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Trajectory Tracking Control of Rowing Pectoral
Fin-Actuated Robotic Fish

Maria L. Castano

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.

[. INTRODUCTION

HE efficiency, agility, and remarkable feats in swimming
T 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
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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.

[I. 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 [#, 7, 2]7 as the body-fixed coordinate
system. The velocity vector of the center of mass in the body-
fixed coordinates is given as V. = [v,,, e, , Ve, ], Where v,
Ve, and v., correspond to the surge, sway, and heave velocities,
respectively. On the other hand, w = [w,, wy,w,], denotes the
angular velocity expressed in the body-fixed coordinate, where
Wz, Wy, w, correspond to the roll, pitch, and yaw motions,
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respectively. Let C), be the distance between the body’s center
of mass and the pectoral fin base, and Ay and Ay, denote the
pivot points for the right and left fins, respectively. Furthermore,
~r and vp denote the angles formed by the left and the right
pectoral fin, respectively, with the body-fixed z-axis. Finally,
we consider the pectoral fins to be rigid and rectangular with
chord length D,, and span length .S,,.

In this work, only the planar motion is considered, and it is
assume that the body is symmetric with respect to the Z2-plane
and that the pectoral fins move in the Zy-plane. As a result,
the system only has three degrees of freedom, namely, surge
(ve, ), sway (v, ), and yaw (w;). 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 - mam)i)cw = (mb — My, )rUc, wy + fa: (1)
y y

(mb - may)'[)cy = _(mb - mam)vcwwz + fy (2)

(Jbz - Jaz )wz = (may - mam)vczvcy + 7 (3)

where Jp, is the inertia of the body about the Z-axis, my is the
mass of the body, m,,, and m,, are the hydrodynamic derivatives
that represent the added masses of the robotic fish along the & and
7 directions, respectively, and .J, represents the added inertia
effect of the body about the Z direction. Furthermore, we let «
denote the angle of attack, given by o = arctan( ), and let
the heading angle, formed by the Z-axis relative to the X -axis,
be denoted by 4. Finally, f,, f,, and 7, are the hydrodynamic
forces and moment due to the pectoral fin actuation and the
body-fluid interactions and are given by

fz = fn, — Fpcos(a) + Fp sin(a) (4)
fy = fn, — Fpsin(a) — F sin(a) (5)
Ty = Th, + MD (6)

where F'p, Fr, and Mp are the body drag, lift, and moment,
respectively, and f,,, fn,,and 75, 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:

Ve, COSY — Ve, SN

X Ve, SINY + v, cOS Y
Y We

; Rt Jh,
b || e ey 02) + Jhar + Jhor -
b fuyn t
LT hyR t Jh,L
vcy fZ(Uczyvcyywz)'i_#
. 2
Wz The + Th

f3(vczavcyawz) + %

where

fl(vcmvvcyawz) =
2 Ve,
— Ve, 1 V2 + V72 arctan [ —~
Cy Cx c

mq v Ve,

mg C1

02 2

—— - — v V2

my = T iy VeV Ve e,

&) Ve
——V¢, 4 /v + 02 arctan [ —

4 x y
my Ve,

fZ(UCmava7wz) =

(mi —ma)
f3(vey s veyp2) = T e v, — cawsgn(ws)
(3
withmy = my —mq,,my =mp —ma,,J3 = Jos = Jo.,c1 =
%pSC’D, c = %pSC’L, 4 = (TIZ)CM.pisthedensityofwater,

S 4 is the wetted surface area for the robot, Cp, C, and C)y
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 fy,, fp,, and 7, 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:

T
Wo—mcos{ T } OStSCfl
_ ¢ T,
v(t) = 70+'7ACOS|: <C > +1)], )
+1 b=y

where 74 is the fin-beat amplitude, v, is the fin-beat bias, Tp is
the fin-beat period, and ( 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 and L correspond to the right and left pectoral fin, respectively,
such that the scaled-averaged dynamics can be summarized as
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follows:

Ve, = [1(Te,,Ve,, @) + K, r - fr.r(Yor, YAR: Tpr, CR)

+Ky,1 - fr,o(vor,vaL, Tpr, (L)

f2(Ve, s Ve, @2) + Ky r - fo,R(Yor: VAR TpR: CR)
+ Ky, - frn,o(vor,varL, Tpr, (L)

w, = f3(@cza@cy7wz) + KmR : 77-}741-?, (fYORa YAR, TpR7 CR)
+KmL : 7ihL (70La’YAL7TpL7CL)

