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Path Following Control of Autonomous Underwater Vehicle Using
Nonlinear Model Predictive Control

by
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Abstract

We propose a path following control for an AUV that considers arrival times at waypoints. The temporal constraints were
taken into account by adding the surge velocity and the nominal thrust force of the AUV as reference trajectories in the objective
function of the nonlinear model predictive control (NMPC). The proposed control strategy uses fewer reference variables than
conventional trajectory tracking problems. The simulated results of the proposed control strategy were compared with the
NMRI Cruising AUV#4 actual cruising data. The simulated arrival times at waypoints compared well with the measured data.
Two guidance laws, the line of sight with lookahead-based steering law and the pure pursuit guidance law, were also applied to

NMPC to determine the reference yaw angle.
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1. Introduction

Since Japan has been importing almost all mineral resources from abroad, the Japanese government has started the research
project, the Strategic Innovation Promotion Program (SIP)Y, which explores ocean mineral resources from Japanese EEZ
(Economic Exclusive Zone). Developments of efficient survey technology for the resources are one of the goals in SIP. AUVs
(Autonomous Underwater Vehicles) have been widely used for underwater exploration in scientific, commercial, industrial,
and also military applications?. We have developed cruising type AUVs, these are the NMRI Cruising AUV#1-4, to obtain
seabed topography efficiently by the multiple vehicle operations®. To reduce launch & recovery time and maximize the survey
mission time, an Autonomous Surface Vehicle (ASV) will be planning to provide position and navigation updates to all AUVs.

Motion control strategy is an essential element for the success of AUVs operations. The PID control may be the first choice
to control marine crafts and AUVs etc. Although the PID control has several advantages such as good robustness and easy
implementation, the control is not able to handle system and/or input constraints. This situation motivates the application of a
model predictive control (MPC) to AUV’s motion control problems. Naeem et al?. applied the linear MPC to the tracking
control of an AUV based on linearized AUV model. Shen et al.>® presented the nonlinear model predictive control (NMPC)
for the trajectory tracking problem and the dynamic positioning problem of a small open frame type AUV.

Since the NMRI Cruising AUV#3 and #4 have developed to conduct multiple vehicle operations with an ASV, they need a
controller which let them reach setpoints (e.g. waypoints) on desired arrival times. This problem is basically solved as trajectory
tracking problems. We must define a physically appropriate reference trajectory for all state variables of AUVs in the trajectory
tracking problems, however, it might be problematic. Although the reference trajectory of the path following problem is only
course angle and it is favorable for motion control of AUVs, the path following problem is not able to consider temporal
constraints.

This paper addresses the path following control of an AUV considering arrival times at waypoints. To consider temporal
constraints in the path following problem, surge velocity and nominal thrust force to achieve the desired velocity are added to
the objective function of the proposed NMPC as the reference trajectory. The simulated results of the proposed control strategy
are compared to the NMRI Cruising AUV#4 actual dive data.
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2. Methodology

2.1 Modeling of AUV

The photo and principal particulars of the NMRI Cruising AUV#4 (C-AUV#4) are shown in Fig. | and Table 1, respectively.
The AUV has a thruster for propulsion and four rudders for motion control. The upper and lower rudders are referred to as No.
4 rudder and No. 2 rudder respectively in this paper. The AUV is equipped with acoustic modems for communication, a multi-
beam echo sounder (MBES) for seabed mapping, and other scientific sensors. The acoustic positioning system and navigation

system for an attitude heading reference system (AHRS) with a doppler velocity logs (DVL) are used.

Table 1 Principal particulars of the C-AUV#4.

Item Unit Value
Length m 39
Diameter m 0.65
Weight in air kg 545
Depth rating m 2000
Cruising speed m/s 1.8

The motion of an AUV is modeled by the 3 DOF horizontal plane model. Linear and angular velocities of the AUV are
expressed in the body-fixed frame, {b}, while the position and orientation of the AUV are expressed in the inertial-frame, {n}.
Here, the origin of {b} coincides with the center of gravity of the AUV. The vector forms of these expressions are expressed as
follows:

T T
v=[uvr], n=[xyy] (D
In the presence of irrotational constant ocean currents, v.= [u. v.]", relative velocity vector, v ,is introduced as follows:
T
v, =[u, v, r]=[u—uc V=, r] )

