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Abstract- This article presents the design and the modelling of a new linear generator to convert the tidal energy to electrical
energy. This machine will be used in a renewable energy power station. The power station using tide energy will produce
electrical energy for the supply of equipment used in water desalination plant in Saudi Arabia. Moreover, the tidal energy can
produce more electrical energy than the photovoltaic and the wind power. A new electrical machines and power converters
should be designed to convert wave energy to electrical power. In this paper, sizing and simulations of a new linear generator
are carried out using Finite Element Method. The simulation of linear generators with power converters shows the efficiency of

the proposed system for tidal energy conversion.
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1. Introduction

The world faces many problems related to the needs of
water. Many countries developed and installed water
desalination plants [1]. These plants produce pure water from
the sea water. Hence, they participated considerably to solve
the water problems in these countries [2]. The electrical
energy required to run the different equipment in the
desalination power plant is generally produced by
conventional power plants of electrical energy; thermal and
nuclear power stations. In the last decade, the photovoltaic
and the wind power energy are more used to produce
electrical power around the world. In Saudi Arabia, the water
desalination plant in Al Khafji city requires more than 6
GWh of electrical energy. Photovoltaic systems are installed
to produce approximately the half of required power [3]. The
sustainable energy outlook for Saudi Arabia by 2050 shows a
concentration on photovoltaic and wind power energy as
main sources of renewable energy. However, the tide energy
in Saudi Arabia can produce more electrical energy than both
wind power and photovoltaic [4], [5]. Usually the
desalination techniques are typically very energy intensive.
The references show that energy consumption can account
for up to 70 percent of the desalination station cost [1], [6]-

[8]. Indeed, the global production of fresh water around the
word uses approximately 72.2 terawatt-hours of electricity
per year [14]. Identify novel ways to reduce the cost of
electricity consumption for water desalination is the goal of
this challenge. This task can be achieved either through novel
technology advances, process improvements, or both. Many
electromechanical systems to produce electrical energy from
tide energy are studied and proposed in references [9]-[11].
These systems can be classified in two types. The first one is
based on the utilization of classical rotary machine [12]-[14].
However, the second type uses new linear machines designed
especially for this type of application [15]-[17]. The
objective of this paper is to propose and study a new linear
machine characterized by its simplicity of construction. This
machine is different to conventional machines. Double stator
is used to increase the maximum power produced. Indeed,
tubular structures of linear generators were studied. In this
paper, the generator has a plane structure. This makes the
construction of the machine easy.

This paper is organized as follow. The water desalination
plant is presented in section 2. Section 3 concerns the design
and the analysis of the efficiency of the new linear generator.
Discussion of the reliability of the project is given in
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section4. Conclusions and perspectives are summarized in
section 5.

2. The Water Desalination Plant

The proposed study focuses on Al Khafji desalination plant.
This plant was builted in Al Khafji City located to the north-
eastern part of the Kingdom of Saudi Arabia near the State of
Kuwait border. The desalination plant will be able to supply
60,000m3 of desalinated seawater per a day to the city of Al
Khafji in north-eastern Saudi Arabia [3]. According to
research published on energy required for water desalination
plant, 100 MWh are required to produce 10 km3 of fresh
water. Then, the water desalination plant at Al Khafji
requires approximately 6 GWh to produce 60 km3 of water.
The water desalination plant will provides a regular supply of
water to the region throughout the year. The system employs
the new Solar Saline Water Reverse Osmosis (Solar SWRO)
desalination method using ultra-filtration (UF) for the pre-
treatment process. The using of tidal energy for water
desalination plant allows reducing the costs of requested
electrical energy for the supply of equipment.

3. Design of the New Linear Generator
3.1. Description of the linear generator

In the last decade many renewable energy power systems
were proposed. In some projects, tidal energy is used alone.
Usually, hybrid systems based on tidal, photovoltaic and
wind power are used. Fig. 1 shows a small renewable energy
hybrid system using tidal energy in addition to photovoltaic
and wind power. To increase the efficiency of such systems,
efficient linear generator should be designed to produce the
maximum of electrical energy from tidal energy. The aim of
this section is to present the design of a new linear generator
working by tide energy. This linear generator can be installed
to produce electrical energy alone or in hybrid renewable
energy system.

Fig.1. Small Renewable Energy Hybrid System 500 W

Figure 2 shows a 3D view of the proposed linear generator.
For the linear generator in this study, the mover part is

formed by only permanent magnets (NdFe35) that will be
integrated with a lightweight non-ferromagnetic material
such as aluminum. In this configuration, no overlap exists
between two adjacent permanent magnets. The magnetic
separation between each two adjacent permanent magnet is
equal to the tooth width. These permanent magnets are
placed in way to make the best circulation of the magnetic
flux in the magnetic circuit of the stator. In this machine, the
stator is formed by two parts where each one is composed by
a three phases. For the core material, the steel 1010 with a
nonlinear BH curve is used.

