2, and v3,

the constrained multivariable optimization problem at time t is

posed as

argmin
γAR,γAL,ζf

⎧

⎨

⎩

Qx(KfxR · f̄hxR +KfxL · f̄hxL − v1)
2

+ Qy(KfyR · f̄hyR +KfyL · f̄hyL − v2)
2

+ Qw(KmR
· τ̄hR

+KmL
· τ̄hL

− v3)
2

subject to: γAR, γAL ∈ [γAmin, γAmax]

ζf ∈ [ζf min, ζf max] (39)

where [γAmin, γAmax] and [ζf min, ζf max] represent the ranges

of the fin-beat amplitude and power-to-recovery stroke ratio,

respectively, and Qx, Qy, Qw are weighting scalars.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

To validate the proposed control approach, we conduct experi-

ments using the free-swimming robotic fish shown in Fig. 3. The

robot consists of a rigid-shell body, two rigid pectoral fins, and

a tail, which were all 3D-printed. Note that the tail-actuation

is not included in this article. To actuate the pectoral fins,

Two Hitec digital microwaterproof servos (HS-5086WP) are

used, while a Microchip Digital Signal Processor and Controller

(DSPIC30F6014) is used to control the servos. Two Tenergy Li-

Ion rechargeable batteries (7.4 V, 3350mAh) are used to power

the robot, and a Xbee module is used to communicate wirelessly

with a computer. The body and fin dimensions of the robot, as

well as the identified parameters for the averaged dynamic model

of the robotic fish, are shown in Table I. In particular, the body

Fig. 3. Experimental setup. During experiments the pectoral-fin actu-
ated robotic fish, depicted on the bottom right, swims within the enclosed
area (denoted by the yellow lines) in the tank, and the overhead Logitech
camera (depicted on the top right) captures a video of the robot swim-
ming. An image processing algorithm detects the red and blue markers
placed on top of the robot to determine its position and heading [16].

TABLE I
IDENTIFIED MODEL PARAMETERS FOR THE ROBOTIC FISH [16]

drag and lift coefficients (CD, CL, andCM ) and the parameter λ

are estimated empirically from data collected using the robotic

fish. Specifically, only one fin is activated at a time (e.g., the right

fin) such that the robot undergoes a turning motion. After the

robot swims for some time and reaches steady-state motion, the

actuation of the pectoral fin is stopped, and we use the captured

video along with the image processing algorithm to determine

the body-fixed velocities for different sets of fin-parameters

(γAR, γ0R, TpR, ζ). An extended high-gain observer is used to

estimate the body-fixed accelerations, which along with the

measured body-fixed velocities and (7), are used to estimate the

body drag and lift coefficients parameters via linear regression

using the MATLAB command mldivide. Similarly, to estimate

the fin parameter λ, we collect the the robotic fish’s steady-state

body-fixed velocities when it undergoes circular motion for a

different set of fin parameters (γAR, γ0R, TpR, ζ) and use (7) to

employ another linear regression scheme. Finally, to estimate the

proper scaling functions, a nonlinear model-predictive control

approach is used to find the optimal scaling values for a set

of fin-beat patterns, and then a nonlinear regression is used to
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determine the scaling functions. We refer the reader to [16] for

a more comprehensive description of the parameter estimation

procedures.

The robotic fish is run in a 2.3 m by 1.2 m enclosed area within

a tank that is equipped with a Logitech C930E overhead camera

as seen in Fig. 3. The robotic fish’s position and orientation is

obtained with two markers, which are attached to the posterior

and anterior of the robotic fish body. In particular, the overhead

camera captures a video of the robotic fish swimming in the tank,

and sends it to a computer via USB, where a Visual C++ with

the OpenCV library is used to implement an image processing

algorithm, which detects the positions of the two markers. The

center position of the robotic fish is then obtained by taking

the average, while the heading angle of the robot is estimated

using the positions of the two markers. Finally, a high gain

observer is used to estimate the linear and angular velocities

of the robot based on the measured position and heading angle.

Using the measured and estimated states, the control input is then

computed by the computer, and the pectoral fin-beat parameters

are send wireless via XBee to the robotic fish’s microcontroller

for implementation.