The 3 DOF motion equations in {5}, the dynamic equations of the AUV in {b}”), in the presence of irrotational constant
ocean currents are well established and expressed as Eq. (3). Here the Coriolis-centripetal matrix is parameterized independent
of the linear velocity”.
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Mv, +C(v,)v, +D(v,)v,+D, =7
M=M,,+M, )
C(v)) :CRB(vr)+CA (vr)

where M, C, D, D,, and T represent the system inertia matrix (Mzz) including the added mass (M), the Coriolis-centripetal
matrix (Cgp) including the added mass (C,), the linear damping matrix, the quadratic damping matrix, and the vectors of control
forces. The quadratic matrix, D,, was modeled as follow:
—D,,, tanh(10u, Ju;
D =- 0 )
0

where Dg.qq 18 the drag coefficient. In Eq. (4), tanh(10u,) approximated the sign function instead of using an absolute value

function to avoid discontinuous in the optimal process. The control forces are expressed as,

F

T

1=|0.5pC,U; {—(52 +tan”' v,./Uf)+<54 —tan”'v, /U, )}
®)

0.5pC, UL, {(52 +tan”' v,/Uf)—(54 —tan™' vr/Uf)}
U,= Jul +v°

where p, Ci, Is, &, and J; are the water density, the lift coefficient of the rudders, the distance from CG to rudder axis, No. 2
and No. 4 rudder angles, respectively. The entries of matrices, My, C4, and D, were obtained by oblique and planer motion
mechanism tests. The kinematic equation for the horizontal motion of the AUV is expressed by the principal rotation matrix

about z-axis as follows:

cosy —siny 0

n=R(y)v=|siny cosy O|v (6)
0 0 1

2.2 Nonlinear Model Predictive Controller

The model predictive control (MPC) has been used for variety of industrial process controls”. As the basic formulation of
the MPC is easily able to extend to multiple-input multiple-output (MIMO) system control problems and explicitly handle
system constraints, the MPC is attracting control system designers for industrial fields including AUVs. However, high
computational costs may prevent implementations of the MPC on real AUVs. In this paper, the fast nonlinear model predictive
control algorithm (NMPC) proposed by Ohtsuka'® was applied to AUV’s path following control. Ohtsuka’s algorithm was
markedly different from conventional MPC algorithms. In his algorithm, firstly, the open-loop optimal control problem was
discretized, resulting in a nonlinear algebraic equation for the discretized sequence of the control input. Next, the derivative of
the sequence of control input with respect to time was obtained by the continuation method'" and resulted in a linear equation
involving Jacobians. The linear equation was solved by the GMRES method'? with the forward difference approximation of

the product of a Jacobian and a vector to reduce computational costs.

(484)



i LR RIS 21 s H4s (BR3EKE) REWmE 41

As present and past current velocities on the C-AUV#4 were measured with a DVL, the current velocities during the
prediction horizon could be estimated by some filtering technics. However, the estimating process may be time-consuming and
then we did not take into account the current forces in the plant model of the NMPC controller, that is v, = 0 in Egs. (3), (4),
and (5). Combing the kinematic and nonlinear dynamic equations in 3 DOF, the plant model, state equation, is obtained as
follows:

x=f
R(y)v ()
M (1-C(v)v-D(v)v-D, )

where x =[xy wu v #]" is the state vector. The inputs of the plant are Fr, &, and & in Eq. (5).

In order to consider arrival times in path following problem, desired surge velocity in {b}, us, was updated every 20 s by
using straight-ahead simulation results of the AUV. The desired sway velocity in {b}, v4, was 0 m/s. As the AUV has a large
inertia, the prediction horizon of the NMPC became much shorter than the duration that the AUV achieved steady forward
speed after changing the thrust force. This situation may cause an unfavorable rapid change of the thrust force. To avoid this
situation, the nominal thrust force, Fr,,, that was reached the AUV to a waypoint on time and was updated every 20 s, was taken

into account in the objective function as follow:

J :%(x'—x'd)T S, (x'-x',)
®)
+%J-:+Th {(X'_x'd )T Q(X'_xld ) + RFT (FT _FTn )2 +u'T Ru '— rluldum _r2u2dum _r3u3dum }dT

where X’ (= [u v y]") is a part of the X, X/’ (= [uq va wu]") is the desired state, w’ (= [& O]") is a part of the inputs, S, is the
diagonal weight matrix for the terminal cost, Q is the diagonal weight matrix for the stage cost, Rris the weight coefficient for
variation of Fr from Fr,, and R is the diagonal weight matrix for the u’. In Eq. (9), the dummy inputs, u4um, t2dum, and u3gum,
are introduced to convert inequality constraints on u to the equality constraints. The conversion from inequality constraints to

the equality constraints are expressed as follow:

2 2
F.__+F F_—-F .
(ul _ ~ Tmax 5 T'min J +u]2dum _( T max 5 T'min j

5max+5min ’ é‘max_é‘min ’
Cy = (u —%) U —(fj =0 ©)

2 2
(u3 _ é‘4max ;54min j + u32dum _ ( 54max ;54min )

