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1. Introduction

The purpose of this project is to design a low level adaptive controller. The 

motivation for the work is the larger and separate goal of conducting the autonomous 

launch and recovery (ALR) of an autonomous underwater vehicle (AUV) from an 

unmanned surface vehicle (USV). A main objective is to demonstrate the USV’s ability 

to track a predefined heading at a desired speed under time-varying uncertain mass and 

drag conditions. 

The reason for uncertainty in mass and drag conditions is because the launch and 

recovery mechanical system is not yet designed. Although the maximum allowed mass is 

specified by the USV manufacturer’s payload rating, other factors are unknown. For 

example, the system may involve towing a docking device behind the USV for the 

recovery, or a rigid structure may be lowered into the water. The launch of the AUV may 

involve simply dropping it into the water, or may require gradual lowering into the water 

before releasing. In any case, the drag properties of the recovery device are uncertain and 

this must be accounted for. Also, it is yet unknown what sort of structure will be added to 

the AUV for the docking process, if any. Any additional structure on the AUV will 

increase the drag that the USV may be pulling through the water during the mission.   

1.1 Background 

There are several defense oriented mission areas where USV’s could be used, 

including but not limited to: asset protection, mine countermeasures, area denial, and 
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target tracking [1]. Expanding the capabilities of USV’s has become a topic of interest in 

the control community, particularly in the launch and recovery of an AUV by an USV. 

By combining the capabilities of an AUV and USV, the range of viable mission areas is 

expanded. The capability facilitates the removal of personnel from high risk operating 

areas and conditions. Reducing the need for human oversight during a mission is a 

desirable outcome of automation, especially when the mission environment presents a 

danger to human life. 

The automatic launch of an AUV from an unmanned surface vehicle has been 

accomplished. However, to the knowledge of the author, AUV retrieval has always been 

a manned operation [2]. Hydroid, the maker of the REMUS AUV series, has developed a 

way to conduct an unmanned underway docking of a REMUS AUV; however the actual 

launch and recovery is a manned operation, with the docking sequence providing a means 

of decreasing the frequency of launch and recovery [3].  

The applications for an ALR system are of considerable interest to the U.S. Navy. 

The ability to launch and recover an untethered system from an unmanned surface 

vehicle has direct application to the Navy’s USV missions of mine countermeasures, 

maritime security, and maritime interdiction operations support [1].  This project is 

inspired by the desire for automatic launch and recovery capability.    

1.2 The WAM-V USV14 

The WAM-V USV14 (Figure 1-1) is a twin hull pontoon style vessel designed 

and built by Marine Advanced Research, Inc of Berkeley, CA. The vessel structure 

consists of two inflatable pontoons, two motor pods, a payload tray, and two supporting 
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arches. The vehicle quickly disassembles into seven main components for storage and 

transportation. Each motor pod contains an electric powered waterjet. While the vehicle 

is equipped with fixed steering nozzles and thrust reversing buckets, a differential thrust 

steering scheme is used. This steering scheme causes the USV to be underactuated, which 

is a term that refers to a condition where the vehicle cannot actuate in every degree of 

freedom. For the case of the WAM-V, the vehicle demonstrates appreciable motion in 

surge, sway, and yaw during operation, but can only apply control force and torque in 

surge and yaw. 

The front support arch allows coupled articulation between the pontoons through 

the use of a three degree-of-freedom (DOF) ball joint connection with the payload tray on 

the centerline of the vehicle and also at the suspension system attachment points for each 

pontoon. The rear arch connections allow rotation about the heave and transverse axes 

only.  

Figure 1-1. The WAM-V USV14 is a twin hull pontoon style vessel consisting of two 
inflatable pontoons, two motor pods, a payload tray, and two supporting arches. 
Motor pods attach aft of the inflatable pontoons with a bottom hinged connection 
and a top O-ring connection that allows hinging about the bottom connection. 
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Figure 1-2. a) The top of the motor pod is connected using a combination of flexible 
O-rings that allow the pod to rotate about the bottom hinge connection. This feature 
helps maintain water intake through the effects of wave action on the vehicle. b) 
Illustration of the motor pod connected only at the bottom hinge point showing how 
the pod rotates. In this depiction, the vehicle is suspended above the water. Under 
calm conditions the pod rests evenly on the water. 

The motor pods attach aft of the inflatable pontoons with a hinged connection at 

the bottom and a flexible O-ring connection at the top which allows rotation about the 

bottom connection (Figure 1-2a,b). This design ensures the motor pods’ continuous 

alignment with the water in spite of vehicle pitching motion, which maintains flow 

through the water jets. The vehicle’s physical characteristics are shown in Table I. 

Table I. Principle characteristics of the WAM-V USV14. The keel location is taken as the 
bottom of the pontoon. w.r.t is an acronym for “with respect to.” 

Parameters Values
Length Overall (LOA) 4.29 [m]
Length on the Waterline (LWL) 3.21 [m]
Draft (aft and mid-length)(unweighted) 0.127 and 0.105 [m] 
Beam Overall (BOA) 2.20 [m]
Beam on the Waterline (BWL) 2.19 [m]
Depth (keel to pontoon skid top) 0.39 [m]
Area of the Waterplane (AWP) 1.1 [m2]
Centerline-to-centerline Side Hull Separation (B) 1.83 [m]
Length to Beam Ratio (L/B) 2.34
Displacement (∇)(unweighted) 0.34 [m3] 
Weight 150 [kg]
Longitudinal Center of Gravity (LCG) w.r.t. aft plane of engine 
pods  

1.27 [m]
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1.3 Guidance, Navigation, and Control Hardware 

In order to conduct development and testing of autonomous control for the WAM-

V, a guidance, navigation, an control (GNC) system is implemented. The GNC system is 

housed inside a plastic, water-resistant box and contains a motherboard, single-board 

computer, inertial measurement unit (IMU) with global positioning system (GPS) 

capability, digital compass, RF transceiver, pulse width modulation (PWM) signal 

generator, etc. A detailed summary of the GNC system can be found in [4]. For the 

purpose of this project, the key components of the GNC are the sensor suite (IMU/GPS 

and digital compass), single-board computer, and RF transceiver. The IMU/GPS is an 

XSENS MTi-G GPS/INS sensor that is used to record the motion and position of the 

USV during operations. This information is relayed to the single board computer, where 

the low level control code is implemented, and is data logged for post-processing. The 

GPS is specified to provide 2.0 meter accuracy, but is heavily dependent on weather and 

satellite availability. Velocity accuracy is unspecified in the user manual, but is said to be 

a function of the GPS performance. The digital compass is used to record vehicle 

heading, outputs integer values by user setting, and has a resolution of 0.1 degrees. The 

RF transceiver allows the user the option of maneuvering the USV remotely or using 

autonomous navigation. A hand-held remote control is used both for operating the 

thrusters and reversing buckets and also for switching between RC and autonomous 

mode. A picture of the control box, with locations of main components highlighted, is 

shown below in Figure 1-3.  
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Figure 1-3. Autonomous control box implemented on the WAM-V USV14. 

 The Wi-Fi modem installed in the control box establishes a local area network 

(LAN) and allows the user to wirelessly connect to the single-board computer to start 

processes, transfer files, etc. The feature is mainly used for uploading code and 

downloading data log files.  

From the software standpoint, the GNC system is best explained by starting with 

the sensors. The IMU/GPS and the digital compass send sensor motion and state 

information to an high level guidance system and the low level controller. The high-level 

guidance system uses the sensor input to output speed and heading commands to the low 

level controller. The low level controller uses both the current state information from the 

sensors and the commands from the guidance system to calculate and output motor 

commands. Any of these components (high-level guidance, low level controller) are 
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arbitrary to the overall GNC system. The modularity of the GNC system allows for the 

quick implementation of different guidance and control codes.  

1.4 Problem Statement 

The goal of this work is to design and implement a low level heading and speed 

controller that can force an underactuated USV with changes in total displacement of 

approximately 15-25% to follow a designated heading and speed. A controller with this 

capability is necessary for vehicle control before, during, and after the launch and 

recovery of an AUV due to the change in maneuvering characteristics the USV will 

experience as the payload is deployed (lightship), retrieved (transition), and secured (full 

displacement).  In addition to drag variations due to changes in displacement, the vehicle 

experiences variation in the magnitude and direction of the drag as the AUV docks with 

the recovery system and is still in the water. To contextualize the change in displacement 

between the lightship and full displacement conditions one may consider the following: 

the AUV to be used is a REMUS 100 AUV and it is expected to change the displacement 

of the USV by approximately 3.75 10 	 cm3 (17% of the total USV displacement) in 

seawater, which is the approximate size of a ten gallon gas tank. The associated change in 

maneuvering characteristics must be accounted for in the low level control design. 

The REMUS 100 AUV weighs 38.5 kilograms (kg) in air. The USV is a WAM-

V-class USV14 and weighs 150 kg; the maximum rated payload is 114 kg. Accordingly, 

the ALR system can weigh no more than 75.5 kg. The lightship mass will consist of the 

USV and ALR system (combined maximum of 225 kg) and the full displacement mass 

will be a maximum of 264 kg, the minimum change in displacement will be 17%, and 

will increase as the mass of the ALR mechanical system decreases. Overall, the vehicle is 
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rated for a maximum payload of 76% of the total weight. 

The design parameters for the controller are to preserve USV speed and heading 

control during changes in displacement of approximately 20% in sea state 1 or lower and 

winds less than 10 knots with variable drag conditions. The launch and recovery process 

will occur at speeds less than two knots and transit speeds will cover the USV’s full range 

of speed (up to approximately 3.5 m/s). The low level controller is designed to receive 

heading and speed commands from a navigational planner.  

The variable drag conditions were created by adding 70 kg of weight to the 

payload of the USV for the lightship case and 96 kg for the full displacement case and by 

towing an object similar in geometry and mass properties to the REMUS 100 for the 

transitional cases.  
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2. Literature Review

The novelty of this research is the creation of a low level controller that has the 

required characteristics to make an ALR mission feasible from an USV control 

standpoint. The subsequent sections of the literature review are intended to explain the 

reasoning for embracing an adaptive control design. 

2.1 Parameter Uncertainty 

From a surface vehicle control aspect, the challenge of conducting an ALR 

mission lies in designing a controller which is insensitive to drastic changes in 

displacement and drag properties.  The reason changing these properties affect the 

controller’s performance lies in how control inputs are determined. Typically, a closed-

loop controller is fed information in the form of an error between a desired state variable 

and the actual state variable. Using this information, the controller calculates the required 

output that will drive the vehicle state towards the desired state. This calculation is 

heavily dependent on the dynamic properties of the specific platform. As outlined in 

Section 1.4, the several displacement cases expected during the ALR mission change the 

dynamic properties of the USV in a way that must be accounted for.  

Consider the lightship condition with a speed error of 1 m/s. A non-adaptive 

controller designed for this vehicle condition will compute the additional motor speed, in 

revolutions per minute (RPM), required from each motor to increase the speed of the 

vehicle by 1 m/s. If the control law is accurate and there are no additional forces acting 
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on the vehicle (e.g. wind, current, waves), the vehicle’s speed will increase by 1 m/s with 

the new motor speed commands.  

Consider now the full displacement condition, where the AUV is aboard the USV. 

The vehicle now weighs approximately 17% more, but the controller will still calculate 

motor inputs based on the lightship vehicle dynamics. The price of this change will be the 

response time of the vehicle, overshoot, damping characteristics and possibly the stability 

of the system.  

The new response of the vehicle to motor commands will be dependent on the 

drag of the vehicle, which is affected by the dimensions of the submerged part of the hull. 

With changes in payload come changes in the parameters of which drag is a function (i.e. 

displacement and operating speed).  