Ucy =

(10)
where the right pectoral fin hydrodynamic forces and moment
are given by

o Dp)‘S;WZP'VORViR(*‘W(%R* 3(—8+74R))=1+4CR)

heR =
288m1CRT§R
(11)
2.G n2
7 _'YAS 2
4D AS 1
Jhyr = %6m 2T2R< (4Dp 152 Spo(—1 + i)
+Dy(=8 4+ 7Ar)ASpp(-1 + (k) — 4rormyp (1 + Cr)?
= 3%rvarmp(1 + Cr)’) (12)
Thr
:CPDP)‘S;WZP%R’Y,ZL;R(_“’Y(%R_3(_8"‘73;1{))(_1"‘(12%)
288J3§RT§R
(13)
A is the fin’s normal force coefficient, and Ky, , Ky, , K, 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.

[ll. MODEL-BASED TRAJECTORY TRACKING CONTROL
A. Trajectory Tracking Problem

Let the vectors F(¢) = [X Y 9|7 and T(t) = [X, Y, ¥,]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 u,,v,,w, be the
body-fixed velocities of the reference robot, where its longi-
tudinal axis is defined by 1. Let e, = [X, Y. 1|7 denote
the tracking error vector expressed in the robot’s body-fixed
frame

ey ='Rp(F—T) (14)
where ' R is the rotation matrix from the inertial frame {I} to
the body-fixed frame {B}

cosy siny 0
'Rp = | —siney costp 0 (15)
0 0 1

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

dey & ('Rp0i) & ~
Cex _g F-T
dt (lez )t )

, _ _
Rp 02y dF dT
R 1
+(01><2 1 ) <dt dt (16)
where

- 0 w O

S=|-w 0 0 (17)
0 00

With (16), the following error state model, augmented with
the averaged dynamics (10), is obtained

Xe @cm - Vtr‘ COS(?/JE /IZ)T) + a}z}/e

Y, Ve, + Ve sin(the — ) — 0. X

Ve | = e . (18)
Ve, h+Ksr fr.r+KpL fr.L

Ve, L+ Kpr fo,r+ KpyL - fn,L

(.AL)Z f3+KmR "7_—hR+KmL ’7_—ILL

where V. = (/42 + 02, ¥, = arctan(2=), and w, = 1.

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 (X, Y., 1) 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

w=Kpr fo.r+Kpn- for (19)
uy = Kp - frn,r+Kp1 - oL (20)
us =Ko Thy + Koy - Thy, 1)

such that the averaged dynamic model (10) is expressed in the
control-affine form as

’l?cm fl(ﬁcmvﬁq”a}Z) +ul
@.cy - f2 (’Dcz 5 ’Dcy 3 a)z) + up (22)
Wy f3(ﬁcxvﬁcyaa}z)+u3

To achieve trajectory tracking, we use a backstepping con-
troller that determines the inputs u, u;, and u3 needed such that
(Xe,Ye, 1) — 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: Letv;, v;,and
v3 represent the nominal inputs from the backstepping design,
and let u;,up, and uz 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. lllustration 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:

A =—Cr + 2

Ay =—Qhr+ (w1 —vr) + Ye(us — v3)
Az = —Gh3+ Ay

Ay =—Grs + (u2 —v2) —
As = —(Cshs + Ae

e = —Core + (uz — v3)

Xe(uz — v3) @3)

where (1, (2, (3, (4, (s, (6 are positive tuning constants. The vari-
ables A, A3, and A5 capture the propagated, filtered effect of the
nonachievable portion of the inputs.

To stabilize the e, error while also considering the mismatch
between nominal and achievable inputs, we define the following
Lyapunov function:

Vi(Xo, Vo) = ix2 4 Ly2 L
le;evefze 7e PR (24)

where X, = X, — A1, Y. =Y, — Az and ¢, = 1. — As, are the
modified tracking errors. The time derivative of (24) is given by

"/1 == Xe(l_)cx - Vr COS(UJe - J)r) + (Dz}/e + Cl)"l - )"2)
+ Yve('ljcy + ‘/r Sin(we - {lZ)r) - a}zXe + CS)\Z% - )"4)

+ Pe(@s — wr + Cshs — o).
(25)