B. Trajectory Tracking Results

Experiments are carried out to compare the performance of

the proposed backstepping-based controller with that of a PID

controller. To design the PID controller, we consider a vector 
re
from the center of the robot (X,Y ) to the point (Xr(t), Yr(t)) on

the trajectory. We let re be the distance between (Xr(t), Yr(t))
and (X,Y ), and φe be the orientation error, defined as the

angle between the robotic fish heading direction ψ and the line

connecting the body center (X,Y ) to the point on the trajectory

(Xr(t), Yr(t)). Ensuring that the pair (re, φe) converges to

zero implies that the trajectory tracking goal is achieved. With

(re, φe), we can then design two PID controllers to find γAR

and γAL. In particular, the error re is used to design the first PID

controller, which determines the quantityup1 = γAR + γAL and

the error φe is used to design the second PID, which determines

up2 = γAR − γAL. Using up1, up2 one can then solve for γAR

and γAL. To determine ζf , the inner product between 
re and the

body-fixed unit vector x̂ is considered. In particular, when the

robot is ahead of the trajectory and the inner product is negative,

ζf = ζfmin
, so that the robot can swim backward toward the

trajectory. Similarly, when the robot is behind the trajectory and

the inner product is positive, ζf = ζfmax
such that the robot can

swim forward. Finally, to account for the actuator constraints,

the original calculated values for the pectoral fin-beat parameters

are saturated to obtain the realizable values and thus the viable

inputs. The following parameters are used for the proposed

controller in the experiments:

KX̄e = 0.5KȲ e = 0.5Kψ̄e = 0.6 K1 = 0.55

K2 = 0.58K3 = 0.6 ζ1 = 0.05 ζ2 = 0.05

ζ3 = 0.1 ζ4 = 0.2 ζ5 = 0.4 ζ6 = 0.4

γAmin
= 0◦γAmax

= 40◦ TpR = 1 sTpL = 1 s

ζfmin
=

1

3.5
ζfmax

= 3.5ts = 1 sQx = 700

Qy = 690Qz = 640000

whereKX̄e,KȲ e,Kψ̄e,K1,K2,K3, ζ1, ζ2, ζ3, ζ4, ζ5, ζ6 are tun-

ing parameters for the backstepping controller and auxiliary sys-

tem. The backstepping controller and auxiliary system parame-

ters were tuned such that the controller was able to stabilize the

error system at the origin. We found that, by varying KX̄e,KȲ e,

and Kψ̄e, we could control the convergence rate of Xe, Ye, and

ψe, respectively. Furthermore, varying ζ1 − ζ6 controlled the

convergence rate of λ1 − λ6, which are the errors that arise as a

consequence of the effect of the input constraints. The weights

for the forces Qx, Qy and the moment Qw are disproportionate

to account for the difference in scale between the body-fixed

forces and the moment. ts is the control sampling interval, i.e.,

the amount of time between updates to the control inputs. In this

article, we choose ts= 1 s given that the pectoral fin-beat period

is 1 s. The optimization problem (39) takes on average 0.35 s to

solve, and is thus well within the sampling period. Finally, the

PID controller parameters are chosen as

KP 1 = 3.06 KP 2 = 3.06 KI1 = 0.02

KI2 = 0.15 KD1 = 0.15 KD2 = 0.1

where KP 1, KP 2, KI1, KI2, KD1, and KD2 were tuned exper-

imentally using the Ziegler–Nichols closed-loop method [28].

The following reference trajectory (Xr, Yr, ψr) for the

robotic fish position and orientation is used in experiments
⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

Ẋr = ur cosψr, Ẏr = ur sinψr

ψ̇r = ωr, ψr(0) = π with

ur = −0.005 m/s, ωr = 0 rad/s, t < 30

ur = −0.005 m/s, ωr = 0.01 rad/s, 30 ≤ t < 35

ur = −0.005 m/s, ωr = 0.02 rad/s, 35 ≤ t < 150

ur = 0.007 m/s, ωr = 0 rad/s, 150≤ t<180

ur = 0.004 m/s, ωr = −0.02 rad/s, 180 ≤ t

where Ẋr and Ẏr are the velocity of the reference trajectory in

the inertial frame, and ur, ωr represent the body-fixed velocities

used to generate the reference trajectory that satisfies the kine-

matic constraints of the robot. Note that with the above choice of

ur andωr with step changes, the robot is tasked to perform differ-

ent, challenging maneuvers with abrupt changes in between. For

example, the robot is required to swim backwards in a straight

line during 0 ≤ t < 30, followed by swimming backward in a

circular motion during 30 ≤ t < 150. Five different trials with

similar initial conditions are performed for both the proposed

backstepping-based controller and the PID controller. In Fig. 4,

the reference and the achieved trajectories of the robotic fish

for one of the experimental trials are compared. The reference

trajectory is given by the green solid line, and the blue and red

diamond depicts the starting position of the robot while the green

circle depicts the start point of the reference trajectory.

In addition, Fig. 5 depicts the averaged position tracking error

trajectory over time for both control schemes. This error is

obtained by averaging the tracking errors across all five trials. In

particular, the solid blue line with diamond markers represents
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Fig. 4. Experiments: A snapshot of an experimental run for variable
trajectory-tracking using (a) the proposed backstepping-based control
and (b) the PID control, respectively. The white arrow and the green rep-
resent the desired and actual robot orientations, respectively. A video of
these experimental results is shown at https://youtu.be/iAH3D5rEZ7M.