The same shortcomings are relevant when the vehicle is required to correct a 

heading error, where the required yaw moment is a function of the vehicle moment of 

inertia about the heave axis as well as the transient (added mass) and steady 

hydrodynamic resistance to rotation experienced by the vehicle. This scenario of variable 

system response suggests that an adaptive element be incorporated within the vehicle’s 

low level controller. Slotine [5] discusses several reasons for using adaptive control, one 

of which is a situation where the plant changes while the controller is in operation. This 

situation requires a continuous ‘redesign’ of the controller to avoid inaccuracy or 

instability of the control system.  
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2.2 Coupled Motion for Underactuated USV’s 

There is a host of literature concerning the control of underactuated craft. Among 

the literature, USV’s with twin fixed thruster dynamics are considered. A fixed thruster 

configuration provides a special case to underactuated craft because of the significant 

coupling between surge and yaw motion. For a typical surface vessel with rudders to 

control yaw motion, the coupling between speed and yaw rate is less pronounced than for 

rudderless vessels such as the WAM-V USV14. In order to adjust the heading of a twin 

fixed thruster, rudderless vehicle, the thrust magnitude between the two thrusters must be 

varied, creating torque due to thrust differential which affects the vehicle surge velocity 

( . Coupled motion in the horizontal plane for tethered underwater vehicles is discussed 

in [6], and an identified model in surge, sway, and yaw based on a least squares 

identification method shows that: surge motion is closely coupled with the product of 

yaw rate ( ) and sway velocity ( ) as well as thrust,  sway is coupled with the product of 

 and , and yaw motion is coupled with the product of  and  as well as thruster 

applied yaw moment. The WAM-V demonstrates similar coupled behavior; hence the 

vehicle model must reflect this coupling by retaining coupling terms that are often 

excluded in simplified vehicle models. 

2.3 Common Control Techniques 

This section outlines a series of control algorithms that have been used on USV’s. 

The basic controllers considered are Proportional Integral Derivative (PID), Linear 

Quadratic Regulators (LQRs), and Sliding Mode. Each has distinguishing characteristics 

that make one more desirable than another for different engineering applications.  
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A PID controller is the simplest to implement and contains a maximum of three 

control parameters. A classic PID controller is meant to control one error signal. If 

multiple vehicle states must be controlled a cascade of controllers can be used. The 

vehicle system response will differ as additional controllers are added however, so the 

tuning of each of the controller gains becomes a tedious and time-consuming process [7]. 

Multi-Input Multi-Output (MIMO) PID controllers are an option that avoids this problem 

by considering plant interactions from the start, however the system response cost due to 

a changing plant is still unaddressed without an adaptive feature [7][8].  

Non-adaptive cascaded PID control does not offer an acceptable control solution 

because the value selected for each gain changes the effect of the others in an 

unpredictable way.  Tuning the control gains must be done individually and iteratively in 

field testing, and they need to be changed for each  mass configuration of the vehicle [9].  

Sliding mode control is an option to be considered when little or nothing is known 

about the plant being controlled (e.g. the USV’s mathematical model is inaccurate). Often 

referred to as robust control, a sliding mode controller compensates for the inability to 

accurately predict necessary control action by using extreme control action to force an 

unknown system to behave like a first order system [5]. As the accuracy of the model 

increases the control activity can be decreased, however control surfaces and motors pay 

a high price in wear-and-tear during use. A key concept of sliding mode control is that it 

achieves a trade-off between tracking performance and model uncertainty.  

Linear Quadratic Optimal Control using an LQR is on the opposite end of the 

control spectrum from sliding mode control. The goal is to minimize control action by 

only actuating an optimal control action that is based on minimizing a quadratic cost 
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function, or performance index [10]. The cost function contains weighting terms that 

must be determined by measuring control input and system output. Knowledge of the 

state space model is required for the design of an LQR that forces not only state error to 

zero but also control action in a desirable way (e.g. come up to speed very quickly or 

perhaps gradually) [10].  This approach is not appropriate for the ALR mission due to the 

uncertainty and time-varying nature of the state space model parameters (mass and drag) 

because for LQR the state space model must be known.  

Backstepping for MIMO systems is also an option to consider for the control 

design. Backstepping is a Lyapunov-based recursive design procedure discussed in [13] 

and [14]. Note that Lyapunov stability theory is accepted as the standard in 

mathematically answering questions of stability when it comes to control design. Using 

Lyapunov theory, control designers can obtain information regarding the type of stability 

a system will demonstrate by forcing specific equations into a general form and 

conducting the prescribed Lyapunov stability analysis [14][15]. In [14] a robust form of 

nonlinear backstepping is presented that is intended to account for uncertain parameters. 

This presents a possibility for controlling the WAMV through uncertain and time-varying 

mass and drag parameters. [13] proposes an adaptive controller for the case of parameter 

uncertainty of a MIMO system and unknown external disturbance. Tracking error is 

shown to converge to zero. This, again, has application to the ALR mission and is 

considered when reviewing design alternatives, however is not specific to the USV of 

interest.  
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The connection that backstepping has to the USV control problem lies in the 

nonlinearity of the system and its MIMO structure. Multiple states (surge, sway, and 

yaw) must be tracked and two control signals must be generated (force and torque). Also, 

each state affects the other due to coupling. For example, yaw motion causes sway 

velocity and more so as surge velocity increases.  

2.4 Control Examples 

In [7] a PID controller was used to accomplish way-point following for a 

catamaran shaped USV with two fixed thrusters. The authors determine that PID control 

is too time consuming and tedious to sustain when implementing both heading and speed 

control. To remedy the problem, a multivariable controller design method is used to 

develop a linear-quadratic controller. The new controller performance is verified via 

simulation. The issue in relating [7] to the WAM-V case is that the identification of the 

vehicle is conducted assuming constant vehicle mass, and there is no adaptive feature to 

compensate for a changing system response with changing mass properties. In fact, the 

situation of drastically changing mass properties is not well covered in the literature 

regarding USV’s. One platform however, where it is quite common to have variable mass 

properties is in automobiles. They typically vary in payload between one and five 

passengers and carry all sorts of user belongings.  

Du et. al. [11] present a way of modeling uncertain vehicle mass (m) and moment 

of inertia (Iz) when the maximum and minimum values are known (e.g. one passenger or 

five passengers).  They iterate the calculation of the state vector rate with maximum and 

minimum value of m and Iz substituted into the coefficient matrices for m and Iz, 

respectively. They apply a weight term to each iteration, and sum the iterations to 
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determine the vehicle’s current state vector rate. This approach is in lieu of an adaptive 

control design.  Ultimately, the goal in [11] is to design a yaw moment controller that is 

robust to uncertainty of plant parameters, specifically mass and moment of inertia. 

Lyapunov stability theory is used to guarantee exponential stability of the controlled 

system. Effectively, the control design minimizes the importance of the actual plant 

parameters in the control law. A robust approach with this outcome may be an alternative 

to adaptive control (presented in Section 2.5) when considering the uncertain plant 

parameters in the context of ALR.  

An experimental comparison between a cascaded PID and backstepping controller 

for speed and heading control of a rigid-hull inflatable boat (RHIB) is presented in [16] 

and [17]. The results of the experiment show that the backstepping controller regulates 

the speed and heading of the RHIB much more closely than the cascaded PID control 

scheme, especially when aggressive reference trajectories are given. The backstepping 

controller is broken into reference subsystems in heading and thrust. This is done because 

the RHIB’s propulsion system is one outboard motor mounted on the stern of the boat, 

which can be rotated about the heave axis for steering. The backstepping approach to 

control a plant with this type of propulsion system is attractive because the vessel’s 

dynamics are highly nonlinear across the whole range of possible thrust angles, and 

backstepping allows the designer to account for nonlinear behavior of the plant [14].   

2.5 Adaptive Control 

An adaptive feature for the control system is necessary in the case of this project 

due to the change in inertial and drag properties. Classic adaptive control techniques are 

designed to control systems with constant or slowly time-varying uncertain parameters 
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[5]. A key difference between adaptive and ordinary controllers is that the control 

parameters for an adaptive controller are variable during operation.  

2.5.1 Model Reference Adaptive Control 

Model Reference Adaptive Control (MRAC) is one of the two principle methods 

for implementing adaptive control. Theoretically, using MRAC, no initial knowledge of a 

system’s mass properties is required for the controller to converge on zero tracking error 

[5].  With MRAC, the designer can define a reference model based on the system 

performance requirements. The reference model acts as a template in determining the 

control parameters (gains) necessary for the unknown plant [15]. For example, if a 

WAM-V USV14 is navigating through the Intracoastal Waterway (ICW) with a desired 

surge speed of 1.5 m/s and suddenly it drops a payload into the water, drastically 

changing the mass of the vessel, the controller gains for a constant gain controller will no 

longer be tuned to match the vehicle to its desired surge speed. If a model reference 

adaptive controller is being used however, the control inputs will be fed into the reference 

model and the reference model outputs will be compared to the outputs of the actual plant 

(measured with onboard sensors). Based on the difference between actual and reference 

outputs and also on the true speed error signal, the control parameters will be adjusted to 

produce an actual plant output matching the reference (desired) output. This process is 

conducted continuously in real time with MRAC, and is referred to as the direct method 

of MRAC [15]. Figure 2-1 is similar to the block diagram presented in [15] and illustrates 

the direct method of MRAC. In the subsequent block diagrams: θ represents a parameter 

vector, the subscript ‘c’ denotes a controller term, a superscript asterisk (*) denotes that 
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the true parameter is unknown,  is a control signal,  is an output, r is a reference, e is 

error, and the subscript  denotes a model value.  

Figure 2-1. Direct Model Reference Adaptive Control 

In addition to the direct method, there is another way of implementing MRAC 

called the indirect method [15]. Like the direct method, indirect MRAC contains a 

predefined plant model to generate modeled (expected) outputs and compares them to 

that of the plant. Where indirect MRAC differs from the direct method is in the parameter 

estimation. Rather than estimating the true control gains ( ∗) that force the plant to 

behave like the reference model, the parameters of the plant ( ∗) are estimated. Once the 

plant parameters are estimated, a set of control parameters are calculated using a function 

that is designed to predict necessary control parameters based on the plant parameter 

estimations. In the case of the WAM-V USV14, where the form of the modeling 

equations is assumed known, the plant parameters are the hydrodynamic coefficients. A 

block diagram for the indirect method is shown in Figure 2-2. In [16], an indirect 

adaptive approach is presented for marine vehicles. The control law is developed using 
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the backstepping technique and for that reason the indirect method of adaptive control 

was chosen over the direct method due to the nonlinear appearance of the unknown 

parameters in the control command. This nonlinearity was taken to exclude the certainty 

equivalence principle, which is explained as the idea that as the parameter estimates 

converge to the true values, the adaptive controller performance converges to what would 

be expected in the case of known parameters [15].   

Figure 2-2. Indirect Model Reference Adaptive Control 

2.5.2 Self-Tuning Control 

The second principle adaptive controller design is called a self-tuning controller 

(STC). This type of controller combines a traditional controller with a real-time 

parameter estimator that identifies the unknown properties of the plant [5]. This method 

could apply directly to the ALR mission due to the time-varying nature of the USV’s 

plant parameters (mass properties).  
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Something to consider when choosing between MRAC and STC is that the 

stability of MRAC is much more easily guaranteed than STC [5]. STC relies on crisp, 

accurate sensor data for convergence of the reference model to the actual parameters, 

whereas MRAC does not even require an accurate model of the plant to minimize 

tracking error. From the perspective of controlling the USV during an ALR mission, the 

MRAC design seems more pertinent because ultimately it is tracking error that is of 

concern, not the plant estimation.  

