
 
 

 

 

Abstract— In this work an overview of the application of the 
Quantitative Feedback Theory (QFT) technique to different 
marine systems is presented. Namely the problems of the 
stabilization of a high-speed craft, the dynamic positioning of a 
moored platform and the tracking control of a hovercraft are 
studied. An interesting question is that the plants have less 
degree of freedom for actuation and is more difficult to control. 
The three multivariable nonlinear problems are tackled by 
different procedures. Performance evaluation analyses and 
simulations in different conditions are carried out. It is shown 
that robust techniques based on QFT methodology result 
feasible and very suitable; and therefore they constitute 
attractive alternatives in the application of stabilization, 
dynamic positioning and tracking control of advanced marine 
systems. 

I. INTRODUCTION 

ECENTLY, an advanced marine system has been 
required to improve maneuverability of systems. For 

marine systems which can afford surpassing maneuverability 
under severe environmental conditions, it is of great 
importance to develop an advanced control system. Marine 
systems are defined as the systems which operate marine 
crafts and equipment to meet maneuvering requests. As for 
marine crafts, there are so many types of crafts on and under 
the sea. Ships, offshore platforms, and underwater vehicles, 
are typical examples of marine crafts. 

Development of control logic is the key technology to 
improve the quality of marine systems. Then, it is important 
to design advanced practical control algorithms of marine 
systems. 

According to [1], a design method based on modeling, 
such as robust control, is more effective for the design of 
control systems with several control characteristics, if the 
vehicle mathematical model is estimated to some extent. It is 
of great importance for designing marine control systems to 
have robustness against environmental disturbances, 
tracking response to reference command, prevention of 
coupling motion, and faster response. Good robustness, 
accurate tracking response, and prevention of coupling 
motion are the main problems. Therefore, the robust control 
logic is presented as a good alternative to apply to these 
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kinds of problems. 
Numerous robust control algorithms for controlling 

marine systems have been examined, such as LQG optimal 
control, H∞ robust control, µ-synthesis, or neural networks, 
for the control problem of roll stabilization [2], tracking [3], 
ship maneuvering [4], and ship positioning [5, 6] and course-
keeping [7, 8]. 

Another question to take into account is the fact that 
marine systems are normally underactuated vehicles, i.e., 
systems with fewer independent control inputs than degrees 
of freedom to be controlled. These systems are usually 
costly and impractical to fully actuate. In addition, they are 
not fully feedback linearizable and exhibit non-holonomic 
restraints [9, 10]; therefore classical nonlinear techniques are 
not applicable and new designs should be examined.  

Taking into account all mentioned above, currently 
control problems of underactuated marine vehicles with 
requirements of decoupling motions and robust performance 
against disturbance and uncertainties in the plant model 
become very attractive and motivate the development of 
alternative control design techniques.  
With this purpose, in this work we present and analyze the 
application of diverse strategies based on a robust control 
methodology, concretely Quantitative Feedback Theory 
(QFT) to different marine systems, which has not been very 
common in naval systems. Especially authors present in this 
work the stabilization of a high-speed craft, dynamic 
positioning of a moored floating platform, and tracking 
control of an hovercraft. 

QFT [11, 12, 13, 14] is a frequency domain robust-design 
methodology for control systems where the plant is 
uncertain and/or there are disturbances acting on the plant. 
The idea has been applied to scalar, multivariable, linear, 
nonlinear and invariant/time varying uncertain systems. The 
technique has attracted considerable interest in theory and 
engineering applications, such as aeronautics, aerospace 
industry, robotics, electronics and electrical engineering. 
Samples of application are interferometers, optical disk 
drivers, electro-hydraulic [15], pneumatic actuators [16] and 
flight control [17]. Initially it has not been very common in 
marine systems. 

Consequently, the present work has as objective to verify 
that QFT synthesis is a good alternative for the control 
problem of stabilization, dynamic positioning, and position 
tracking of different types of advanced marine vehicles. 
The paper is organized as follows. In section II an 
introduction of QFT methodology is presented. In section III 
the model and control solution for the fast ferry stabilization 
problem is developed. Section IV presents the model and the 
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problem of dynamic positioning of a floating platform. 
Section V shows the results above the hovercraft. Section VI 
encapsulates the conclusions. 