Fig. 5. Experiments: averaged position error for backstepping-based
control and PID control.

Fig. 6. Experiments: averaged angle error for backstepping-based
control and PID control.

the averaged tracking error obtained for backstepping-based

control, while the dotted red line represents the averaged error

obtained for PID control. Similarly, Fig. 6 depicts the averaged

orientation tracking error over time for both control schemes.

Fig. 7 depicts the overall average position and angle error scores

together with its standard deviation, where each of these errors

is obtained by averaging the corresponding tracking error over

time. Finally, Fig. 8 depicts the averaged control effort for

both the backstepping and PID controllers. The control effort

is obtained by summing the integrals of the right fin and the left

Fig. 7. Experiments: (a) averaged position error scores and (b) aver-
aged angle error scores for backstepping-based control and PID control.
The two subplots compare the performance for the overall position and
angle error scores in tracking the variable reference trajectory. Each
error score is obtained by averaging the corresponding position or ori-
entation error over time. The error bars indicate the standard deviation
of the error score (over time).

Fig. 8. Experiments: Averaged control effort for backstepping-based
control and PID control.

fin’s amplitudes over time, and then taking the average over the

five trials.

From Fig. 5, it can be noted that the proposed backstepping

scheme achieves better performance, on average, to the PID

controller in terms of the position tracking error. This is more

evident from Fig. 7(a), as the proposed approach obtains a

smaller overall error score. The difference in the performance

between the proposed approach and the PID is highlighted in

the tracking of the desired orientation. In particular, from Fig. 6,

we can see that the proposed approach was able to track the

desired orientation with a relatively small error when compared

to PID and achieves a smaller steady-state error (about 4.5◦ on

average). In addition, from Fig. 7(b) we can see that the proposed

approach significantly outperforms PID, overall, in terms of the

orientation error. Note that the proposed approach allowed the

robot to respond to the sudden changes in the desired heading

(particularly at t ≥ 150), and thus decrease the orientation error

relatively quickly. Finally, from Fig. 8 we see that on average

the proposed control method spent less effort than the PID

controller, which shows an additional benefit of the proposed

approach.

We note that the PID controller and the proposed controller

have two different methods of constructing the orientation error,

which likely have contributed to the performance difference in

orientation tracking. Unfortunately, given the available system

inputs, it is challenging to design a PID controller that can si-

multaneously address position tracking and orientation tracking

explicitly, which speaks for the limitation of the PID approach

in dealing with nonlinear multi-input-multi-output systems. In

contrast, the proposed control approach presents a systematic

design procedure and exploits the system dynamics to balance

position tracking and orientation tracking.

Authorized licensed use limited to: Michigan State University. Downloaded on July 04,2022 at 21:44:32 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CASTAÑO AND TAN: TRAJECTORY TRACKING CONTROL OF ROWING PECTORAL FIN-ACTUATED ROBOTIC FISH 9

V. CONCLUSION

In this article, we proposed a backstepping-based trajectory

tracking controller for a pectoral fin-actuated robotic fish. In par-

ticular, we proposed a dual-loop scheme that uses an outer loop

backstepping-based controller designed based on an averaged

model and an inner loop multivariable minimization solver to

determine the optimal fin-beat parameters. The proposed scheme

was implemented on a pectoral fin-actuated robotic fish, and

real-time experimental results demonstrated the effectiveness of

the proposed scheme and showed its value over standard PID

control. In particular, from the position and orientation error

scores, the proposed backstepping-based approach has better

performance than PID in terms of tracking the position, but

it greatly outperforms PID in tracking the desired orientation.

The proposed controller also shows a distinct advantage in

adapting to sudden changes in the reference trajectory. Finally,

the proposed method was shown to use less control effort than

the PID controller. Therefore, by exploiting the knowledge of

the average model, the proposed scheme exhibits multiple ad-

vantages in performance over the PID controller at the moderate

computational expense.

For future work, the controller will be evaluated in an en-

vironmental sensing application, where there will be an upper

level path planning scheme integrated with the backstepping-

based trajectory-tracking scheme. In addition, since the original

dynamic model captures transient behavior while the averaged

dynamic model captures the steady state behavior, the proposed

controller will be utilized to develop a framework that allows the

coordination of the proposed approach and rapid maneuvering

controller design using the original dynamics (as done in [21]).

Finally, since the tail fin tends to be most beneficial at higher

speeds, while pectoral fins tend to be more effective for maneu-

vering, we will explore the coordination control of the two forms

of locomotion.
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