Letay = v,,, ax = v¢, and a3 = W, denote the virtual inputs
with ag;, ag, and agsz as the corresponding desired virtual
inputs. The modified virtual input errors are then defined as

Zy = — gl — A (26)
Zy = — gy — 27
73 = a3 — gz — rg. (28)

Let the desired virtual inputs be given by
agp = Vecos(e — ) —@:Ye — Gl — Kx X (29)
g = —Vesin(e — ) + 0. Xe — Gz — Ky Y. (30)
agy = wyp — Gshs — K the (3D

such that (25) becomes

Vl (Z1 KXeX )—|—Y (Zz—Ky )"'we(Z% K/I/SQ&E)

(32)

where K., Ky, and K j_ are positive tuning constants.

To account for the virtual input errors, we then define a new
Lyapunov function
1 1

73+ =73 (33)

_ _ 1=
Vo=Vi+ =2}
2=t gdity 2

with its time derivative given by
‘72 = ‘71 + 2121 + 2222 + 2323 (34)

Eq. (34) can be further expanded using (10) along with the input
definition (19). We choose vy, v;, and v3 such that

‘72 = _KX'eXg — er}_/ez - KJ,E’(ZJ& + )_(QZI
+YeZo 407 — K\ 2} — Ko Z5 — Ks3Z5. (39)
In particular, vy, v,, and v3 are given by
v 1o v.1'[n
m| =101 —X, I, (36)
U3 00 1 F3
where
Fl = _fl - f3Ye + ‘./;"COS(we - QZ}T)
— Vysin(ve — ) (e — ) — @.Ye (37a)
Kxej(e =G (=G + 1) — QAo — K1 Z)
Iy= -+ fXe— V,«sin(@[}e - "Z)r) +(-DzXe
— Vi cos(vhe — 1) (e — r) (37b)
- Ki_/e{/e — G(=Grs + A4) — Gha — K 2y
I3 = —f34+ W, — (5(—=Cs5hs + Ae) — Cohe
- _ (37¢)
— Ky e — K373.
By adding and subtracting 4K Z12, 4K Z2 and g 22 to

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

_ 1 2 1
(5 n) A ()
¥ 2K, 1 4K,
- 72| K, — ! - 72 Ky - !
2\ 4Ky, S\ 4K,
(38)
1 1
K¢ >0,Ky >0K: >0,K; > — Ky > ——
X€> y€> ¢e> 1>4KX 2>4K§7

1
and K3 > —— 1K , then Vg < 0 unless when X, =Y, = we =

_ _ we
gl = Z, = 75 = 0, which implies the convergence of (Xe,
Y., 1) to zero as time approaches infinity. Furthermore, since
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0 < V4(t) < V4(0), it can be concluded that (X.,Y.,.) be-
longs to L£,. This implies that the modified tracking errors
X.,Y, and 1/, do not diverge even when the desired force and
moment are not achieved. Note that although the convergence
for the modified tracking errors (X, Y,,1).) is guaranteed, the
convergence of the actual tracking errors (X, Ye, ¥.) is not.
The latter may actually increase during periods when the desired
force and moment inputs cannot be implemented (i.e. u; # vy,
uy # v, and/or uz # v3). However, when the input limitations
are not in effect, and A, A, and A3 approach zero, (Xe, Y., 1/75)
converges toward (X, Ye, 1) and the tracking errors can be
stabilized.

2) Inner Loop: Fin Parameter Optimization: Let vy, v, 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 wu;, uy, and us are close to vy, v,
and v3, respectively. To ease the discussion, in this work, we fix
Yor;YorL, Ipr, and Ty, 1, leaving yar, var, (g, and Cr, 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 < (r < 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 ¢. Furthermore, to simplify the optimization problem, we
assume that the left and right power-to-recovery stroke ratios
are the same such that (r = (r = (. Given vy, v, and v3,
the constrained multivariable optimization problem at time ¢ is
posed as

Qu(Kf,r- fror+Kypn froL —v1)?

+ Qy(Kfr- foyr+Ks,L - frn,L —02)?
+ Qw(KmR : /th + KmL : 77_hL - U3)2

argmin
YAR,YALCr
SUbjeCt to: YAR, YAL S [’YA mins YA max]
Cf S [Cf min> Cf max]

where [YA min, YA max] a0d [(f min, (£ max] represent the ranges
of the fin-beat amplitude and power-to-recovery stroke ratio,
respectively, and @, @0y, (., are weighting scalars.