II. FORMULATION OF THE QFT DESIGN 

QFT is a frequency domain design methodology that was 
introduced by Horowitz [11]. The foundation of QFT is the 
fact that feedback is primarily needed when the plant is 
uncertain and/or there are disturbances acting on the plant. 
Hence, for the sample of the high-speed craft, the model 
parameters identified for angle of incidence different µ from 
the nominal case with µ=135º are considered as 
uncertainties. Next, the platform and hovercraft present 
uncertainties in the model parameter. The three cases have 
output disturbances due to the seaway. Therefore, at first 
sight, the feedback controls of the three samples of this work 
seem to be a good example for using the QFT technique. 

Horowitz published works for SISO plants [18], for linear 
MIMO [19, 20], and for various classes of nonlinear time 
varying systems [21].  

The QFT design procedure involves four basic steps: 
generation of plant templates, computation of QFT bounds, 
design of the controller (loop shaping), and analysis of the 
design. 

The plant templates are defined as the plant frequency 
response set at a fixed frequency. Given the plant templates, 
QFT converts closed-loop magnitude specifications into 
magnitude constraints on a nominal open-loop function 
(QFT bounds). A nominal open-loop function is then 
designed to satisfy simultaneously the plant template 
constraints as well as to achieve nominal closed-loop 
stability (loop shaping). It is defined the open loop function 
L(jω) as the product of the controller transfer function and 
the plant transfer function. In any QFT design, it is 
necessary to select a frequency array for computing 
templates and bounds. In the three cases of study, the range 
of frequencies chosen belongs to the seaway spectrum, with 
natural frequency ω [0.39, 3] rad/s.  

Since the transfer function models are considered as a 
nominal plant with an uncertain set, a robust performance 
problem is presented, because the performance 
specifications must be satisfied for all the possible systems 
admitted by the specific uncertainty model.  

To begin with, the formulation of what is the required 
behavior of the closed-loop system is necessary. The 
specifications must be given in terms of frequency response. 
Therefore, it is necessary to translate temporal constraints 
into frequency domain specifications, and normally it is not 
a trivial task. 

QFT closed-loop specifications used are the gain and 
phase margin stability (1) and the output disturbance 
rejection or sensitivity reduction (2): 




P,0);(
)()·(1

)()·(




jGjP

jGjP
    (1) 




P,0;
)()·(1

1 
 sjGjP

     (2) 

After the stability and performance bounds have been 
computed, the next step in a QFT design involves the design 
(loop shaping) of a nominal function that meets the design 
bounds [22]. The nominal loop L(jω) has to satisfy the worst 
case (intersection) of all bounds.  

Once the controller parameters are designed by using QFT 
design, the system in closed-loop dynamic is simulated in 
order to prove if the control meets the specifications. 

III. STABILIZATION CONTROL OF A HIGH-SPEED CRAFT 

The main objectives in the design and construction of 
high-speed crafts are passenger comfort and vehicle safety. 
The vertical accelerations associated with roll, pitch and 
heave motions are the principal cause of motion sickness. 

Accordingly, the purpose of this work is the design of a 
stabilization control for a high speed craft and the study 
focuses on the coupled dynamics of heave, pitch and roll 
motions. The analyzed couplings are derived from the 
possible interference effects of the appendages on the ship's 
hull motions when the angle of incidence differs from 180º. 
The active stabilization surfaces employed are one T-Foil on 
bow, two flaps on stern, and two lateral fins. Thus, one of 
the problems observed is the fact that the actuator action to 
control the roll mode generates a component in the pitch 
mode. Similarly, the T-Foil and flaps surfaces produce, 
together with the control action itself, a coupling with the 
roll mode.  

Under assumption of small coupling effects due to the 
actuators, two independent control designs for each one of 
the two dynamics works successfully [23]. However, when 
cross-coupling effects are notable, new approximations must 
be tried in order to reduce the longitudinal and transversal 
dynamics in the multivariable high speed craft system.  

This work proposes an approach to handle multi-input 
multi-output (MIMO) robust control problems of 
stabilization of marine vehicles with coupled dynamics by 
using a combination of two control techniques. In particular, 
the procedure consists of blending the QFT technique with 
the Eigenstructure Assignment (EA) technique. A good 
decoupling performance can be achieved for a nominal plant 
model with an adequate EA design, which can provide 
transformation of the MIMO system into decoupled SISO 
subsystems. Then the SISO QFT technique is used to 
achieve robust performance under plant uncertainties. 