2.5.3 Adaptive Examples 

In [19], an adaptive waypoint tracking algorithm is derived for underactuated 

autonomous vehicles experiencing constant unknown environmental forces. Simulation 

results are presented that verify the model. The AUV under consideration was under-

actuated, however it had independent control in surge, pitch, and yaw, whereas the 

WAM-V has only coupled control in surge and yaw. The AUV controller in [19] was 

designed to compensate for constant ocean currents, whereas the USV will experience 

time-varying wind and current disturbance in addition to variations in plant parameters.  

An application of adaptive control for automobiles is presented in [20] where 

vehicle mass and moment of inertia are considered unknown and an adaptive control law 

addresses their variations. The control law is only valid for front-steer-rear-drive 

vehicles; however the adaptation concept could be applied to the USV with uncertain 

mass properties. Simulation results are presented in [20], however there is no evidence of 

physical implementation.  
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2.5.4 Adaptation Algorithms 

When considering the adaptive algorithm, the two most important properties are 

the convergence of the tracking error to zero and the boundedness of the system inputs 

and outputs [21]. Several established methods for achieving these properties are 

published in the literature [15] [21]. Intuitively, the outcome of adaptive control design is 

a controller that can tune its parameters initially to control an uncertain plant and again 

retune in the event that the plant characteristics change [22].   

2.6 Model Identification – For Underactuated USV’s 

System identification is necessary for characterizing the vehicle’s dynamics. The 

goal of system identification is to obtain a simplified understanding of how the vehicle 

behaves so the control algorithm can accurately calculate control inputs to produce a 

desired vehicle response. For this project, the relation between motor input and vehicle 

response was quantified. Typically, to determine relevant vehicle parameters a series of 

quazi-standard tests are conducted, which include the zigzag, circle, and acceleration test 

[23]. The purpose of the circle and zigzag tests is to obtain the steady state dynamics of 

the vehicle [17], while the acceleration test gives forward direction transient data. The 

data also aid in tuning the hydrodynamic coefficients used in the vessel’s dynamic model. 

In [7] a catamaran-shaped USV with two fixed thrusters was modeled numerically 

to design a linear-quadratic controller. Field data were used to back out lumped 

hydrodynamic coefficients for a particular speed. [6] outlines the simplification of the 

general dynamic equation for underwater vehicles for a particular remotely operated 

vehicle (ROV), assesses the degree of coupling in surge and sway motion and yaw 
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rotation, and obtains the values of lumped hydrodynamic coefficients, as in [7]. Another 

approach to determining hydrodynamic coefficients is to estimate them using strip theory 

and drag principles and then use an iterative approach through simulation to fine-tune the 

set of hydrodynamic coefficients based on actual field data. Strip theory and 

hydrodynamic drag principles are addressed in [10] and [24]. 
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3. Approach

The development of the low-level controller is based on a combination of 

numerical simulation and on-water vehicle testing. The process consists of several steps, 

where each builds upon the previous. Initially, the USV was operated remotely before an 

automatic control system had been developed. During this time the performance of the 

USV was evaluated by conducting open-loop system identification tests using human-

operated remote control. The details of this procedure appear below. For clarification, 

system identification in this context is the process of approximating the vehicle’s 

dynamics in a relatively simplified model [26]. 

After the development and fabrication of an automatic control box, additional 

open-loop system identification tests were run using predetermined motor commands 

programmed into the automatic control box, rather than using remote control. In most 

cases this stemmed more confidence in the results because the motor commands were 

known exactly, and logged with the vehicle motion data provided by an inertial 

measurement/GPS unit and a digital compass. All of the system identification data were 

used to fine-tune a mathematical model of the USV, which would later be implemented 

in simulation and used for the development of several low-level controllers for the 

vehicle. Of particular interest were the straight-line acceleration data, which were used to 

develop a surge direction drag model for three vessel configurations: slick, lightship, and 

full displacement. Yaw rate data were used to fine-tune the hydrodynamic coefficients 
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that characterize the turning dynamics of the USV, and sway velocity data were used for 

the coefficients pertaining to transverse motion.  

With a reasonably accurate mathematical model of the USV, a cascaded 

proportional-derivative (PD) speed and heading controller was tuned to control the USV 

in simulation, and used to show the differences in performance over a wide range of the 

USV’s operating speeds and configurations [9].  

For initial closed-loop control testing of the USV a proportional speed and 

heading controller was implemented on the vehicle and controller gains were tuned for 

the slick configuration. Subsequently, a nonlinear backstepping controller for speed and 

heading was implemented both in simulation and on the USV’s control box. Ultimately, 

an adaptive algorithm for the nonlinear backstepping controller was implemented, and the 

performance of the three controllers was evaluated side-by-side. 

3.1 System Identification 

Open-loop testing was conducted via remote control by a human operator in two 

cases: with an empty payload and with 70 kg of weight attached under the payload tray to 

simulate the ALR system hardware (defined in Section 1.4 as the “lightship” condition). 

Extensive system identification testing was also conducted for the slick, lightship, and 

full displacement conditions using a control box to automatically control the motors for 

open-loop testing.  

3.1.1 Zigzag Test 

A modified on-water zigzag test was conducted via human-operated remote 

control to obtain motion data. The traditional zigzag test specifies rudder commands for a 
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certain heading range [23], but for a vehicle steered using differential thrust, the test must 

be conducted by varying the motor speeds. Motor commands were alternated between 0 

and 100% power, with the motors 180o out of phase. Each motor setting was held 

between 4-7 seconds. From this test, the vehicle’s maximum yaw rate was found to be 

15.6 deg/s. Figure 3-1 displays the experimental trajectory of the USV during the 

remotely operated zigzag test, and Figure 3-2 displays the time record of yaw rate, yaw 

angle and forward velocity for one test case in the slick condition.  

The zigzag test was also conducted for the lightship and full displacement 

conditions. Trajectory and yaw rate ( ) results for three tests in the lightship condition are 

shown in Figure 3-3. Yaw rate is of interest when conducting the zigzag test because it is 

later used in model development, specifically in determining the maneuvering 

coefficients pertaining to how fast the vessel changes heading. This concept is explored 

further in Section 3.2.2.  Several runs of each system identification test were carried out 

to show a convergence of the results and inspire confidence in the results before using 

them to develop the dynamic model of the vehicle. 
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Figure 3-1. Vehicle trajectory during the open-loop zigzag test (slick condition).  
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Figure 3-2. Data taken during an open-loop zigzag test (slick condition). Motor 
commands alternate between 0 and 100% power, with the motors 180o out of phase. 
Each motor setting was held between 4-7 seconds. Yaw rate, yaw angle, and forward 
velocity are shown, top to bottom, respectively. Maximum yaw rate was 15.6 deg/s. 
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Figure 3-3. Trajectory and yaw rate time histories for three zigzag tests conducted 
in the lightship displacement condition. The solid blue line is broken between 50 
and 55 seconds which corresponds to a temporary loss of signal between the 
automatic control box and the data logging computer during the test. Maximum 
yaw rate was 13 deg/s. Starting position is marked by the green circle. 
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3.1.2 Circle Test 

The circle test is conducted by first establishing a steady state condition and then 

setting one motor to a constant speed and the other to zero. The vehicle begins tracking a 

circular pattern (in the absence of wind and current for open loop testing) for a minimum 

of 360 degrees, however it is recommended to conduct the test for 720 degrees so as to 

assess environmental effects [23]. After the turns are conducted, the motors are set again 

to the same throttle levels, which causes a pull-out of the turn. If the vessel returns to a 

steady course (in the absence of environmental disturbance), it can be said that the vessel 

is stable in yaw. This test is conducted at several motor speeds for both port and starboard 

turns. The full circle test procedure for the slick condition is tabulated in Table II with 

experimental results for circle period at each motor setting. Circle period denotes the 

amount of time taken to complete a 360 degree turn. Figure 3-4 displays the vehicle 

trajectory for a port turning circle with starboard engine at 100% throttle, and Figure 3-5 

displays the vehicle turn rate (r), and surge velocity ( ) for the same maneuver. Note that 

the on-water testing results show a spatial shift in each circle trajectory. This spiraling is 

caused by wind and/or current acting on the vessel. In the absence of environmental 

forces the trajectories of each circle would overlay directly over another. The results 

however, are consistent with those described in [23] for a circle test conducted in the 

presence of wind and/or current.  

 

 

 



29 

Table II. Open Loop Circle Test Results 

Run # 
Port Throttle 
Position (%) 

Starboard Throttle 
Position (%) 

Circle Period (s) 

1 25 0 54 
2 0 25 66 
3 50        0 45 
4 0 50 41 
5 75 0 40 
6 0 75 36 
7 100 0 31 
8 0 100 29 

           

Figure 3-4. Vehicle Trajectory for the open-loop circle test in the full displacement 
condition.  
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Figure 3-5. Forward velocity (left) and yaw rate (right) time history for a full 
throttle circle test to the port side. The data correspond to the trajectory shown in 
Figure 3-4. 

The circle tests were conducted for the lightship and full displacement conditions 

of the vehicle using the automatic control box to deliver preprogrammed motor 

commands. The turn rate and surge results for these tests are shown in Table III. It is 

important to note that the circle test provides information about the steady state and 

transient turning dynamics of the vessel. These results are used later in model 

development.  

Table III. Open Loop Circle Test Surge and Yaw Results 

Motor Commands (%) 
Displacement Condition 

Lightship Full Displacement

Port Starboard 
Turn Rate 

(deg/s) 
Surge 
(m/s) 

Turn Rate 
(deg/s) 

Surge 
(m/s) 

100 0 13.11 1.54 12.71 1.53
90 0 12.59 1.29 10.64 1.19
80 0 11.66 1.12 8.73 0.89
0 100 -11.29 1.46 -11.77 1.27
0 90 -11.16 1.17 -9.93 0.93
0 80 -9.87 0.97 -7.66 0.69
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3.1.3 Acceleration Test  

Another system identification test conducted was the acceleration test. The 

vehicle started in a stationary position, with forward, side, and yaw velocity as close to 

zero as possible to achieve on the water, and was accelerated to half throttle on both 

motors for 20-35 seconds until a steady state velocity was perceived by the human 

operator. The test was also conducted at full throttle. Preliminary experimental results for 

the slick acceleration test are presented in [9].  

Figure 3-6. a) Velocity (m/s) and b) Acceleration (m/s2) time histories for half 
throttle acceleration (slick condition). Peak acceleration was 0.34 m/s2. 

Once an automatic control box was implemented on the vehicle, the acceleration 

test was carried out at several more speeds. Figure 3-7 shows the results of two full 

throttle acceleration tests for the slick, lightship, and full displacement vehicle conditions.  
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Figure 3-7. Acceleration test vehicle surge velocity for two full throttle acceleration 
tests using the automatic control box with preprogrammed motor commands. 
Vehicle Conditions were: Slick (top), Lightship (middle), and Full Displacement 
(bottom). 
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It can be seen from the data in Figure 3-7 that the maximum surge velocity of the 

vessel decreases as the payload is increased. This is due to the increase in displacement of 

the vessel which increases the overall surge direction drag. Ultimately, the results of the 

acceleration tests provide the means of approximating a forward drag model for each 

displacement condition of the vessel. In order to relate motor commands to thrust, a 

bollard pull test was conducted. The test consisted of tethering the WAMV 14 to a fixed 

object (a pier) with a scale in line with the tether. Each motor RPM was increased slowly 

to full throttle. When the tether became taught the force showing on the scale was 

recorded as 204 Newtons (N). It is then assumed that force scales linearly with motor 

command, and that steady state drag varies as the speed squared. These assumptions are 

then used to create the forward drag model of the vehicle by fitting a quadratic curve to 

the data points collected in the acceleration tests. The results of this process are shown in 

Figure 3-8.  
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Figure 3-8. Surge direction drag model for the WAM-V USV14 in three 
displacement conditions: slick (top), lightship (middle), and full displacement 
(bottom). Diamond shaped points represent steady state values of drag for a given 
speed. The curve is a quadratic polynomial fit of the data points, and the equation of 
the fit is displayed on each subfigure.  

