
15Ship Science & Technology - Vol. 15 - n.° 30 - (15-25)  January 2022 - Cartagena (Colombia)

The objective of this research is to provide a tool that allows to quantify the power requirements, energy 
consumption and the efficiency of the propulsion system of a catamaran with two degrees of freedom 
according to its speed. Furthermore, it seeks to improve the design process from a phenomenological 
perspective that gives rise to a better reliability of the result. To achieve this, an electromechanical model is 
being developed by using the methodology for obtaining phenomenological-based semi-physical models. 
This model couples the dynamics of a geometry-known ship with its propulsion system, which is constituted 
by a propeller and a brushless direct current (BLDC) electric motor; at the same time, it uses data from 
computational simulations related to the hydrodynamics of the submerged components. Finally, the results 
of using the model with parameters of a specific catamaran and motor are presented. This model allows to 
properly couple the dynamics of a boat with two degrees of freedom.

El objetivo del trabajo es proporcionar una herramienta que permita cuantificar los requerimientos de 
potencia, consumo energético y eficiencia del sistema de propulsión de un catamarán con dos grados de 
libertad según su velocidad. Asimismo, se busca perfeccionar el proceso de diseño desde una perspectiva 
fenomenológica que dé lugar a una mayor confiabilidad del resultado. Para ello, se desarrolla un modelo 
electromecánico usando la metodología para la obtención de modelos semi físicos de base fenomenológica. 
Este modelo acopla la dinámica de una embarcación de geometría conocida con su sistema de propulsión, 
constituido por una hélice y un motor eléctrico de corriente continua sin escobillas (BLDC); a su vez, utiliza 
para su construcción datos provenientes de simulaciones computacionales referentes a la hidrodinámica 
de los componentes sumergidos. Finalmente, se presentan los resultados del modelo tomando parámetros 
de un catamarán y motor específicos. Este modelo permite acoplar de manera adecuada la dinámica de 
una embarcación con dos grados de libertad.

Key words: electromechanical model, catamaran, energy consumption, boat design, phenomenological 
modeling.
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Prediction and analysis of Hydrodynamic ship 
forces are important elements in naval design 
to determine the vessel hulls and their required 
propulsor. These forces allow to evaluate both 
water and air resistance to the ship’s movement 
and to stablish the consequent propulsion system 
used to drive the craft [1]. However, resistance 
and propulsion are interdependent, and their 
phenomenological interaction behave as a coupled 
dynamical system.  Achieving a system approach, 
given the objective to get an overall high efficiency 
of the vessel during its operation, represents an 
optimization problem [2]. This analysis is plenty 
complex for most naval architects, even with the 
current computational capacity [3]. To solve that, 
a systematic and iterative approach is chosen, as 
the spiral design process, where design is carried 
out step-by-step and the ship is split in different 
subsystems with established relations [3], [4]. This 
methodology reduces the required time in ship 
design but increases the later budget estimate for 
building and operation stage.

To compensate this effect, precise and efficient new 
methods, and models have been of interest in naval 
engineering and have been developed throughout 
the last years to improve design process. For 
example, dynamical models are well known tools 
that allow tracking physical phenomena during 
the ship’s movement, which differ from common 
static models' scope that are used in design stages 
[5]. Thereby a dynamical model that accurately 
represents the physical interactions in a ship can be 
suitable to get corrective feedback in the subsystems 
design. As a result, it can improve their capacities, 
such as ship’s energy efficiency, resistance, stability, 
and maneuvering [6]–[8]. And it can be used in 
the previous verification of the ship’s requirements 
to achieve any possible reduction in building costs 
and a more reliable model’s feedback for getting 
the final design.