It should be noted that the dummy inputs, u;gum, Uzdum, and usam, are squared to satisfy inequality constraints on the control

inputs. As the sign of the dummy input does not affect the optimality, the algorithm may not be able to update the dummy inputs
when they become zero. To prevent this situation, small dummy penalties'” were added to the objective function as indicated
in Eq. (8).
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2.3 Guidance Laws

The line of sight (LOS) with lookahead-based steering and pure pursuit (PP) guidance laws” ® are applied to determine the
desired heading angle, i, in the developed AUV’s motion controller. The concept of the LOS and PP guidance laws are
illustrated in Fig. 2. In the figure 2, ;s and Spp are the course angle and the side slip angle for the LOS guidance law while
xpp and fpp are the course angle and the sideslip angle for the PP guidance law. Both guidance laws determine the desired

course angle, y4, and . As for the LOS guidance law, these angles are calculated as follow:

W= Xios — Bros

B,os =sin”! (v/Uf) (10

The LOS guidance law is classified as a three-point guidance scheme and it needs a reference point in addition to the pursuer
(AUV) and the target (waypoint). For the sake of simplicity, the constant lookahead distance, 5 m, was used in this paper. The

PP guidance law is classified as the two-point guidance scheme and it only needs the pursuer and the target.

AX
n 1
: Target

Direction of :
velocity, i

LOS Direction of

(Red arro velocity, PP

(Blue arrow)

Reference
Pursuer (AUV) Y,

Fig. 2 Illustration of the reference velocity direction in LOS and PP guidance laws.

2.4 Simulation Platform
In this study, the AUV’s path following motion with the NMPC was generated by Matlab/Simulink 2015b'¥. Calculations
of the NMPC were performed on the personal computer (CPU: Intel Core i17-4770, 3.4GHz).

3. Results

3.1 Validation of Proposed NMPC Strategy

The main purpose of this work is to develop a path following control considering arrival times at waypoints. As mentioned
previously, the proposed NMPC controller included the desired linear velocities and the nominal thrust force in its objective
function.

Firstly, we compared the measured trajectory of the C-AUV#4 shown in Fig. 4 and simulated results controlled by Ohtsuka’s
algorithm with PP guidance law (NMPC PP). Although the C-AUV#4 didn’t log the status that noticed the AUV reach to
waypoints (WPs), the trajectory shows changes when it reached to WPs. Therefore, the arrival times at WPs were estimated
from the measured yaw angle and commanded rudder angles. The estimated arrival times at WPs are listed in Table 2. The C-
AUV#4 cruises to the next WP if the C-AUV#4 approaches within 25 m of the present aiming WP. The C-AUV#4 has attitude,

speed, and heading PID controllers. Since these controller gains are tuned with respect to the safety and success of operation,
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the gains are not enough high to seek the quick control responses. As seen in Fig. 4, the trajectory fluctuates between WPs; the
AUV doesn’t back quickly to the pathway. Both the slow controller responses and the forces and moments induced by ocean
current might be factors in the fluctuation. However, as the cruising speed of the AUV, 1.8 m/s, is much higher than the ocean
current speed (see Fig. 3), the fluctuation may have caused by the slow control responses rather than ocean current forces and
moments on the AUV.

The diagonal weight matrices in the objective function of the NMPC PP were chosen as S;= diag[20 10 10], Q = diag[20 10
10], and R = diag[50 50]. The weight coefficient, Rr, was 50. The dummy penalties, 7;, 7>, and r3, were 10. The prediction

horizon was 2.5 s. The input constraints are listed in Table 3. The simulation time step was chosen as 0.1 s.

Table 2 Arrival times at the WPs of the C-AUV#4.

WP Armrivaltime | WP  Arrival time | WP Arrival time
1 0s 7 1018.5s 13 2104.0s
2 187.0's 8 1216.8 s 14 2142.0s
3 4440 s 9 14740 s 15 2327.8's
4 4940 s 10 1526.5 s 16 2474.0 s
5 766.3 s 11 1804.3 s 17 2505.0 s
6 956.0 12 1988.0

Table 3 Input constraints in the NMPC PP.