3.2 Numerical Simulation 

In order to quantify the dynamics of the vehicle and aid in control development a 

dynamic model was developed for the WAM-V USV14 using the simulation software 
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Simulink®. Using the vehicle mass properties and the equations of motion for a surface 

vehicle [10], the physics based mathematical model was used to design controllers that 

could support the intended use of the vehicle (i.e. through 15-25% change in 

displacement during operation). The model adopts a convention for modeling surface 

vehicles where a three degree of freedom (3DOF) maneuvering model including surge 

( ), sway ( ), and yaw ( ) motion is considered. The general 6 degree of freedom model 

is reduced to three for the following reasons: 

1. The vehicle’s vertical motion ( ) is negligible for a vehicle that will remain on

the water surface and experiences no significant vertical motion that can be

controlled.

2. Rotation about the x-axis ( ) is assumed insignificant due to the inherent roll

stability of the widely set twin hull vessel.

3. Rotation about the y-axis ( ) is deemed insignificant due to the stability of the

vessel’s pitch mode. Rotation about the y-axis is highly damped, and not a

significant variable to consider in navigating the vehicle.

3.2.1 System Modeling 

A three degree of freedom (surge, sway, and yaw) vehicle model is used, as 

presented in [9] and [10] , where 

 (1)

	 	 	 , (2)

and 
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	 	 . (3)

Here, the vector  describes the vehicle linear North ( , East ( , and Z-axis 

angular velocities (  in an inertial reference frame ( , , ) and  contains the vehicle 

surge ( , sway (  and yaw velocities (  in the body fixed frame. Figure 3-9 illustrates 

the two coordinate systems and the motor forces acting on the vehicle.  

Figure 3-9. Top View of WAMV USV14 with planar dynamic motions overlaid.  
and  denote vessel surge and sway axes, respectively.  and  denote port 
and starboard motor forces, respectively. 
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 is the transformation matrix for converting from body-fixed to earth-fixed frames:  

cos sin 0
sin cos 0
0 0 1

. 
(4)

 is an inertia tensor that is the sum of a rigid body mass matrix and an added mass 

matrix: 

	 	 , 
(5)

where,  denotes mass and  denotes moment of inertia about the z-axis. Several of the 

terms in the mass matrix are SNAME (1950) [27] nomenclature for representing a force 

or moment created by motion in a specific degree of freedom, where X and Y correspond 

to force in the x and y directions, respectively, and N denotes a moment about the Z-axis 

(vertical axis). The subscript on each coefficient denotes the cause of the force/moment. 

For example, Xu can be read as, ‘force in the x-direction due to surge velocity.’ 

Coefficients with two different subscripts denote nonlinear coupling terms, and two of 

the same subscripts imply the coefficient belongs to a quadratic term. A dot above the 

subscript denotes time derivative, which implies that the coefficient is an added mass 

term.  and 	denote the longitudinal and transverse distance,  respectively, from the 

vehicle’s body fixed origin to its center of gravity. It is pertinent to note that the added 

mass in the surge direction is modeled as 16% of the total mass of the vehicle, whereas 

theoretically the value should be less than 5% [24]. This change is made so that the 

simulation outputs a forward acceleration curve that aligns with experimental data. 
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 is a Coriolis matrix, which includes the sum of a rigid body and added mass 

matrix:  

	 	 	
0 0
0 0

0
 

0 0 	
2

/200

0 0
	 /200 0

. 

(6)

Note that the model designates the body-fixed origin at the center of gravity and assumes 

horizontal symmetry, making the values  and  equal zero. The divisive term of 200 

in the one-three and three-one positions of the added mass Coriolis matrix was applied 

during model development to better fit the experimental data and does not appear in [9] 

and [10]. This scale factor was necessary to fix an issue with the simulation where the 

USV could not pull out of a turn after one had been initiated, even with maximum torque 

applied. The original scale factor was 2, and was incremented until the turning behavior 

of the model was deemed acceptable.  is the summation of linear and nonlinear drag 

matrices: 

 (7)

where, 

	
0 0

0
0

 
(8)

and, 
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| || | 0 0
0 | || | | | | | | | | | | || |
0 | || | | | | | | | | | | |

. 

(9)

Replacing the traditional structure of having  and , the surge direction drag 

is modeled using a polynomial curve fit derived from experimental testing. A coordinate 

transformation is carried out to obtain the velocities of each individual pontoon hull 

because they are not near the CG. These transformed velocities are used in the drag 

model below as 	and : 

 (10)

 (11)

The values of A and B vary based on the displacement condition of the vehicle 

and are presented in Section 3.1.3. Incorporating the moment created by the two drag 

forces  and , the term 

	 ∗ 2 ∗
2

(12)

is included in the yaw term of the drag matrix.   

 Finally,  is a vector that contains the sum of all other forces and moments acting 

on the vehicle, which for the twin-hull waterjet propelled vehicle under consideration, is 

the port and starboard thrusters: 

0
∗

. 
(13)

Here  denotes the thrust from each respective motor and  is the transverse distance 

from the centerline of the vessel to the centerline of each hull. Usually  includes the 
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forces encountered due to wind and waves. The simulation that is subsequently presented 

includes the option to specify a current. This was included due to the testing environment. 

Field tests were often carried out in the ICW which carries a tidal current typically at a 

maximum of 1 knot. Appreciable waves are scarcely occurring in the testing area so their 

effect is neglected in simulation.  

The conversion from the control signal, RPM, to motor thrust is modeled in the 

simulation linearly with the equation: 

	 ∗ , 
(14)  

Where thrust is denoted by .  stands for the maximum thrust of the motor, RPM is 

motor speed in revolutions per minute, and  denotes the maximum RPM rating 

of the motor.  

3.2.2 Open Loop Simulation Results 

In order to determine the accuracy of the mathematical model presented above 

and determine the hydrodynamic coefficients that fill the drag, Coriolis, and added mass 

matrices the experimental zigzag, circle, and acceleration data are overlaid with 

simulation results for matching motor input. The values of the hydrodynamic coefficients 

are manually adjusted until the simulation results qualitatively matched the experimental 

data. With the acquisition of additional test data via the new control boxes, and the 

logging of exact motor commands the model accuracy improved.  
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The simulation is run with a fixed time step of 0.1 s. A fixed time step is used to 

avoid simulation crashes that resulted when using a variable time step. The effective 

update rate during experimental tests is variable between 20-30 hertz.  

For the lightship condition, acceleration data were compared against simulation 

results for three separate operating speeds of the WAM-V USV14: 100, 90, and 80% 

throttle. Figure 3-10, Figure 3-11, and Figure 3-12 display the final results of surge drag 

model in the vehicle’s equations of motion. Specifically, the parameters that were 

identified to fit the experimental data were: , , and | |.  and | | characterize 

the steady state surge velocity of the vehicle during the acceleration test (the flat area of 

the curves between 20 and 60 seconds on the figures below). Each steady state surge 

speed for the three test cases was tabulated and the results were fitted to a quadratic 

polynomial, as explained in Section 3.1.3. The equations displayed on Figure 3-8 are of 

the form: 

| | ∗ | | 	 ∗ , (15)

where  denotes drag in the vessel’s surge direction. The reason that  and | | 

vary for the different displacement conditions of the vessel is because drag varies with 

displacement. The term  corresponds to the transient behavior during the acceleration 

tests, i.e. between 0-10 seconds and past 60 seconds. This term governs the slope of the 

simulation surge velocity curve during those beginning and end time periods. More 

information about the added mass terms and their effects can be found in [23].  
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Figure 3-10. Lightship surge histories for full throttle acceleration tests. Three 
experimental tests are shown, each at different initial conditions: u=0, 0.3, 0.9 m/s, 
denoted by the blue dashed line. Three simulation results are overlaid with initial 
conditions corresponding to the field tests denoted each by a solid green line. 

Figure 3-11. Lightship surge histories for 90% throttle acceleration tests. Three 
experimental tests are shown, each at different initial conditions: u=0.13, 0.54, 0.75 
m/s, denoted by the blue dashed line. Three simulation results are overlaid with 
initial conditions corresponding to the field tests denoted each by a solid green line. 
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Figure 3-12. Lightship surge histories for 80% throttle acceleration tests. Three 
experimental tests are shown, each at different initial conditions: u=0.44, 0.8, 0.8 
m/s, denoted by the blue dashed line. Two simulation results are overlaid with initial 
conditions corresponding to the field tests denoted each by a solid green line. 

Results for the full displacement acceleration tests are displayed in Figure 3-13, 

Figure 3-14, and Figure 3-15. When comparing the results, which are presented over 40% 

of the vessel’s motor operating limits and for the two displacement conditions of interest 

in the ALR mission, one can conclude that the surge model of the WAM-V USV14 is 

accurately identified in the case of straight line movement.  
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Figure 3-13. Full displacement surge histories for full throttle acceleration tests. 
Two experimental tests are shown, each at different initial conditions: u=0.5, 0.67 
m/s, denoted by the blue dashed line. Two simulation results are overlaid with 
corresponding initial conditions denoted each by a solid green line. 

 

 
 

Figure 3-14. Full displacement surge histories for 80% throttle acceleration tests. 
Two experimental tests are shown, each at the initial condition: u=0.5 m/s, denoted 
by the blue dashed lines. One simulation result is overlaid with the same initial 
condition denoted by a solid green line. 
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Figure 3-15. Full displacement surge histories for 60% throttle acceleration tests. 
Two experimental tests are shown, each at the initial condition: u=0.13 m/s, denoted 
by the blue dashed lines. One simulation result is overlaid with the same initial 
condition denoted by a solid green line. 

Now that verification of the model’s straight line dynamics have been presented, 

the turning dynamics will be addressed by presenting the results of the simulated zigzag 

and circle turning maneuvers.  

When considering the turning dynamics of the vessel it is helpful to look at the 

yaw rate  data. Figure 3-16 shows the yaw rate data for the Zigzag maneuver. The 

results are similar in quality to that of the straight line acceleration tests. From this result 

the conclusion is made that the dynamic model of the WAM-V USV14 accurately 

captures the yaw checking dynamics of the vessel, which is an important characteristic 

for a model that is used in the design of a speed and heading controller for the ALR 

mission. For completeness, results of several circle test maneuvers are shown in Figure 3-

17 and Figure 3-18. 
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Figure 3-16. Yaw rate data for the lightship 100% throttle zigzag maneuver. 
Simulation results depicted by the solid green line and experimental data shown by 
the dashed blue line. Maximum experimental and simulated yaw rate is observed to 
be 13.2 deg/s.  
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Figure 3-17. Lightship circle test. The vessel accelerated at full throttle for 25 
seconds, then reduced port throttle to zero for 65 seconds. At t = 90 seconds the port 
throttle was set to full, causing a pull-out from the turn. Top left: vessel trajectory, 
top right: yaw rate, and bottom: surge velocity. Experimental results are shown by 
the blue dashed line and simulation results are shown by the solid green line.  
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Figure 3-18. Full displacement circle test. Top left: vessel trajectory, top right: yaw 
rate, and bottom: surge velocity. Experimental results are shown by the blue dashed 
line and simulation results are shown by the solid green line. 