A. Model of the high-speed craft  

Prior to stabilization control, mathematical models of the 
heave, pitch and roll dynamics are built by using system 
identification methods for the cases of angle of incidence 
between 90º and 180º [24]. The method identifies linear 
continuous models and uses data obtained via experiments 
with a scaled-down replica 1:25 of the fast ferry (Fig. 1) in 
CEHIPAR (El Pardo Model Basin, Spain) and a sea 
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behaviour program named PRECAL, which reproduces 
specified conditions (different types of waves, ship speeds, 
and angle of incidence), and uses a geometrical model of the 
high speed craft to predict its dynamic behavior [25]. 
Furthermore, dynamics of T-Foil, fins and flaps are 
modelled. 

The model of the system has three outputs: the vertical 
acceleration in heave (acvh), the vertical acceleration in 
pitch (acvp), and the roll angular velocity (ωroll). The control 
inputs are: the angle of attack of the flaps (P), T-Foil (H), 
and the lateral fins (R).  
 

 
Fig. 1.  Model replica of the fast ferry. 

 
Thus, a single degree of freedom (DOF) 3x3 MIMO 

system is presented, with three inputs and three outputs. Fig. 
2 shows the block system diagram with the three modes, 
where the coupling of the modes is considered as a 
consequence of the control surface action in different 
incidence angles of the seaway. 

The stabilization problem is stated as a robust control 
design of a coupled system, with a nominal plant (the 
models identified for angle of incidence µ=135º) with 
uncertainties (the ship models responses for the rest of 
angles of incidence), and the seaway as the input 
disturbances. 

Since heave, pitch and roll have restoration forces, the 
almost lack of inherent motion damping means that small 
additions to this damping can produce large reductions in the 
response. So, the best way of reducing it is to increase 
damping by using the active stabilization devices.  

Consequently, the controllers must be set up in such a 
way as to ensure that the actuators develop moments and 
forces which oppose the moments and forces provided by 
the waves. For the particular high speed craft system, the 
following control objectives are required: i) system stability; 
ii) heave, pitch, roll reduction; iii) no saturation on T-Foil, 
flaps and fins ( i

i
 ;º15 ). 

B Combined EA/QFT control design. 

The MIMO problem is firstly handled with EA technique 
in order to decouple the dynamics, which results in three 
SISO systems to solve with QFT design. 

1) EA design: The EA [26] is a multivariable control 
design technique based on the fact that through an adequate 
assignment of the closed-loop eigenvalues and eigenvectors, 
improved transient dynamics and their coupling dynamics 

can be achieved. This technique has been widely applied to 
the design of flight control systems [27, 28].  

EA design can only be done for a specific system model, 
so the results will be focused on the nominal plant, 
corresponding to the case with angle of incidence µ=135º. 
The basic principle is to assign the eigenvalues and 
eigenvectors of a closed-loop control system to their desired 
values through state or output feedback strategies. For a 
specific state, if some elements in its corresponding 
eigenvector can be assigned to zero, through appropriate 
system design, decoupled transient responses between this 
state and the other related states can be achieved. 

The EA design requires the system model in state-space 
equations, so the system 3x3 transfer functions matrix are 
translated into the form  

C·xy

B·uA·xx




              (4) 

where the control input vector is u=[R, P, H]T and the 
output vector is y=[ ωroll, ,acvp, acvh]T. 

A detailed study about the algorithms for obtaining the 
gain K matrix such that the eigenvalues and eigenvectors of 
the closed-loop system matrix A-BKC, obtained when using 
the output feedback control equation u = -K·y, achieve the 
required decoupled behavior can be found in [26, 29, 30].  

Finally, by using these eigenstructure assignment 
algorithms, the feedback gain control K matrix is obtained as  






















3670.11661.90947.0

5620.06554.30037.0

3301.16526.8047.0

K         (5) 

With K matrix, it is shown that the coupling effects on 
roll, heave and pitch modes due to actuators have become 
weaker.  

But as above-mentioned, the EA design has been only 
done for the specific nominal case with angle of incidence 
µ= 135º, therefore the coupling effects can be still quite 
strong for other angles of incidence. In order to achieve 
robust performance QFT design is proposed.  

2) QFT design for the EA design results: From the EA 
design results, QFT design faces the closed loop system 
described by Fig. 2.  

 
Fig 2.  Ship system with combined EA/QFT. 

 
The state-spaces matrices are the following: 

CCBcBKCA c  ;;BAc           (6) 
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For QFT design purposes, the plant model in state-space 
equations is transformed into system transfer function. Thus, 
the corresponding closed-loop transfer function P matrix is: 
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As seen, EA design provides decoupled responses of roll, 
pitch, and heave dynamics for the case with angle incidence 
µ = 135º, thus the cross coupling transfer functions can be 
considered as approximately zero, i.e., Pij (i≠j)=0. Therefore 
the result consists of three independent SISO systems (P11, 
P22, P33) to control with QFT design, in order to perform 
robustness against the parameter uncertainties over the angle 
of incidence state and output disturbances. 