Input Content Minimum Maximum
U Fr -249.8 N 2498 N
uz 1)) -15 deg 15 deg
u3 O -15 deg 15 deg

The observed current velocity and direction by the C-AUV#4 are shown in Fig. 3. The average ones are 0.194 m/s and
-157 deg, respectively. Ocean current forces and moment based on the irrotational constant ocean currents model” were taken
into account in the simulation. The arrival times at WPs were extracted from the simulated results, and time lags from those of
the C-AUV#4 were obtained. Due to the different motion control strategies, measured and simulated trajectories are markedly
different (see Fig. 4). However, arrival times at WPs are approximately the same as can be seen in Fig. 5. Comparisons of the

u, np, Y, 6, and J; are presented in Figs. 6 - 9. The thruster rotation speed of the simulated results are recalculated as follow:

n o= |_fr 1
"\ pK.D, (1

where K7 and D,, are thrust coefficient at the nominal advance number and propeller diameter, respectively. As can be seen in
Figs 6, 7, the results of NMPC PP change the , sharply within its constrain to adjust the u for achieving desired arrival times.
The typical data are shown in the lower figure of Fig. 6, which focused on the AUV passing the WP3 and 4. Since the results
of the NMPC PP did not model changing rate of rudder angles, the results of the NMPC PP could follow the measured path
even though the results of the NMPC PP shows smaller rudder angle than the measured results (see Fig. 8). From fore mentioned
results, it could be concluded that the proposed NMPC strategy worked properly to consider arrival times at WPs under the
path following problem.
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Fig. 3 Current velocity and direction observed by the C-AUV#4.
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Fig. 4 Comparison of trajectories between the measured (C-AUV#4) and the simulated results.
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Fig. 5 Time lags of the arrival time for the NMPC PP.
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Fig. 6 Comparison of the n, between the measured (C-AUV#4) and the simulated data.
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Fig.7 Comparison of the u# between measured (C-AUV#4) and the simulated data.
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Fig. 8 Comparison of the yaw angles between the measured (C-AUV#4) and the simulated data at the WP3 and the WP4.
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Fig. 9 Comparison of the & between the measured (C-AUV#4) and the simulated data.

3.2 Application of LOS Guidance Law

The LOS guidance law was used to determine the desired yaw angle, y, and applied to the Ohtsuka’s algorithm (NMPC
LOS). To investigate the path following performance and computational costs of the NMPC PP and the NMPC LOS, path
following simulations were conducted for the same WPs listed in Table 2. The difference of simulated trajectories between the
NMPC PP and the NMPC LOS became clear during the turning maneuver at each WP. The typical trajectory results are shown
in Fig. 10. Since the NMPC LOS directs the velocity vector toward a point on the path (e.g. a line through the WP6 and the
WP7) that is located a lookahead distance ahead of the direct projection of the AUV position onto the path”® after reaching
WP6, the turning maneuver of the NMPC LOS is moderate compared to that of the NMPC PP (see also Fig. 11). Although
arrival times at WPs of the NMPC LOS are not accurate compared to those of the NMPC PP (see Fig. 12), differences of time
lags are negligibly small. As can be seen in Fig. 13, the computational time of the NMPC LOS and the NMPC PP are almost
the same on straight-line, however, that of the NMPC PP is increased largely than the NMPC LOS during turning maneuvers.
Therefore, it could be concluded that the NMPC LOS is more practical than the NMPC PP in terms of path following

performance and computational cost.

Waypoints and trajectories
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Fig. 10 Comparison of trajectories between the measured (C-AUV#4), the NMPC PP, and the NMPC LOS.

(490)



i LR EEITRE 21k W45 (BR3EKE) RAemE 47

62 [deg]
40
— — — C-AUV#4 (measured)
_____ NMPC PP v, =0.194 m/s
%‘5) I NMPC LOS v_=0.194 m/s
0
-15 +
=20
-40 L L
900 950 1000 1050

t [s]
Fig. 11 Comparison of rudder angle between the NMPC PP and the NMPC LOS during turning maneuver
on the WP6 and the WP7.
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Fig. 12 Comparison of time lags of the arrival time between the NMPC PP and the NMPC LOS.
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Fig. 13 Comparison of computational time between the NMPC PP and the NMPC LOS (The right enlarged figure
shows during turning maneuver on the WP6 and the WP7).
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4. Conclusions

In this study, the path following control of the AUV considering arrival times at waypoints was presented. The temporal
constraints were taken into account the path following problem by adding reference surge velocity and nominal thrust force in
the objective function of the nonlinear model predictive control (NMPC). The proposed control strategy uses fewer reference
variables than the conventional trajectory tracking problem. The simulated arrival times at waypoints were matched well to the
measured data by C-AUV#4. The line of sight (LOS) with lookahead-based steering and the pure pursuit (PP) guidance laws
were applied to the NMPC to determine the reference yaw angle. As the NMPC LOS showed competitive path flowing
performance with the NMPC PP and lower computational cost than the NMPC PP, it seemed that the NMPC LOS was better
for the proposed control strategy. Since the proposed control strategy was restricted in the 3 DOF model, the development of
the NMPC LOS in the 6 DOF model remains as a future study.
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