Various authors have focused their efforts on the 
dynamic model development of different ships. 
The reviewed literature shows important improves 
for getting those models for naval designing 
and automatic control. The observed results on 

literature demonstrate a good approximation 
between the mathematical models and real data 
of the ship movement [9]–[11]. However, the 
coupling between the propulsion system and ship 
dynamics only has been studied in the last years. 
Some authors have considered the ship movement 
as load and focused on the modelling of the hybrid 
propulsion system. This approach avoids the use of 
ship dynamics and minimizes the motor dynamics 
[6], [12]. Other authors interpret the coupling 
between ship and propulsion as an input of the 
first over the second. For example, [13] models the 
load torque as a function of the propeller velocity 
coupled in the rotor propulsor. The most interesting 
approach is to considerer both dynamics and 
propose constitutive equations for guaranteeing 
a robust coupling on the model. Some modeled 
systems with this approach include coupling 
among synchronous machine, propeller, and hull 
[7] and coupling between mobile propulsor and the 
ship dynamics [5]. However, the current models do 
not include couplings between the hull dynamics 
and propulsion system based on brushless direct 
current motors (BLDC). In Addition, few articles 
considerer previous result of static models as input 
for the model development.

This paper proposes a coupled dynamic model 
constituted by the hydrodynamic forces involved in 
both ship resistance and propulsion, as well as their 
effects related to the power system behavior. In this 
way, it is developed a tool capable to measure the 
energy requirements by the ship throughout its entire 
operation. The methodology used in the present 
work is based phenomenological semi-physical 
modelling. It is feed by empirical formulations 
based on constitutive equations of the Process 
Systems (PS) added to a physical phenomenon 
developed with momentum balances [14]. Then, 
the results obtained can be included inside design 
process to improve ship efficiency. The paper is 
organized as: Process description is made based on 
the hull geometry and the motor properties of the 
vessel designed for testing the model. Detail level 
is described for getting requirements to achieve the 
model objective. Modeling Hypothesis are shown 
the physical and mathematical assumptions made 
according to the detail level. Process systems are 
developed conceptual stages of the whole system. 
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• Speed in X axis (Advance).
• Displacement in Z axis (heave).
• Average power needed in each instant of time.
• Energy consumption for a specifi c speed 

routine.
• Effi  ciency of system engine-propeller to 

diff erent speeds. 

Fixed pitch: the pitch angle theta is fi xed to a value 
which corresponds to the angular position of the 
boat at cruising speed. Th is angle is not variable, 
since we recreate the conditions, in which the 
drag measurements and the propeller performance 
curves were obtained. For this, the structural 
support is represented with two components: a 
spring with an associated force (FK) and a linear 
damper with dissipative force (FA).

Simplifi ed 2D model: the system moves along 
two linear directions in the XZ plane, since the 
other DOF are restricted by the structural support. 
Th is happens if it is assumed that the two hulls are 
moving symmetrically, thus it is not necessary to 
analyze each hull’s motion independently.

Buoyant Force: Th e Buoyant Force (FB) is considered 
as the buoyancy over the group of submerged elements. 
It depends on the volume that the submerged body 
occupies, which varies according to the draft c. Th is 
draft c is a function of the z position.

Governing equations are formulated based on the 
ship electromechanical behavior. Constitutive 
equations are derived from previous ones to 
stablish algebraic relations between subsystems. 
System’s model is pointed out the diff erential 
equations that constitutes the model. Simulation 
is presented the results after running the model. 
Finally, conclusions are made, and future 
applications are mentioned.

Th e vessel to model in this paper belongs to the 
catamaran category. Th ese have two parallel 
hulls identical in size and geometry (Fig. 1). 
Th is architecture provides several advantages 
over traditional designs, like more stability. Th e 
catamaran to model has the following dimensions:

• Length: 5 m.
• Beam: 0.45 m.
• Depth: 0.53 m.
• Distance between hulls: 2.125 m.
• Total mass: 190 kg.

Additionally, it can reach a maximum speed of 
5.6 m/s.

Th e catamaran is thrusted by a brushless DC 
motor of 5 kW power through a 48V supply. Th e 
main reasons why this motor is a good choice as a 
supply system are its high energy effi  ciency, high 
torque capacity and low torque variability when 
the revolutions per minute (RPM) are modifi ed, 
compared to other motors like the Brushless AC  
[15]. In the shaft’s motor, a 4 bladed propeller 
DTMB4148 is coupled, whose diameter is 30 cm, 
which provides the necessary thrust to move the 
vessel. Lastly, there is a rudder NACA 0018 of 60 
cm length.