(39)

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

Camera

i L §

Position Markers

7

Tail Fin

Pectoral Fin

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 |
IDENTIFIED MODEL PARAMETERS FOR THE ROBOTIC FISH [16]

Robot Body

Parameter Value unit
Body Length 0.198 m
Body Height 0.1 m
Body Width (C'p) 0.03 m
Mass (my,) 0.795 kg
Inertia (Jp~) 426x107% kg m?
M 0.095 kg
Moy 0.1794 kg
—Jax 2.7x107°  kg/m?
Wet surface area (S4) 0.325 m?
Drag coef. (Cp) 0.3870 -

Lift coef. (C'1,) 0.0808 -
Moment coef. (Cr) 8.5 x10~% kg/m?
Pectoral Fin

Parameter Value unit
Fin Length (Sp) 0.061 m

Fin Heigth (D) 0.041 m

Fin Mass (m ) 0.008 kg
Effective mass (m,) 0.008 kg
Water density (p) 1000 kg/m?®
A 4.1464 -

drag and lift coefficients (Cp, Cr, andC);) and the parameter A
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
(YaRr:Yor, Tpr, ¢). 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 A, we collect the the robotic fish’s steady-state
body-fixed velocities when it undergoes circular motion for a
different set of fin parameters (Yar, Yor, Ipr, ¢) 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 fishis runin 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 77
from the center of the robot (X, Y") to the point (X.(¢), Y,.(¢)) on
the trajectory. We let 7. be the distance between (X,.(t), Y,.(t))
and (X,Y), and ¢. be the orientation error, defined as the
angle between the robotic fish heading direction v and the line
connecting the body center (X, Y") to the point on the trajectory
(X,(t),Y,.(t)). Ensuring that the pair (r¢,¢.) converges to
zero implies that the trajectory tracking goal is achieved. With
(e, @), we can then design two PID controllers to find y4r
and v 4. In particular, the error 7. is used to design the first PID
controller, which determines the quantity u,; = yar + var, and
the error ¢, is used to design the second PID, which determines
Upy = YAR — YAL- Using up1, Uy one can then solve for y4r
and 4. To determine (, the inner product between 7, and the
body-fixed unit vector & is considered. In particular, when the
robot is ahead of the trajectory and the inner product is negative,
Cf = Cfuin» SO that the robot can swim backward toward the
trajectory. Similarly, when the robot is behind the trajectory and
the inner product is positive, (y = (y,,.. 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:

Kg.=05Ky, =05K; =0.6 K; =0.55
K, =058 K3 =0.6¢ =0.05( =0.05
G=014(=02¢G=04¢=04
VApim = 07400 =40°Tp =1 sTpp =1 s

1
= =3.5t, =1 sQ, = 700
Chunin 35 Chunax sQ

Q, = 690Q. = 640000

where K 5., Ky, K&ev Ky, K>, K3, G, G, (3, Ga, G, Go 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 K ., Ky,
and K Je» WE could control the convergence rate of X., Y., and
e, respectively. Furthermore, varying (; — (s controlled the
convergence rate of A; — Ag, which are the errors that arise as a
consequence of the effect of the input constraints. The weights
for the forces @), @, and the moment @), are disproportionate
to account for the difference in scale between the body-fixed
forces and the moment. ¢, 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

Kpy =3.06 Kpy =3.06 K;; =0.02
Kp=0.15 Kp; =0.15 Kpy =0.1

where Kp|, Kp>, K11, K12, Kp1, and Kp, were tuned exper-

imentally using the Ziegler—Nichols closed-loop method [28].
The following reference trajectory (X,,Y;,,) for the

robotic fish position and orientation is used in experiments

X, =u,costh,, Y, =u,sint,

Uy =w,, .(0)=7 with

u, = —0.005 m/s, w, = 0 radls, t <30

u, = —0.005 m/s, w,= 0.01 rad/s, 30<t <35
u, = —0.005 m/s, w, = 0.02 rad/s, 35<t¢<150
u, = 0.007 m/s, w,= 0 rad/s, 150<t< 180
u, = 0.004 m/s, w,= —0.02 rad/s, 180 <t

where X, and Y, are the velocity of the reference trajectory in
the inertial frame, and u,., w,. 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
u, and w,. 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 < ¢ < 30, followed by swimming backward in a
circular motion during 30 < ¢ < 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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(b)

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