3) QFT design for the roll dynamic subsystem: The 
specifications for robust stability (λ11= 1.2) and performance 
bounds (δs11=1.4) fixed for the QFT design guarantee 
adequate gain margins and output disturbance rejection. 

The stability margins are arbitrary chosen with the value 
λ11= 1.2, and implies a robust stability with at least 
1+(1/λ11)=1.71 lower gain margin, and 180º-arcos(0.5/ λ11

2-
1)=49.25º lower phase margin. This makes the following 
inequality satisfies for all frequencies: 

      0,2.1
1 11

11

11 
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The bounds at low frequencies (ω ≤ 3 rd/s) are calculated 
in order to satisfy the inequality for disturbance rejections: 
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The control Gcωroll(s) must be designed such that open 
loop function Lωroll(jω): 

)()·()( 11   jPjGjL rollcroll         (10) 

satisfies the worst case of all bounds (intersection). The 
controller designed is a first order filter: 
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The same procedures are carried out for the design of GcAcvp 
and GcAcvh, where finally the controllers designed are: 
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Combining the EA and QFT design results, the whole 
MIMO system is obtained, as depicted in Fig. 2. Simulations 

of the MIMO control system are undertaken to evaluate the 
whole system performance.  

Specifically, simulations using 40 knots ship speed, 
regular waves with 0.8 meters of amplitude frequency 
[0.39,3] rad/s, and irregular waves with sea state SSN= 4, 5, 
6 were employed, and the percentage reduction is measured. 
To illustrate, Table I shows the value of percentage 
reduction in roll, pitch and heave responses with combined 
QFT-EA control in the whole system for the case of ship 
speed V=40 knots and waves in sea state SSN= 4 and 5. 

TABLE I 
REDUCTION PERCENTAGE ROLL, HEAVE, PITCH WITH QFT-EA CONTROL. 

V = 40 KNOTS. SSN=4 AND 5 

‘  (º)
Reduction 
ωroll (%) 

Reduction 
acvp (%) 

Reduction 
acvh (%) 

SSN4 105 0,8% 34,5% 2,8% 

 120 12,1% 44,8% 4,7% 

 135 178,4% 48,7% 2,6% 

 150 45,8% 44,4% 3,9% 

 165 86,9% 0,6% 4,1% 

 180 65,6% 13,1% 1,9% 

SSN5 105 1,1% 34,3% 3,3% 

 120 40,4% 45,7% 6,0% 

 135 87,2% 49,4% 5,0% 

 150 28,7% 46,7% 7,1% 

 165 12,4% 46,7% 7,1% 

 180 50,8% 14,4% 0,01% 

 
In conclusion, in the first example of the high-speed craft, 

the MIMO problem is firstly handled with EA technique to 
decouple the three dynamics. EA provides a straightforward 
physical understanding of the design process and gives 
designer flexibility in system performance. In order to 
achieve robust performance for other incidence angles and 
state seas, QFT design is proposed. Performance evaluation 
analyses and simulations of temporal responses with 
different waves and incidence angle are carried out. It is 
demonstrate that one fixed control reaches the desired 
closed-loop specifications for different conditions and the 
designed closed-loop system achieve decoupling between 
the three dynamics and damped responses. It is shown that 
the combined EA/QFT technique is a robust method very 
suitable for the implementation, and that accomplishes the 
objectives efficiently. We have verified that this method is 
an attractive alternative to handle MIMO coupled systems. 

IV. DYNAMIC POSITIONING PROBLEM OF A MOORED 

PLATFORM. 

In this second part of the work, the marine system studied 
consists of a moored floating platform. Position mooring and 
dynamic positioning are required in many offshore oil and 
gas field operations, such as drilling, pipe-laying, tanking 
between ships, and diving support [31]. Therefore, these 
platforms require a high level of precision in the positioning 
for optimal operations. In addition, they are subject to 
environmental charges combined of waves, wind and 
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achieves the output Y(t) gets into the range 0.025 m before 
t = 80 seconds (see Fig. 5). Regarding (t), it is observed 
that it remains the range given by the specification 0.7º 
from the beginning. Therefore, it is shown that the control 
meets the original specifications and therefore, achieves the 
positioning system. 

 
Fig.5  Comparison of temporal response Y in open loop (dashed line) and 

closed loop (solid line). 