Comparing the experimental field data of the system identification tests to 

simulation results allows the validation of the mathematical model of the WAM-V 

USV14. Several assumptions may also be carried forward into the simulated control 

testing process. First, it can be assumed that the speed of the vessel is accurately 

predicted during straight line transits (i.e. when heading error has stabilized around zero) 
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and that the surge velocity will be underestimated when heading error is large and hence 

the vehicle will be turning aggressively to minimize the heading error. The 100% throttle 

zigzag test shows the turning response of the vessel when applying the maximum torque 

opposite to the direction of turn. The angular momentum of the vessel must be checked 

and reversed by the motor induced turning moment. When the turn rate is lower, it is 

assumed that the error between simulated and actual surge velocity will be less. The 

second assumption about the model is that heading is accurately calculated. Considering 

that the intent of this project (the development and implementation of an appropriate 

controller for the ALR mission), knowing that the speed and heading of the dynamic 

model can be trusted, or its errors anticipated, allows the search for a more accurate 

model to stop. The final values for the hydrodynamic coefficients used in the model are 

given in Table IV. The middle column in Table IV contains the non-dimensional factors 

that are applied to the dimensional terms derived using strip theory and principles of drag 

for cylinders ( , , ). They are correction factors for the disparity between theoretical 

vehicle dynamics and experimental data. At this point, it is appropriate to proceed with 

control design and testing.  
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Table IV. Hydrodynamic Coefficients for the WAM-V USV14 USV. 

Coefficient 
Name 

Non-Dimensional 
Factor 

Dimensional Term 

 2.5 
2

 1.2 
4.75
2 2 3

 -0.075  

0.2 2

0.9  
 See Section 3.1.3 

 -0.5 
40 | | 1.1 0.0045 0.1

0.016
2

 

 -0.02  

 -6  
 See Section 3.1.3 
 1  

 1 
1.1
2

 

 1 	  

 1 
3

 

 1 	  
 1 	  
 1 	  

 1 
4

 

3.3 Backstepping Control  

The backstepping controller chosen for the ALR mission utilizes a combined 

speed and heading controller, as presented in [28], with several modifications. A 

combined speed and heading control scheme was chosen because of prior success with 

controlling several twin hulled vessels using this approach [4][26][29][30]. This 

controller however, was a modified cascaded proportional controller in speed and 

heading. Speed and heading are considered a cascade of subsystems in the backstepping 
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controller as well. The term ‘cascade’ means that reference signals are acted upon 

sequentially. In the case of both the proportional controller and the backstepping 

controller, speed reference is considered before heading reference.  

The backstepping controller presented in [28] was designed for a single hull 

vessel with twin fixed thrusters and no rudder. Although the WAM-V is a twin hull 

vessel the backstepping controller was chosen because the differential thrust steering 

scheme remains qualitatively the same for twin and mono-hulled vessels. 

3.3.1 Backstepping Controller Derivation 

An overview of the control law developed in [28] is presented here for 

completeness, with modifications from the original design noted. Global asymptotic 

stability of the controlled system is shown using Lyapunov stability criteria in [28].  

Liao et al. (2010) [28] take a cascaded approach to speed and heading control by 

considering two separate subsystems: surge speed and yaw. A three degree of freedom 

planar model in North-East-Down is considered, the convention also used to describe the 

WAM-V planar model. The two control forces,  and , act in the surge direction and 

represent the port and starboard motors, respectively, so that total surge force, 

	 , (16)

and 

, (17)

where   is steering torque and  is the lateral distance from the waterjet outlet to the 

vehicle centerline. Surge force and steering torque are considered as the control inputs. 

The dynamics of the vehicle are: 
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/  

(18)
/  

/  

cos sin  

sin cos  

 

The notation used in Equations (17) are comparable to the WAM-V USV14 

planar model, however  and  are represented as  and  in the WAMV planar 

model. Also, the subscripted numbers denote first the row and then the column of the 

matrix where the term belongs. For example, the term belongs in the third row and 

third column of the drag matrix.  

As surge force and steering torque are the control inputs, the following feedback 

transformation for the demonstration of stability is proposed: 

/  (19) 

/ . (20)

It is concluded in [28] that to stabilize the dynamic system they need only design 

a stabilizing control law for the subsystem : , , , where  is time, 

≡ , , , and u is the control signal. Throughout the derivations, the bold letters 

(u) denote a vector quantity, whereas regular point (t) denotes a scalar. The subsystem 

is rewritten as 

∑ : / , (21)

∑ : / , (22)
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and, 

. (23)

The surge speed and yaw control law was then designed using Lyapunov’s Direct 

Method [15] and the backstepping approach. Liao et al [28] also limit the speed of their 

model to keep the speed regime in the displacement region. Based on Froude number, the 

WAM-V operates mostly in the displacement region, up to a speed of 2.5 m/s, and in the 

semi-displacement region between speeds of 2.6 m/s and the vessel’s maximum speed of 

approximately 3.5 m/s. Most of the vehicle’s operating life is assumed to be in the 

displacement region. Equation (18a) is then rewritten as 

	 , (24)

and the error feedback control law  

	  (25)

is presented where  is the desired acceleration in the surge direction,  is a positive 

surge velocity gain, and  is the desired surge velocity. The desired acceleration is 

calculated as 

 , tanh , , / , , (26)

where ,  is the maximum allowed surge acceleration, ,  is a positive surge 

acceleration gain that affects the approach to the desired speed, and ,  is defined as  

, min , , ∗ exp 5.73| | , , (27)

where  is the vehicle heading error, and ,  is the desired surge velocity for periods 

of yaw motion. Note that the original controller presented in [28] used , the heading, 

rather than heading error in the exp() term of Equation (27). This substitution is 
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maintained for all WAM-V control implementation. The intent of including the ,  

term is to keep the surge speed low during turning maneuvers in order to minimize the 

vehicle’s turning radius.  

For the yaw controller, the yaw subsystem (Equations (22) and (23)) is 

demonstrated to be stable under control torque , which is given as 

	 , (28)

where  is a positive yaw velocity gain and  is a positive yaw error and yaw velocity 

gain. 

The final control laws, which make the system state	 , ,  bounded and 

globally uniformly asymptotically convergent to , 0, when → ∞, and are well-

defined and bounded for all 0, are given as 

	  (29)

and 

	 . (30)

To convert the total force and torque from Equations (33) and (34), respectively, 

to each motor force, we have 

2

(31)

 and 

. (32)

When Equations (29) and (30) were implemented in simulation however, it was 
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found that the USV had a steady state speed error. Also, due to the way in which forward 

drag of the WAM-V USV14 is modeled,  is the combination of linear and nonlinear 

terms and already contains the vehicle speed term, so the factor of  is removed from  

in Equation (29). Additionally, it was found that the final plus sign in Equation (30) 

causes the vehicle to turn in the opposite direction of the desired heading. Switching the 

sign caused the USV to turn in the direction nearest the desired heading. Experimental 

on-water testing also showed the calculated values of  and  being significantly 

overestimated. The result was a switching of the motor commands between full and zero 

throttle which caused damage to the propulsion system. To reduce the values calculated 

by the control law, a coefficient of 0.5 is factored into Equation (29) and a factor of 0.05 

is applied to Equation (30). This alleviates the switching problem, and the result is a 

much smoother motor command signal.   

After the revisions, the final control laws for the WAM-V USV14 are  

	 0.5 ∗ 0.5 ∗  (33)

and 

	 0.05 . (34)

The summarized revisions made to the final control law are: 

  factor removed from  in Equation (29)

 sign error corrected in Equation (30)

 50% reduction of calculated control forces in Equation (29)

 95% reduction of calculated control torque in Equation (30).
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3.3.2 Simulation Results 

The backstepping controller derived above is implemented in simulation on the 

open-loop model of the WAM-V USV14 that is presented in Section 3.2. This simulation 

is used to determine initial controller gains to be used when first implemented on the 

water. After tuning the controller in simulation the best estimates for the four control 

gains are found to be:  1.8, 0.85, 3.0, and , 1.2. After testing the 

controller implemented on the USV, the best performance occurred when using the 

values of 0.1, 1.0, 8.0, and , 1.2. The surge speed results for 

several closed-loop acceleration test simulations are shown in Figure 3-19. The inputs to 

the simulations shown are  = 000, displacement condition = lightship,  ,  = 1.5 

m/s, , 0.6, 10, 1.0, 	 8.0, , 1.2, and 0.9,1.0,1.5,2.0, 

respectively. It can be seen from the results that the surge speed control law satisfactorily 

drives surge speed near its desired value in simulation. 
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Figure 3-19. Surge speed results for the simulated acceleration test in the lightship 
condition using the backstepping controller where desired speed ( | ) and surge 
speed ( ¦ ) are shown for four desired speeds, . , . , . , .  [m/s].  

3.4 Adaptive Backstepping Control 

Based on the results of simulation and initial on-water testing of the non-adaptive 

backstepping controller and a modified proportional speed and heading controller the 
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need for adaptive speed control was established. Although the change in turning 

dynamics between displacement conditions does not drastically affect heading control 

performance, the change in drag significantly affects the performance of speed control. 

The results presented in Section 3.3.2 and later in Chapter 4 show considerable steady 

state speeds errors when a proportional or non-adaptive backstepping controller is used. 

To remedy the issue of steady state speed errors fluctuating with mass and drag 

parameters throughout the ALR mission an adaptive component of the backstepping 

speed control law is developed and implemented. 

The considerations presented in Section 2.5 lead to the conclusion that the direct 

method of MRAC is an appropriate approach to take in developing an adaptive speed 

control law. The derivation of a direct model reference adaptive control law for a 

nonlinear plant is found in [15], and its application to the vehicle model presented in 

Section 3.2.1 is shown below, and is the adaptive control law intended for the ALR 

mission.   

3.4.1 Derivation 

Referring back to Figure 2-1, which shows a block diagram for direct model 

reference adaptive control, the plant ∗  for this case is the USV. The goal is to 

estimate in real-time the control parameters ( ∗) that will drive the reference signal ( ) 

and the error between reference model and plant (  to zero. The reference signal for 

surge speed control is defined as the speed error: 

	 , (35)

and the model reference error is defined as: 
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	 	 . (36)

The reference model is chosen as the surge component of the overall model of the WAM-

V USV14: 

	 | || | 2 2 , (37)

where  is the  term that appears in the backstepping controller derivation and 

 is the result of the surge control law of the non-adaptive backstepping controller 

(Equation (33)). Because Equation (33) contains terms that account for the surge 

direction drag of the hulls and the body-fixed origin is taken to be the center of gravity, 

the terms , | |, 	  are set to zero. 	and  represent the drag of the port and 

starboard hulls, respectively. Applying these changes, substituting terms, and expanding 

we get 

0.5 ∗ 0.5 ∗

	 2 . 

(38)

We then divide all terms by , substitute the expression for  from Equation (26), 

and substitute the reference signal (  as appropriate to get: 

0.5 ∗ , ∗ tanh
	 , ∗

,

. 0.5 ∗

2 	 0.5 . 

(39)

The first term is Equation (39) is then substituted for its polynomial curve fit, which has 

similar functional variation to the hyperbolic tangent function: 
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0.5 ∗ , ∗ tanh
	 , ∗

,
0.3949 0.0665 ∗ ∗  

(40)

when 	 , 1.2 and , 0.6 to obtain 

0.3949 0.0665 ∗ ∗ . 0.5 ∗

2 	 0.5 . 

(41)

The equation for  and  is then substituted as: 

	 	 13.92 ∗ 2 55.77 13.92 ∗ ∗ 13.92 . (42)

Equation (42) is a combination of the quadratic drag model of the lightship 

WAM-V USV14 (Figure 3-8) and terms that account for the difference between hull 

velocity and body-fixed origin velocity when the vessel turns. The term  represents the 

reference model surge velocity. The final differential equation for the reference model 

then becomes: 

0.3949 0.0665 ∗ ∗ . 13.92 ∗ 2 55.77

13.92 ∗ ∗ 13.92 0.5 ∗ 2

	 0.5 . 

(43)

The reference model is now in the form specified in [15] as: 

	 	, (44)

where ,  , , , and , . This model follows 

the assumption made in [15] that the true nonlinear plant equation is of the form 
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	 ∗ ∗ 	. (45)

It is also assumed that the sign of b is known a priori, and based on the previously 

existing model of the USV, the sign is determined to be negative ( 	 1). It is 

then shown in [15] that the tracking error, , satisfies the differential equation  

	 ∗ , (46)

where   and  and estimated parameters of the controlled plant, which is factored into 

 and , and  is the estimate of the true value of the surge gain . 