A vessel presents six degrees of freedom (DOF) 
in a three-dimensional system reference, three 
corresponding to linear motion and three to 
rotation (Fig. 1).

Process Description

Modeling Hypothesis

Detail Level

X

Y

Z

Fig. 1. Frame of reference in catamaran.
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Drag Force: the forces associated to drag in the 
whole submerged volume are the forces due to 
rudder drag (FAT) and due to hull drag (FAC), 
which are modeled as non-linear hydraulic 
dampers. FAT depends on the surge speed; on the 
other hand, FAC is a piecewise function composed 
by two sections, which depends on the surge speed 
as well as the draft.

Propulsion Force: propulsion force (FP) and 
propeller load torque (Tl), are considered as 
functions of the advance number (Js), that depends 
on the propeller angular velocity and the surge 
speed. Th e values (required) for these (from which 
the) regressions are obtained from the theoretical 
performance curves of the selected propeller (Fig. 
2). In the fi gure, KT refers to the thrust coeffi  cient, 
KQ to the torque coeffi  cient and EFFY to the 
mechanical effi  ciency.

Added Mass: the added mass factor is quantifi ed 
for the surge acceleration, considering the hull 
volume that interacts directly with the fl uid as 
explained on [8].

Th ese are the conceptual stages of the process that 
allow a better comprehension of the whole system. In 
general, there are two systems: mechanical and power 
system, each one with its respective subsystems.

Mechanical system: Th e boat hulls, the propulsion 
system and the rudder make up the mechanical 
system, these parts are the ones which interact 
directly with the water. In dynamic models of boats, 
two reference frames are found: one that is fi xed to 
the boat located in its center of gravity (CG) and 
an earth-fi xed frame aligned with the water level. 
In this model, there is a fi xed angular position θ in 
between the two frames. Th is angle corresponds to 
the invariable trim of the catamaran.

Fig. 3a shows the general free body diagram without 
applying the hypothesis we already mentioned, the 
diff erent subsystems of the mechanical system can 
be identifi ed. However, for the general equations 
presented in this paper, a simplifi ed free body 
diagram is used (Fig. 3b).

Power system: this system is integrated by a three-
phase Brushless DC motor (BLDC) that divides 
the input voltage in a three-phase AC signal that 
feeds the three lines of the motor. Fig. 4 shows the 
equivalent circuit of this BLDC motor. 

Fig. 2. Theoretical performance values of a propeller.

FAC+FAT

FB FA
FK

FP

W

Fig. 3. a) Free body diagram of mechanic system without applying the modelling hypothesis. (b) Free body diagram of 
mechanic system applying the modelling hypothesis.

Process Systems
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Fig. 5 and 6 illustrate the interaction between 
these systems. Th ere is an input voltage applied to 
the motor to generate electric power and fi nally 
obtain position values in Z axis and velocities 
in X and Z. Th e variables that relate these two 
systems are: angular velocity and load torque that 
belongs to the rotational dynamic of the motor-
propeller coupling.

balances corresponding to each system have 
been made. Tables 1, 2 and 3 show the variables, 
parameters, and constants.

To obtain the equations that describe the 
electromechanical behavior of the vessel, the 

Fig. 4. Equivalent circuit of BLDC motor [16].

Fig. 5. Block diagram of the system.

Fig. 6. Torque diagram.

MOTOR

CATAMARAN

Governing Equations

Variable Units Description

u
a
  y  i

a
V y A Line A voltage and current

u
b
  y  i

b
V y A Line B voltage and current

u
c
  y  i

c
V y A Line C voltage and current

θ
m

rad Motor angle

ω
m

rad/s Angular motor speed

u
DC

V Input voltage

x2 m/s x-axis speed

z1 m z-axis position

z2 m/s z-axis speed

Parameter Value Units Description

L 4.22 mH
Armature Inductance 
[17]

R 0.7 Ω Armature Resistance 
[17]