 
To sum up this second work, the control problem of the 

underactuated system is solved by an iterative multi-stage 
sequential procedure. Simulation results demonstrate that the 
designed control achieves the positioning system. This, it 
can be concluded that the fact that robust control techniques 
based on QFT design are applied successfully to a typical 
marine control problem, and secondly, from the point of 
view of theory of control, this case shows again that QFT is 
a feasibly methodology to solve the problem of rejection to 
disturbances in an underactuated system of a dynamic 
positioning problem. 

V. TRACKING CONTROL PROBLEM OF HOVERCRAFT 

The past few decades have witnessed an increased 
research effort in the area of trajectory tracking control for 
underactuated autonomous vehicles. The present work is 
devoted to solve the problem of tracking control of 
underactuated vehicles, specifically hovercrafts, which can 
be seen as a special case of a surface vessel where the 
essential nonlinearity has been captured. 

The system consists of a hovercraft equipped with two 
longitudinal propellers that provide the thrust to move the 
vehicle forward (and backward) and to make it turn.  

The model is a second order nonlinear system with plant 
uncertainties and with less degree of freedom for actuation 
(2x3 MIMO), and therefore is more difficult to control. The 
goal is to track course and velocity.  

As aforementioned, there are many publications related to 
control problem of underactuated nonlinear vehicles. 
However, disturbances and uncertainties in the plant are not 
usually considered in most of the cases, and consequently 
the designed controllers do not have robust performance. 
With this purpose, the control problem is tackled as a 
multivariable nonlinear control design using QFT technique. 

The approach to non-linear QFT synthesis follows the ideas 
described in [33], where a local linearization of the nonlinear 
plant about closed-loop acceptable outputs is proposed. 

A. Model of the hovercraft 

The nonlinear model for the underactuated hovercraft was 
obtained from the ship model in [34]. The general kinematic 
and dynamic equations of motion of the hovercraft can be 
developed using a global coordinate frame {XY} and a body 
fixed coordinate frame {XBYB} that are depicted in Fig. 6. 
Considering that the state vector is the non-linear state 
equations are [35]: 

rr
J

T
J

r

vr
m

urv

ur
m

F
m

vru

r

vuy

vux

r

l

lx

··
1

·
1

··
1

·

··
1

·
1

·

·cos·sin

·sin·cos































          (19) 

where x, y, θ denote the position and the orientation of the 
hovercraft in the earth-fixed frame XY; u, v are respectively 
the surge and sway velocities in the body-fixed frame XBYB, 
and r is the yaw rate. The system has two control inputs: Fx 
= (Fs + Fp) is the control force in surge, and Tθ= l·(Fs-Fp) is 
the control torque in yaw. As seen, we do not have an 
available control in sway, so there is a non-holonomic 
constraint. The hovercraft nominal parameters have been 
computed experimentally in a real system: mass m = 0.894 
Kg, moment of inertia J = 0.0125 Kg·m2, moment arm l = 
0.0485 m, friction coefficients rl = 0.10 Kg/s, and rr = 0.05 
Kgm2s, and F  [0.342, -0.121] N. 

 
Fig. 6.  Model of the hovercraft. Body fixed XBYB and earth fixed 

coordinate frames XY. 

The control objective is to achieve the tracking control. The 
two outputs are: the tangential velocity V, defined as 

22 vuV  , and the derivative of the course angle  , 

defined as the angle that the tangent of the trajectory in the 
XBYB plane makes with the inertial X-axis (see Fig. 6), that 
is, )/arctan( xy  , also defined from the attitude angle θ 

and offset angle in yaw   as   .  
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VI. CONCLUSIONS 

In this work an analysis of the application of the QFT 
technique to different marine systems is presented. 
Especially the problems of stabilization of a high-speed 
craft, dynamic positioning of a moored platform and the 
tracking control of a hovercraft are studied. The plant 
models of the three marine vehicles raise different 
difficulties such as nonlinearities and non-holonomic 
constraints that must to be taken into account to design the 
control. In addition, uncertainties in the plant are considered 
in each case (the plant model with different angles of 
incidence in the craft system, the plant model with diverse 
characteristics in the moored platform, and the set of 
equivalent linear families in the hovercraft). The 
disturbances considered are the seaway in all the examples. 
Finally it is shown that multivariable (such nonlinear as 
linear) QFT design is a robust method very suitable for the 
implementation, and that accomplishes the objectives 
efficiently. We have verified that this method is an attractive 
alternative for robust design of these kinds of marine 
systems. 
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