Neglecting the unnecessary estimation of plant parameters, an adaptive control law for 

estimating the true value of  that will drive the error signals 	and  to zero is given 

as 

	 ∗ ∗ ∗ , (47)

where 0 is the adaptive gain that governs the rate of varying . Now that the 

adaptive control law is defined, an Euler integration is conducted to calculate the 

incremental value of  (∆ ) for each iteration: 

∗ ∆ 	 ∆ .   (48)

Notice that  is now a function of time because it is no longer a statically defined 

value as in the non-adaptive backstepping controller. The reference model is updated in 

the same manner by 

∗ ∆ 	 ∆ .   (49)

3.4.2 Simulation Results 

The results of implementing the adaptive controller in simulation are subsequently 
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shown for the same four desired speeds that are shown in Section 3.3.2 with the non-

adaptive backstepping controller. Figure 3-20 shows the surge speed results, where the 

inputs are all the same as in Section 3.3.2, except  is replaced with  and is 

determined by the adaptive control law (Equation (47)). The adaptive gain ( ) is set to 

0.05. In addition to the surge speed simulation results, the time history of  for each 

test is shown in Figure 3-21 and also the reference model surge speed is shown in Figure 

3-22. For each of the figures, the vertical positions correspond to each different desired 

speed test. For example, the topmost plot in Figure 3-20, Figure 3-21, and Figure 3-22 all 

correspond to the same simulated test where 0.9 m/s. One can see that in simulation 

the value of  does not fluctuate all that much and the reference model surge speed 

predicts a higher value than what is calculated for the plant. The behavior of the reference 

model is desirable due to the trend in steady state speed errors where surge speed 

converges to a value slightly slower than the desired speed.  

When comparing the simulation results of the non-adaptive and adaptive 

backstepping controllers it becomes apparent that they are virtually identical. The 

adaptation algorithm does not vary the surge gain all that much. Based on the 

inconclusive results of the simulated controllers, a series of field experiments are 

conducted to compare the performances of the controllers when the conditions expected 

during the ALR mission are imposed on the USV, and the actual plant parameter 

uncertainties are imposed on the controllers. The results of these tests are presented in 

Chapter 4. 
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Figure 3-20. Surge speed results for the simulated acceleration test in the lightship 
condition using the adaptive backstepping controller where desired speed ( | ) and 
surge speed ( ¦ ) are shown for four desired speed cases, . , . , . , .  
[m/s]. 
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Figure 3-21. Surge gain time histories for the acceleration tests shown in Figure 3-
20. For the non-adaptive simulations a static value of 8 is used for the surge gain.
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Figure 3-22. Reference model speed time histories for the acceleration tests shown in 
Figure 3-20. 
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4. Results

Three low-level speed and heading controllers are initially proposed for use in the 

ALR mission. The first two are those presented in Sections 3.3 and 3.4, and the third is a 

cascaded proportional speed and heading controller that has been previously implemented 

on the USV for other projects. First, the controllers are compared for the case of a set-

point test in the lightship condition. Next, an experiment where the mass of the USV is 

varied during the test is conducted. This creates the condition where the AUV is launched 

from the USV during the ALR mission. To test how the controllers perform when the 

AUV docks with the USV, an experiment where the drag of the USV is varied during 

testing is carried out. Finally, to simulate the scenario where the AUV is launched from 

the USV and is towed before being fully released, an experiment is conducted where the 

mass and drag of the USV is varied in real time.  

4.1 Set Point Comparison 

In order to establish a reasonable comparison between the three controllers a set 

point test is conducted on each controller. The test first consists of placing the USV in a 

predetermined position at rest with a predetermined initial heading. The test is started by 

delivering a constant speed command and an initial desired heading command that is the 

same as the initial heading of the USV. The USV accelerates towards the desired speed 

and also attempts to maintain heading. At a specified time, the heading command is 

changed to a value 90 degrees from the initial heading and the USV executes a turn 

towards the new desired heading. The metrics for evaluating controller performance 
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during this test are steady state speed and heading error before and after the jump in 

heading command. The test is conducted a total of three times for each controller and the 

performance metrics are averaged over all three tests. 

To quantify the difference in performance between two controllers the difference 

between the errors is divided by the larger error, resulting in the percentage amount that 

the lower error is ‘better’ when compared to the larger. This metric is relative to the least 

desirable result, which is the baseline for comparison. For example, consider results ‘A’ 

and ‘B’ where ‘A’ is more desirable than ‘B.’ The difference between ‘A’ and ‘B’ is 

divided by ‘B’ and the result (A-B)/B*100% is said to show that “A performs (A-

B)/B*100% better than B.” This convention applies for all subsequent sections where two 

control results are compared. 

For the results presented in this section, the inputs used for the test are  = 

0  for 0 15 seconds,  = 0 90 degrees for 15 seconds, and 

1.5 m/s. For the non-adaptive backstepping controller the control gains are set to 

0.1, 1.0, 8.0, and , 1.2. For the proportional controller, the 

speed and heading gains are 20 and 12, respectively. The adaptive backstepping 

controller has control gains 0.1, 1.0,	 , 1.2, and 0.05. The WAM-

V USV14 was in the lightship condition for the tests, a 10-15 kt sustained wind blew 

from the southeast (approximately 1600), and a slight tidal current of <0.2 knots flowed 

Northerly (approximately 3450).  

The results of one set point test when the USV is controlled by the cascaded 

proportional speed and heading controller are shown in Figure 4-1. The average speed 
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error at steady state before and after the jump in heading is 0.13 m/s. The average 

heading error at steady state before the jump in heading is 3.6 degrees and 2.1 degrees 

afterwards. 

Figure 4-1. Results for the set point test using the cascaded proportional controller. 
Reference command ( | ) and recorded ( ¦ ) signals are overlaid. 

Results for the same test, but using the non-adaptive backstepping controller are 

shown in Figure 4-2. The average speed error at steady state before the jump in heading 

is 0.25 m/s, and decreases to 0.24 m/s after the jump. The average heading error at steady 

state before the jump is 0.74 degrees and decreases to 0.41 degrees afterwards. 
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Figure 4-2. Results for the set point test using the non-adaptive backstepping 
controller. Reference command ( | ) and recorded ( ¦ ) signals are overlaid. 

Results for one set point test using the adaptive backstepping controller are shown 

in Figure 4-3. The average speed error at steady state before the jump in heading is 0.065 

m/s, and 0.070 m/s after the jump. The average heading error at steady state before and 

after the jump is 1.9 degrees.  
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Figure 4-3. Results for the set point test using the adaptive backstepping controller. 
Reference command ( | ) and recorded ( ¦ ) signals are overlaid. 

The overall results averaged over three runs for each controller are shown in 

Table V. The results show that the adaptive controller performs 50% better than the 
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proportional controller and 74% better than the backstepping controller before the jump 

in heading command and performs 47% better than the proportional controller and 71% 

better than the backstepping controller after the jump when considering steady state surge 

speed error. The results for heading show the same trend in performance between the 

adaptive and proportional controllers. The adaptive backstepping controller shows 47% 

better heading performance over the proportional controller, but the non-adaptive 

backstepping controller shows 62% better heading performance over the adaptive 

controller before the heading change. After the heading change, the non-adaptive 

backstepping controller shows 78% better heading performance over the adaptive 

controller and 81% better heading performance over the proportional controller. The 

adaptive controller shows a 12% better heading performance than the proportional 

controller, however.  

Table V. Comparison of Three Controllers for the Set Point Test 

Controller: Adaptive Backstepping Proportional
Steady State Speed Error Before Heading Jump 

(m/s): 0.065 0.25 0.13

Percent Error: 4% 17% 9% 
Steady State Speed Error After Heading Jump 

(m/s): 0.070 0.24 0.13

Percent Error: 5% 16% 9% 
Steady State Heading Error Before Heading 

Jump (deg): 1.9 0.74 3.6 
Steady State Heading Error After Heading 

Jump (deg): 1.9 0.41 2.1
4.2 Variable Mass Testing 

One of the possible scenarios for the launch phase is where the AUV is dropped 

into the water from the USV’s undercarriage by the ALR system. In order to simulate this 

scenario a test case where the USV’s mass properties vary during operation is conducted. 
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Specifically, the mass change test involves the USV beginning in the full displacement 

condition and coming to a set desired speed and heading. In the case of the adaptive and 

non-adaptive backstepping controllers, the mass and drag properties of the lightship 

condition are incorporated into the control laws (creating the uncertain mass and drag 

situation), and the cascaded proportional controller gains are tuned for the slick condition. 

Once the USV reaches a steady state in course and heading, the AUV-like mass is 

dropped from the payload and the USV continues along its course. No real-time feedback 

is provided to the low-level controller about the actual displacement condition during the 

test, either before or after the drop. The performance of each controller across the two 

displacement conditions is then compared against the others.  

For the experimental setup, the AUV-like mass is a Polyvinyl Chloride (PVC) 

pipe measuring 130 cm in length, 12 cm in diameter, weighted with lead shot and capped 

at both ends (Figure 4-4). The overall weight in air of the PVC apparatus is 39 kg (same 

as the REMUS 100 AUV), with the weight evenly distributed along the length. Four 

buoys (each rated for 30 lbs buoyancy) are lashed to the PVC apparatus, two at each end. 

The device is secured to the undercarriage of the USV using a fore and aft line. The aft 

line runs through a loop directly above the aft section of the PVC device and forward to a 

quick-release mechanism, where both lines are clipped in, thus suspending the PVC 

device under the payload tray of the USV and along the centerline. The quick release 

mechanism holds the two lines together until a pin is pulled, which releases the 

connection and the device falls into the water. A line is tied to the pin which allows a user 

to pull the pin from a distance (from a chase boat in front of the USV during the test).     
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Figure 4-4. PVC device used to mimic the REMUS 100 AUV.   

A view of the USV in the full displacement condition from below as it is lifted 

with a crane is shown in Figure 4-5. Notice that the AUV-like object is located along the 

centerline of the USV, and the two red PVC pipes provide the weight of the intended 

ALR mechanical system (68 kg).  
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Figure 4-5. Bottom view of the WAM-V USV14 in the full displacement condition.  

The results of the mass change test when the USV is controlled by the cascaded 

proportional speed and heading controller are shown in Figure 4-6. For the time up to the 

drop of the PVC device, the USV is in the full displacement condition traveling in the 

direction of a fixed desired heading of 155o with a desired speed of 1 m/s. The average 

speed error at steady state before the drop is 0.24 m/s, and decreases to 0.23 m/s after  the 

drop, which occurs at t = 75 seconds. The drop is marked by a spike in surge velocity 

which is due to the impulsive force applied to the quick release line from the chase boat 

in front of the USV. Because the impulsive force is unmeasured, the data corresponding 

to the time when the force is applied are left out of the steady state averages. A snapshot 

just before the mass drop occurs is shown in Figure 4-7. The quick release mechanism 

can only be pulled from in front of the USV. Accordingly, a spike in surge velocity at the 
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time of release is recorded in each test.  

Figure 4-6. Results for the variable mass test using the cascaded proportional 
controller tuned for the slick condition. Reference command ( | ) and recorded ( ¦ ) 
signals are overlaid. Time of drop is marked by the vertical dashed line.   