Coils

Stator

Fig. 2. 3D View of the linear double stator generator

The mover of the linear generator is able to make a
displacement in the two directions. Indeed, tidal energy
should be exploited completely. This allows the production
of electrical energy during the two directions of movement.
Hence, to ensure the reversibility and the regularity of
operation of the linear generator, 2 conditions must be
satisfied. The use of equal tooth widths on the mover and on
the stator is indispensable. On the other hand, the slot width
must be equal to the tooth width. Hence, for the proposed
actuator, the tooth and slot widths are given by:

T, =S, =50mm (1)
The non-ferromagnetic separation between each two adjacent
phases is equal to the third of mechanical displacement
period. The mechanical period is equal to the distance token
by the mover to move between two successive unaligned or
aligned positions. The tooth pitch is calculated using the
following expression:

A=2T, =100mm @

The air gap should be selected so as to guarantee a maximum
induced voltage and taking into account the mechanical
construction difficulties. The slot depth is selected so as to
place the stator windings. The geometrical dimensions of the
actuator are given in Fig. 3, which provides a view of an
elementary portion of the linear generator. The mechanical
and electrical parameters of the actuator obtained after the
analytical design combined with the finite element method
are summarized in Table 1.

by

Fig.3. Geometrical dimensions of the linear generator
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Table 1. Main parameters of the linear generator

Quantity Symbol Values
Tooth width Tw 50 mm
Air gap width e 1 mm
Slot depth Sd 100 mm
Translator thickness Tt 300 mm
Translator pole length Tpl 100 mm
Maximum electrical Current | 24 A
Turns per phase N 695

3.2. Finite Elements Analysis

The Finite Element Method (FEM) is usually used when
precise design and simulations of electrical devices are
required. Indeed, the FEM allows determining precisely the
different output variables such as the magnetic flux, the
magnetic inductance [18], [19]. Hence, the evaluation of the
linear generator electromagnetic characteristics will be
carried out with a numerical field analysis using the FEM
software Maxwell-2D. The proposed generator’s geometrical
structure is simple and not complicated. For this reason, a 2D
FEM analysis is considered sufficient. The computational
domain introduced in the software is represented by a cross
section of the linear generator and the regions are meshed, as
shown in Fig.4. To obtain precise FEM results, the density of
the mesh elements must be sufficient. On the other hand,
increasing the number of elements increases the computation
time [20]. Consequently, the mesh is a choice, taking into
account the necessity of the accurate results and an
acceptable computation time.

To calculate the magnetic flux and others electromagnetic
characteristic of the linear machine, magneto static type of
problem is fixed. To solve the problem, the magneto static
field will be calculated at each iteration. The governing
differential equation to be solved in the 2D FEM is [10]:

0,10 0,10
o LoA,y, 0 oA,
OX @ O0X 0y u oy

To find the magnetic flux and inductance, the Finite Element
Method software computes the magnetic potential field A.
To verify certain previously requirements such as the
distribution of the magnetic field on the generator structure,
the magnetic field distribution is plotted to analyze the
saturation of the actuator. The flux lines produced in the
mover part by the permanent magnet are canalized into the
magnetic circuit of the stator as shown in Fig.5, 6 and 7. Due
to the movement of the mover, an induced voltage will be
produced according to Lenz low. Fig.5. shows the
distribution of the magnetic flux produced by the permanent
magnets placed on the mover. For each phase, the flux is
maximum at the aligned position. Indeed, at the aligned
position, all the flux produced by the permanent magnet
aligned with the stator poles is conducted by the magnetic
circuit of the stator. At the unaligned position, the flux takes
its minimum values as shown in Fig.7. The most quantity of
the generated flux is canalized through the slots of the stator.
Fig.8. shows the approximation of the variation of the
magnetic flux in one phase of the stator. The assumption
supposes a linear variation of the flux between the aligned
and the unaligned position.

®)

Fig. 4. Meshing of the double stator linear generator
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Fig. 5. Poles of phase A aligned with the mover poles
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Fig.6. Poles of phase A in intermediate position with the
mover poles
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Fig.8. Variation of magnetic flux of phase A
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The induced voltage produced due to the movement of the
mover is proportional to the number of turns per coil and the
variation of the flux over the time. Hence, the induced
voltage depends on the speed of the mover. The induced
voltage variation versus the time for different mover speed is
shown in Fig.9. Increasing the speed conducts to increasing
the induced voltage. Fig.9. shows a maximum induced
voltage equal to 155.5V obtained for a speed equal to
0.33m/s. This induced voltage decreases to 40V for a mover
speed equal to 0.01m/s. For a mover speed constant and
equal to 0.2m/s, the induced voltages are shown in Fig.10.
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Fig.9. Voltage versus speed of the proposed linear generator
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Fig.10. Three phase EMF variation at mover speed of
0.2m/sec

4. Performances Analysis of the Generator

The induced voltage depends to the variation of the flux
versus time as it is given:

e=-NI2 (4)
dt

Where N is the number of turns per phase. ¢ is the partial
flux by turn.