B
m

0.002 N ⋅ m ⋅  s
Damping constant 
[17]

k
em

0.8167 V/(rad/s)
Back-EMF constant 
[17]

k
tm

0.8167 N ⋅ m/A
Electromagnetic 
torque constant [17]

J
m

0.0002 kg ⋅ m2 Motor’s moment of 
inertia [17]

D 0.3 m Propeller’s diameter

θ 5 ° (degree)

Angle between the 
velocity vector and 
the positive x-axis 
of the frame of 
reference

m 190 kg Vessel’s mass

k
mass

0.1 - Added mass

K 1000 N/m
Spring constant of 
the structural support

B 150 N ⋅ s/m
Damping constant of 
the structural support

w 0.2 - Wake fraction factor

Table 1. Model Variables.

Table 2. Model Parameters.

Electromechanical model of a based catamaran vessel
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Constant Value Units Description

g 9.8 m/s
2 Gravity

ρ 1000 kg/m
3 Water density

γ 9800 N/m
3 Water specific weight

Table 3. Model constants.

In the mechanical analysis the XZ plane of the 
vessel is considered, and Newton’s second law 
is applied to describe the movement kinetics 
(Equations 1, 2 and 3). Notice that M, defined as 
M = m(1+kmass), is the ship’s total mass and includes 
the added mass.

Equations 4, 5, 6 show the result of applying 
Kirchhoff ’s voltage law to each line in the three-
phase motor equivalent circuit (Fig. 4).

Finally, the coupling of electrical and mechanical 
systems can be modelled by following Newton’s 
second law for rotational dynamics on the shaft 
where motor and propeller are placed (Equation 7).

To find conclusive results from the governing 
equations, constitutive equations of the system’s 
elements are introduced.

FP is a resultant force from a pressure field generated 
by the propeller blades in the fluid which has a 
hydrodynamic profile. In particular, Equation 8 is 

obtained from a dimensional analysis that allows 
to relate this force with a coefficient called KT.

KT coefficient was defined in Modeling Hypothesis 
and is related to the advanced number J, that is 
zero when ωm=0. J is defined as

Equation 9, that constitutes FAC, is considered 
the total resistance whose values for this case are 
obtained by computational tools, varying the 
linear velocity x_2 and draft c (Equation 10).

Table 4 shows the values of the coefficients.

For FAT, the resistance corresponds to a theoretical 
drag force of the rudder (Equation 11) considered 
as a submerged element, whose cross section 
equals a hydrodynamic profile with a known drag 
coefficient.

(1)

(8)

(10)

(9)
(2)

(3)

(4)

(5)

(6)

(7)

Constitutive Equations

Parameter Value for x
2 
< 1.4875

Value for x
2 
≥ 

1.4875

p00 0 85.95

p10 0 -2.06e3

p01 24.56 -27.76

p20 0 6.03e3

p11 -667.79 723.3

p02 4.13 4.6345

p30 957.49 0

p21 4.81e3 0

p12 46.35 0

Table 4. Parameters of FAC.
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FB is governed by the Archimedes’ principle and 
according to the third modeling hypothesis, the 
displacement is obtained as a function of the 
draft. This represents a quadratic regression for 
the submerged volume of the boat according to its 
draft. This expression is multiplied by the specific 
weight γ of water (Equation 12).

W is the weight of the catamaran.

The fixed structural support consists of a damper 
and a spring, which constitutive equation is defined 
based on Hooke’s law (Equations 14 and 15).

Equations 16, 17, and 18 are the result of applying 
the Lenz law to obtain the induced voltages in 
each line.

The electrical torque τe is generated by the induced 
forces on the rotor and it is the result of the sum 
of the torques in each phase (Equation 19). This is 
explained by Biot-Savart law.

F (θe) is a trapezoidal, periodical, and piecewise 
function that depends on the electrical angle. 

Equation 20 represents each 2π period of F (θe).

The electrical angle θe is related to the mechanical 
angle with the expression θe=p/2 θm where p is 
equal to the number of poles of the motor. In case 
of a four poles motor, as in this model, Equations 
16-19 can be expressed in relation to the angle θm 
and describing the commutation that occurs in 
the inverter (Equations 21-23). Fig. 7 is a graphic 
representation of these functions.