The average heading error at steady state before the drop is 3.5 degrees and 

increases to 4.3 degrees afterwards. Results for the same test, but using the non-adaptive 

backstepping controller tuned to the lightship condition are shown in Figure 4-8. The 

average speed error at steady state before the drop is 0.14 m/s, and decreases to 0.13 m/s 

after  the drop, which occurs at t = 86 seconds. The average heading error at steady state 

before the drop is 1.3 degrees and increases to 2.7 degrees afterwards. 
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Figure 4-7. Snapshot just before the PVC device is released from the USV 
undercarriage during the variable mass test.  
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Figure 4-8. Results for the variable mass test using the non-adaptive backstepping 
controller tuned for the lightship condition. Reference command ( | ) and recorded 
( ¦ ) signals are overlaid. Time of drop is marked by the vertical dashed line.   

Results for the variable mass test using the adaptive backstepping controller tuned 

to the lightship condition are shown in Figure 4-9. The average speed error at steady state 

before the drop is 0.046 m/s, and decreases to 0.042 m/s after  the drop, which occurs at 

t = 77 seconds. The average heading error at steady state before the drop is 3.3 degrees 

and increases to 4.7 degrees afterwards. The time history of the surge control gain ( ) is 

also shown for the adaptive case. For this test, the adaptive gain (λ) is set to 0.05, which 

allows  to adjust rapidly. The saturation value for  is set to 30 because initial testing 

showed that as  is allowed to increase, the heading control performance of the 
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controller deteriorates because the motors both saturate at the maximum allowed RPM. 

The saturation value of 30 proves to be the maximum acceptable value where 

heading control is satisfactorily maintained and also serves as a safety mechanism in the 

case of unattainable desired speeds being delivered from a high-level navigational 

planner. Notice that  reaches the maximum value within 4 seconds. This is due to the 

high adaptation rate (governed by λ) and the reference model predicting higher speeds 

than were actually experienced by the USV.  

A comparison of the speed and heading errors for the three controllers is shown in 

Table VI. The results show that for each controller the speed error decreased when the 

USV transitioned from the full displacement to the lightship condition. The magnitude of 

the speed errors, however, show that the adaptive controller performs 81% better than the 

proportional controller and 67% better than the backstepping controller while in the full 

displacement condition and performs 82% better than the proportional controller and 

68% better than the backstepping controller while in the lightship condition. The adaptive 

controller also exhibits 60% less sensitivity in surge velocity to the change in 

displacement conditions. Note that the seconds of data where the USV is reacting to the 

impulse of the quick-release mechanism are excluded when analyzing the steady state 

characteristics of the controlled USV.  

The results for heading do not show the same trend in performance. The non-

adaptive backstepping controller shows 61% better heading performance over the 

adaptive controller and a 63% better heading performance over the proportional 

controller in the full displacement condition. For the lightship condition, the non-adaptive 
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backstepping controller shows 43% better heading performance over the adaptive 

controller and a 37% better heading performance over the proportional controller. 

Although the backstepping and adaptive backstepping controllers showed the same 

sensitivity in heading control to the change in displacement condition, the proportional 

controller showed 43% less sensitivity in heading control.  

Table VI. Comparison of Three Controllers for the Variable Mass Test 

Controller: Adaptive Backstepping Proportional

Steady State Speed Error Before Drop (m/s): 0.046 0.14 0.24 

Percent Error (%): 4.6 14 24

Steady State Speed Error After Drop (m/s): 0.042 0.13 0.23 

Percent Error (%): 4.2 13 23

Change in Error Between Conditions (m/s): -0.004 -0.010 -0.010 

Steady State Heading Error Before Drop (deg): 3.3 1.3 3.5 

Steady State Heading Error After Drop (deg): 4.7 2.7 4.3 

Change in Error Between Conditions (deg): 1.40 1.40 0.80
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Figure 4-9. Results for the variable mass test using the adaptive backstepping 
controller tuned initially for the lightship condition. Reference command ( | ) and 
recorded ( ¦ ) signals are overlaid in the top and middle plots. Time of drop is 
marked by the vertical dashed line. 
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4.3 Variable Drag Testing 

A second scenario expected for the ALR mission is when the USV is navigating a 

straight trajectory in the lightship condition and the AUV (approaching from behind) 

impulsively docks with a recovery device suspended below the surface. This towing 

situation would create an abrupt change in drag experienced by the USV, and also alter 

the turning dynamics, i.e. a change in both the heading and surge subsystems of the USV 

would occur. As in the change of mass testing, it is assumed that no real-time feedback 

about the presence of the AUV is provided to the USV low-level controller, which is 

tuned for the lightship condition.  

To create this scenario, the AUV-like object was secured at two tow points on the 

aft section of the USV payload tray using a tow line. Each line is 7.3 m long, and 

attached to the front section of the PVC device. The PVC device is initially carried 

aboard a chase boat behind the USV so that the towing lines are slack. Once the USV 

comes to a steady heading and speed, the PVC device is dropped into the water from the 

chase boat and begins to be towed by the USV. For this set of tests, since the mass of the 

USV is not intended to be altered, the PVC device was weighted to a total of 28 kg, 

which eased the lifting of the device to and from the chase boat. The shape of the device 

was unaltered from the other tests; however the buoys sat higher in the water which 

decreased the overall drag of the device. In order to determine the amount of drag 

experienced by the USV during the variable drag tests, the PVC device is towed behind 

the chase boat. The tow line is attached to a scale, which is then attached to the tow point 

on the chase boat. The control box is used to record the boat’s velocity and values are 

read from the scale for different speeds ranging from 0.5 to 1.6 m/s. Figure 4-11 shows 
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the drag model developed for the 28 kg PVC device. Each square point on the plot 

represents the average value of force recorded for that speed and the solid line is the 

curve fit to the points, valid for the range from 0.5 to 1.6 m/s. The data are averaged over 

a total of 76 force readings from the scale. For the data presented in this section, with a 

desired speed of 1.0 m/s, the drag of the PVC device is estimated at 84 N. The same drag 

test conducted for the REMUS 100 AUV resulted in a drag value of no more than 23 N at 

1.0 m/s. The variable drag tests, therefore, allow for a towed recovery device drag of at 

least 61 N. 

Figure 4-10. Picture of the WAM-V USV14 towing the AUV-like object through the 
water during the variable drag testing. 
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Figure 4-11. Drag model for the 28 kg PVC device used in the variable drag tests.  

Results of the variable drag test for the proportional controller tuned to the slick 

condition are shown in Figure 4-12. The average speed error at steady state before the 

drop is 0.25 m/s, and increases to 0.35 m/s after  the drop, which occurs at t = 65 seconds. 

The average heading error at steady state before the drop is 5.2 degrees and increases to 

7.5 degrees afterwards.  

Results for the same test, but using the non-adaptive backstepping controller 

tuned to the lightship condition are shown in Figure 4-13. The average speed error at 

steady state before the drop is 0.13 m/s, and increases to 0.18 m/s after  the drop, which 

occurs at t = 80 seconds. The average heading error at steady state before the drop is 0.54 

degrees and increases to 0.89 degrees afterwards. The same test was conducted for a 

desired speed of 1.2 m/s, however the drag of the AUV-like object was too much to 

achieve the desired speed and the heading control degraded significantly. The same 

qualitative result came from the other controllers. Accordingly, only the tests where 

desired speed was 1.0 m/s are shown. The quantitative results are averages over the 

results shown in the figures only, and are similar to the results from other tests.  
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Figure 4-12. Results for the variable drag test using the cascaded proportional 
controller. Reference command ( | ) and recorded ( ¦ ) signals are overlaid. Time of 
dropping PVC device into water from chase boat is marked by the vertical dashed 
line.   
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Figure 4-13. Results for the variable drag test using the backstepping controller. 
Reference command ( | ) and recorded ( ¦ ) signals are overlaid. Time of dropping 
PVC device into water from chase boat is marked by the vertical dashed line.   

Results using the adaptive backstepping controller tuned initially to the lightship 

condition are shown in Figure 4-14. The average speed error at steady state before the 

drop is 0.055 m/s and after the drop it is 0.064 m/s. The drop occurs at t = 91 seconds. 

The average heading error at steady state before the drop is 0.093 degrees and increases 

to 2.6 degrees afterwards. 
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Figure 4-14. Results for the variable drag test using the adaptive backstepping 
controller. Reference command ( | ) and recorded ( ¦ ) signals are overlaid in the top 
and middle plots. Time of dropping PVC device into water from chase boat is 
marked by the vertical dashed line. 

 A comparison of the speed and heading errors for the three controllers is shown in   
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Table VII. The results show that for each controller the speed error increased when the 

USV transitioned from the lightship to towing condition however the magnitude of the 

speed errors show that the adaptive controller performs 78% better than the proportional 

controller and 58% better than the backstepping controller while in the lightship 

displacement condition and performs 82% better than the proportional controller and 

64% better than the backstepping controller while in the towing condition. The adaptive 

controller also exhibits 82% less sensitivity in surge velocity to the change in conditions 

over the backstepping controller and 91% less sensitivity in surge velocity over the 

proportional controller.  

Table VII. Comparison of Three Controllers for the Variable Drag Test 

Controller: Adaptive Backstepping Proportional

Steady State Speed Error Before Drop (m/s): 0.055 0.13 0.25

Percent Error (%): 5.5 13 25

Steady State Speed Error After Drop (m/s): 0.064 0.18 0.35

Percent Error (%): 6.4 18 35

Change in Error Between Conditions (m/s): 0.009 0.05 0.10

Steady State Heading Error Before Drop (deg): 0.093 0.54 5.2

Steady State Heading Error After Drop (deg): 2.6 0.89 7.5

Change in Error Between Conditions (deg): 2.51 0.35 2.30

The results for heading are as follows. The adaptive backstepping controller 

shows 83% better heading performance over the non-adaptive backstepping controller 

and a 98% better heading performance over the proportional controller in the lightship 

condition. For the towing condition, the non-adaptive backstepping controller shows 66% 

better heading performance over the adaptive controller and 88% better heading 

performance over the proportional controller. Although the proportional controller 
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showed 8% less sensitivity in heading control to the change in conditions than the 

adaptive backstepping controller, the non-adaptive backstepping controller showed 86% 

less sensitivity in heading control than the adaptive controller and 85% less sensitivity 

than the proportional controller.  

The maximum speed at which the WAM-V can maintain heading control while 

towing a device with 84 N of drag is 1.0 m/s. This number will decrease if the drag of the 

recovery device decreases because the initial estimate of the REMUS 100 drag at 1.0 m/s 

is 23 N.  

4.4 Variable Mass and Drag Testing 

A third scenario expected for the ALR mission is where the USV is navigating a 

straight trajectory in the full displacement condition when the AUV is lowered/dropped 

into the water and is still attached to the ALR device for some time before being 

completely launched from the USV. This carriage to towing transition would create a 

change in the drag and mass of the USV. The turning dynamics would also be altered as 

in the case of the variable drag testing presented in Section 4.3. As in the other testing, it 

is assumed that no real-time feedback about the presence of the AUV is provided to the 

USV low-level controller.  

To conduct the variable mass and drag experiment, the setups for the variable 

mass (Section 4.2) and variable drag test (Section 4.3) are combined. The PVC device is 

loaded in the undercarriage of the USV and the tow lines are coiled on the payload tray 

and attached at the ends to the rear tow points on the USV. The USV comes to a steady 

heading and speed in the full displacement condition, the quick release is pulled, and the 
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device falls into the water. As the USV continues forward the tow lines are brought into 

tension and the AUV is towed behind the USV.  

Results of the variable mass and drag test for the proportional controller tuned to 

the slick condition are shown in Figure 4-15. In this case, when the quick release was 

pulled the aft line of the PVC device remained attached to the rear suspension point 

causing the device to spin 180 degrees and be towed backwards through the water 

directly underneath the USV for a period of 89 seconds before the line became free and 

the transition was made to towing at distance, again causing a 180 degree rotation of the 

PVC device when the tow line became taught. The average speed error at steady state 

before the drop is 0.22 m/s, and increases to 0.30 m/s after  the drop, which occurs at t = 

96 seconds. The average heading error at steady state before the drop is 0.59 degrees and 

increases to 1.4 degrees afterwards. 
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Figure 4-15. Results for the variable mass and drag test using the cascaded 
proportional controller. Reference command ( | ) and recorded ( ¦ ) signals are 
overlaid. Time of dropping PVC device into water is marked by the left-most 
vertical dashed line, and the time when the device’s aft line released is marked by 
the right-most vertical line.  

Results for the same test, but using the non-adaptive backstepping controller 

tuned to the lightship condition are shown in Figure 4-16. In this case, the PVC device 

separated cleanly from the suspension points when the quick-release was pulled so the 

device immediately transitioned to towing at distance. The average speed error at steady 

state before the drop is 0.14 m/s, and increases to 0.19 m/s after  the drop, which occurs 

at t = 90 seconds. The average heading error at steady state before the drop is 0.36 

degrees and increases to 2.9 degrees afterwards. 
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Figure 4-16. Results for the variable mass and drag test using the backstepping 
controller. Reference command ( | ) and recorded ( ¦ ) signals are overlaid. Time of 
dropping PVC device into water is marked by the vertical dashed line.   

Results using the adaptive backstepping controller tuned initially to the lightship 

condition are shown in Figure 4-17. The average speed error at steady state before the 

drop is 0.071 m/s and after the drop it is 0.066 m/s. The drop occurs at t = 89 seconds. 

The average heading error at steady state before the drop is 3.1 degrees and increases to 

3.4 degrees afterwards.  

A comparison of the speed and heading errors for the three controllers is shown in 

Table VIII. The results show that for the non-adaptive controllers the speed error 

increased when the USV transitioned from the full displacement to towing condition. The 
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magnitude of the speed errors show that the adaptive controller performs 67% better than 

the proportional controller and 48% better than the backstepping controller while in the 

full displacement condition and performs 78% better than the proportional controller and 

65% better than the backstepping controller while in the towing condition. The adaptive 

controller also exhibits 110% less sensitivity in surge velocity to the change in conditions 

over the backstepping controller and 106% less sensitivity in surge velocity over the 

proportional controller. Overall, the adaptive controller overwhelmingly out-performed 

both non-adaptive controllers in surge speed tracking for this test. 

The results for heading are as follows. The non-adaptive backstepping controller 

shows 89% better heading performance over the adaptive backstepping controller and a 

40% better heading performance over the proportional controller in the full displacement 

condition. For the towing condition, the non-adaptive backstepping controller shows 16% 

better heading performance over the adaptive controller but the proportional controller 

shows 50% better heading performance over the non-adaptive backstepping controller, 

and 58% better heading performance over the adaptive backstepping controller. The 

adaptive controller showed 88% less sensitivity in heading control to the change in 

conditions than the non-adaptive backstepping controller and the 65% less sensitivity in 

heading control than the proportional controller. 
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Figure 4-17. Results for the variable mass and drag test using the adaptive 
backstepping controller. Reference command ( | ) and recorded ( ¦ ) signals are 
overlaid in the top and middle plots. Time of dropping PVC device into water is 
marked by the vertical dashed line.  
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Table VIII. Comparison of Three Controllers for the Variable Mass and Drag Test 

Controller: Adaptive Backstepping Proportional

Steady State Speed Error Before Drop (m/s): 0.071 0.14 0.22 

Percent Error (%): 7.1 14 22 

Steady State Speed Error After Drop (m/s): 0.066 0.19 0.30 

Percent Error (%): 6.6 19 30 

Change in Error Between Conditions (m/s): -0.005 0.050 0.079 

Steady State Heading Error Before Drop (deg): 3.1 0.36 0.59 

Steady State Heading Error After Drop (deg): 3.4 2.9 1.4 

Change in Error Between Conditions (deg): 0.30 2.51 0.85 

The main findings of the set point, variable mass, variable drag, and variable mass 

and drag tests are that the surge speed tracking of the adaptive controller is superior to the 

non-adaptive backstepping and cascaded proportional controllers. Also, the average 

heading error for the backstepping controllers is lower than the proportional controller. 

This is due to the aggressiveness of the heading control subsystem in the backstepping 

controllers, where any amount of heading error causes an actuation in control torque. For 

the cascaded proportional controller the heading error does not cause a response in 

control torque within +/- 5 degrees of heading error. This creates a much smoother 

throttle command, but slackens the tracking of desired heading. The heading control of 

the cascaded proportional controller is more robust to receiving unattainable desired 

surge speeds than the backstepping controllers, but in all cases is never able to achieve 

the desired speed as closely as the backstepping controllers. Finally, the adaptive 

controller shows less sensitivity to changing mass and drag parameters than the others, 

which is the ultimate goal of the low-level control for the ALR mission.      
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5. Conclusions

The focus of this paper has been the presentation of an adaptive control design for 

uncertain plant parameters. The specific mission for which the controller has been 

designed is the autonomous launch and recovery of an autonomous underwater vehicle 

from an unmanned surface vehicle. Several scenarios for the ALR process have been 

considered and the design requirements are listed. Subsequently, an overview of several 

design alternatives is presented and two are pursued. 

Initial vehicle characterization test results are presented for the particular USV of 

interest and a physics-based model of the USV is presented with open-loop simulation 

results. The designs of two control alternatives (an adaptive and non-adaptive 

backstepping controller for speed and heading) and closed-loop simulation results are 

presented.  

The setup, results, and analysis of several on-water experiments are presented, 

where the performance of the three controllers are quantified and compared. The 

experiments were meant to mimic the scenarios expected for the ALR mission, namely, 

varying mass and/or drag parameters of the USV while in operation.  

Based on the results of the several tests where mass and drag parameters varied 

during operating periods of non-aggressive heading commands, it has been determined 

that the adaptive backstepping controller outperforms the non-adaptive backstepping and 

cascaded proportional control laws. In terms of regulating steady state speed error, the 
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adaptive controller showed not only better performance at each mass and drag condition, 

but also demonstrated the least amount of sensitivity to changes in parameters.  

To conclude the study, there is a desire to produce an overall metric for the 

controller performance. To do this, we first establish a commonality across all of the 

tests. Each test conducted is characterized by an ‘event.’ For example, the ‘event’ in the 

set point test is the jump in heading command that occurs once the speed and heading 

have stabilized. For the variable mass test, the ‘event’ is when the quick-release is pulled 

and the AUV-like object drops into the water, etc. To provide an overall metric in the 

conclusion of this design and comparison study, the comparative metric from all the tests 

are averaged and the results are shown in Table IX. From the table, one can see that the 

adaptive backstepping controller out-performs the other two in the regulation of errors 

and sensitivity to the test ‘event’ in all cases but one: the non-adaptive backstepping 

controller maintains better steady state heading control after the ‘event’ by 51%. It should 

be noted that the set point test did not contain the change in error metric because none of 

the mass or drag parameters were changed in the heading jump. 

One option for addressing the heading performance of the adaptive controller 

would be to implement an adaptation algorithm for the yaw error gain . This may 

compensate for times when the variable surge gain is high and surge speed tracking is 

prioritized. This suggestion comes with a word of caution, however, because an 

additional adaptation algorithm would change the performance characteristics of the 

controller drastically, may affect the stability of the controller plant, and would be a time-

intensive undertaking to design, implement, and validate. Also, if the yaw error gain is 
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allowed to increase much beyond the current setting the issue of motor switching 

(mentioned in Section 3.3.1) would arise. 

With the limitations of implementing adaptive heading control in mind, it is 

determined that the best alternative for low-level control during the ALR mission is 

adaptive speed control and non-adaptive heading control, with maximum values of surge 

gain specified so as to limit the amount that surge speed tracking is prioritized. This 

limiting is accomplished using a saturation function, and is set to a maximum value of 30 

for all test cases shown in Chapter 4.   

The mean of all the averaged metrics is displayed in the bottom row of Table IX. 

This metric means that across all of the evaluation criteria for the three controllers 

investigated, the adaptive backstepping controller performed 48% better than the non-

adaptive backstepping controller and 63% better than the cascaded proportional 

controller.  

In summary, the intellectual contributions made to the state of knowledge 

regarding low-level control of a twin-hulled underactuated USV with uncertain 

displacement and drag are:  

 A new control law designed for a single hull vessel steered with differential thrust is

implemented, improved, and tuned for a twin-hull USV.

 Open loop simulations for the WAMV USV14 in three displacement and two drag

conditions are developed and validated by experimental results.

 Two speed and heading controllers are implemented in simulation for the three



98 

displacement conditions. 

 Surge speed tracking error under time-varying and uncertain displacement and drag

conditions is nearly eliminated through the implementation of a direct model

reference adaptive surge speed control law for a nonlinear plant.

 The performance of the WAMV USV14 has been characterized under time-varying

and uncertain displacement and drag conditions when using three different speed and

heading control laws.

 Mission parameters for the ALR mission have been specified based on the

performance limitations of the USV when towing an object, carrying a payload, and

operating in a lightship condition.

Table IX. Cumulative Relative Performance over all Test Cases 

Metric 

Percent Better 

Comparing Adaptive to  
Non‐Adaptive Backstepping 

Controller 

Comparing Adaptive 
Backstepping to Proportional 

Controller 

Steady State Speed Error 
Before Event (m/s) 

62%  69% 

Steady State Speed Error After 
Event(m/s) 

67%  72% 

Sensitivity (m/s/event)  84%  86% 

Steady State Heading Error 
Before Event(deg) 

83%  50% 

Steady State Heading Error 
After Event (deg) 

‐51%  39% 

Sensitivity (deg/event)  44%  65% 

Overall Average  48%  63% 
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It is recommended, based on the final results of this study, that the adaptive 

backstepping speed and heading controller be used for the low-level control of the 

WAM-V USV14 for the autonomous launch and recovery mission. 

Although it is not believed necessary for the ALR mission, if future work is to be 

conducted, some suggestions may be useful in getting started. It may be helpful to 

evaluate the performance of the USV through all tests shown in Chapter 4 when the 

backstepping controllers contain the inertial and drag terms for the full displacement 

condition. This may improve the surge tracking performance by calculating control action 

based on a more restrictive displacement condition. Also, updating the reference model to 

the full displacement condition may bring about more desirable behavior, such as 

convergence of the surge gain to a value other than the maximum by predicting lower 

reference speeds, which may shift priority to heading control.  

The final recommendation for future work, and something that will likely be 

pursued in the near future, is the comparison of the adaptive controller with a cascaded 

proportional controller that has been augmented to contain an integral term in surge. 

Integral terms are intended to eliminate steady state error and could thus be a reasonable 

option for addressing the steady state speed error observed in the results of simulation 

and measured results. Figure 4-18 shows the results of a simulated straight line 

acceleration to a desired speed of 1.0 m/s using only a proportional speed controller and 

also when using a proportional plus integral speed controller. The proportional gain is set 

to 10, and the integral gain is 3 for this simulation.  
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Figure 4-18. Comparison between proportional and proportional plus integral speed 
control for a closed-loop variable mass and drag test. The first 50 seconds show the 
vehicle in the lightship condition, then the drag of the AUV is added to simulate a 
towing condition, and at 100 seconds the AUV drag is eliminated and the vehicle 
takes on the full displacement condition. Desired speed is 1.0 m/s, and desired 
heading is the initial heading (000).  

Notice in Figure 4-18 that the addition of an integral term causes the speed to 

overshoot the desired value initially but then drives the steady state error to zero. This 

occurs at the initial acceleration but also when the AUV drag is added (t = 50s) and when 

the displacement condition changes to full displacement (t = 100s). Ultimately, the 

proportional integral controller is a more relevant design approach for the ALR mission 

than the proportional surge controller because steady state surge speed error regulation is 

considered heavily in performance evaluation. In future work, this control method will be 

tested experimentally with the WAMV USV14. 
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