(11)

(12)

(13)

(20)

(21)

(22)

(23)

(14)

(15)

(16)

(17)

(18)

(19)

Electromechanical model of a based catamaran vessel
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Moreover, the commutation in the inverter must 
be done in a way that satisfi es the conditions for 
ua, ub and ub depending on the angle θm (Table 5).

τL corresponds to the load torque of the propeller 
(Equation 24). Th is one, is obtained from 
a dimensional analysis like FP term above 
mentioned. Likewise, the torque coeffi  cient KQ 
was defi ned in Modelling Hypothesis.

τD is the torque that corresponds to the viscous 
friction of the motor shaft and its direction 
is opposite to the sense of rotation of the shaft 
(Equation 25).

Th e Equations (26)-(33) are the ones that make 
up the model and allows the system to be solved.

Fig. 7. Plot of  F (θe) in terms of θm. 

Electrical 

angle θ
e

Mechanical 

angle θ
m

ua ub uc

0-π/3 0-π/6 u
dc

/2 -u
dc

/2 Not 
connected

π/3-2π/3 π/6-π/3 u
dc

/2 Not 
connected -u

dc
/2

2π/3-π π/3-π/2 Not 
connected u

dc
/2 -u

dc
/2

π-4π/3 π/2-2π/3 -u
dc

/2 u
dc

/2 Not 
connected

4π/3-5π/3 2π/3-5π/6 -u
dc

/2 Not 
connected u

dc
/2

5π/3-2π 5π/6-π Not 
connected -u

dc
/2 u

dc
/2

Table 5. Voltage value in each phase according to 
clockwise rotation.

(24)

(25)

(26)

(27)

(28)

System's Model
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The previous equations, constants and parameters 
were programmed in MATLAB to solve the 
system of ordinary differential equations (Fig. 8). 
The input voltage is an input for the model, and 
it is chosen according to the desired speed profile, 
including positive and negative acceleration.

It can be observed that the vessel’s translational 
speed has a growing behavior until it stabilizes, 

consequent to the input voltage that the motor 
receives. Besides, due to the restrictions imposed 
in the structural support and before the vertical 
position stabilizes, there are some peaks smaller 
than one millimeter in very short periods of time. It 
is evident as well that there is positive acceleration 
when the voltage increases, and the vessel tends 
to increase its position in the Z axis. Analogously 
occurs when the acceleration is negative. 

With this information, the motor’s average power 
is obtained over time. This information would be 
useful when the real values are required according 
to the voltage input and the speed variation. In this 
case, it would be necessary a 3500 watts power to 
get a 5.4 m/s velocity. After integrating the area 
under the power’s curve, it is possible to find out 
the total energy consumption behind a speed 
routine. As a result, the motor-propeller efficiency 
(Equation 34) is invariant in steady state and 
reaches its maximum efficiency when it stabilizes 
at the smallest speed. That is related with the 
behavior of FAC: if the vessel’s speed is increased, 
the required power grows exponentially.

It is shown that the developed model has accurate 
responses to the variation of the voltage of 
vessels with electrical propulsion. Now, it can be 

Fig. 8. System simulation.

Simulation

(29)

(30)

(31)

(32)

(33)
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considered as a tool for the energy consumption 
evaluation, and if is required, the speed and motion 
range in which the catamaran is going to move.

Where, Powelec is:

and EFFY is given by:

During the design phases, the calculation of 
energy consumption has an important role in the 
economic and environmental aspects.

The greatest contribution of the model is to provide 
a tool that allows the verification of parameters 
evaluated in the vessel design in a more precise 
way in comparison to the traditional method. For 
example, the values of consumption are generally 
obtained in points of specific operation that do not 
describe in an explicit way, the craft behavior.

Considering the initial considerations and 
simplifications of the model, for an industrial 
application it is imperative to reduce the restrictions. 
Consequently, it is important to increase the 
degrees of freedom and obtain a model with high 
reliability for future work. 
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