The induced voltage is proportional directly to the number of
turns per phase. Hence, increasing the number of turns per
coil allows increasing the induced voltage. However, this
way allows increasing considerably the core losses in the
stator by increasing the electrical resistance of each phase.
The copper losses are given by:

|
azRﬁszV (®)
Where o the copper resistivity, | and A are respectively

the length and the section area of the coil wire. The winding
current density is defined as:

J= 1 (6)
A
Consequently, the copper losses are:
P. = plAJ? ©)

To study the effect of the section of conductor variation on
the output power and the copper losses, a simulation were
carried out. The results are shown in Fig.11 and Fig.12.
Fig.11 shows the variation of the output power versus the
conductor’s section. When the section increases, the
admissible electric current increases. Consequently the
produced power increases. However, increasing the electrical
current conducts to important copper losses.

14000
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Fig.11. Output Power versus the wire section

The variation of the copper losses versus the electric
resistance and the electrical current, presented in Fig.12,
shows a big copper losses when the current and the resistance
are more than 40 A and 20 Q respectively. Hence, the section
of the conductors should be carefully determined.

4

Copper losses (W)
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! 20
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Fig.12. Copper losses versus current and resistance

For a current equal to 24 A and conductor section of 4
mm?, the resistance is 2.44 Q and the copper losses are:
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P. =2.4486x 24° =1.41kKW (8)

For the same conductor’s section, the output power is

about 6 kW as shown in Fig.11. Hence, 4 mm? as a

conductor’s section seems a good choice for the linear

generator. Then, the number of turns per coil is 695 turns.

The electrical output parameters of the linear generator are
given in table.2.

Table.2. Main parameters of the linear generator

Quantity Symbol Values
Frequency, f 60 Hz
Voltage \Y 250V
Electrical Current | 24 A
Turns per phase N 695
power P 6000 W
5. Linear Generator and Power Converter
Modeling

5.1. Dynamic model of the linear generator

The voltage in each phase of the linear generator depends to
the induced voltage and the current absorbed by the load.
Hence, the voltage is given by:
L8 ©
dt
R and L are respectively resistance and inductance per phase.
The induced voltage is function of the speed of the mover.
Hence the equation (9) will be:

u=e—-Ri-

u=f(v)xv—Ri- j' (10)
The relation of the induced voltage with the mover speed is
modeled by a nonlinear function presented in Fig.11 and
Fig.12. Indeed, both the frequency and the maximum voltage
vary with the mover speed.

200
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Fig.13. Maximum induced voltage versus mover speed
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Fig.14. Frequency of induced voltage versus mover speed

According to equations (9) and (10), the model given in
Fig.15. is developed and implemented in Matlab- Simulink.
The advantage of this dynamic model is to calculate the
voltage of the linear generator based to the mover speed and
the current absorbed by the load. The variations of both
frequency and maximum voltage of the induced voltage are
modeled by a look up tables as shown in fig.15.

1 D Ledkup
Table-Maximum
Outt
— n-auced Voliage
Wave speed

1-D Lockup

/ Tablel Frequency

Tme Phase res smce

Tml Vohage

dudt

Electrical cument Dervative Phﬁe Inductance

Fig.15. Single phase Simulink model of the linear generator

5.2. Modeling of the power converter

The power converter connected to the linear generator is
composed by a rectifier and a Pulse Width Modulation
(PWM) inverter. The rectifier is used to convert the variable
alternative voltage to direct current voltage. However, the
PWM inverter should convert the DC variable voltage to
constant AC voltage. For modeling the rectifier, the diodes
are assumed ideal and the conduction will be maintained
continuous. In this case the model of the converter is realized
simply by a functional approach based on commutations
functions where the diodes are opened and closed.

The output voltage of the rectifier is given by:

Vo =FVv,-FwV (11)
Where F and F, are a commutation functions given
respectively by equations (13) and (14):

1if v,>0
- ' (12)
' {Oif v, 0

0if v,>0
= ' (13)
2 {1if v,0 0
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The model of the rectifier implemented on Matlab-Simulink
is shown in Fig. 16.

ryY
*

L

Product I:I
== L B
o > Li”’mn .l X I Output of the rectifier
Relational
Gonstant Operator Legical Product
Operator

Fig.16. Simulink Model of a single phase uncontrolled
rectifier

The simulation of the output voltage of the rectifier for
different mover speeds is shown in Fig. 17. The voltage
depends directly to the mover speed. It increases when the
mover speed increases. Indeed, for three levels of mover
speed, 0.2 m/s, 0.3 m/s and 0.4 m/s, the rectifier output
voltage varies between 134 V, 238 V and 340 V.

Voltage &)

Time (s)

Fig.17. Output voltage of the three phase rectifier for three
different mover speeds

For both cases connecting the linear generator to the grid or
connecting it the three phases AC loads, the DC output
voltage of the rectifier will be converted to AC voltage using
three phase inverter.

The line to neutral output voltage of the three phase inverter
is given by the following equation:

v 2 -1 -1}|cl
Vie=-2/-1 2 -1]/c2 (14)
-1 -1 2|c3

Where c1, c2 and c3 are the PWM control signals of the first
three switches of the inverter. Developed Simulink model of
the three phase inverter is shown in Fig.18. Where C is the
PWM control signal, io and ii are respectively the output and
the input currents of the inverter.

upp

Fig.18. Simulink Model of the three phase inverter

The output voltage of the inverter is shown in Fig.19. The
fundamental of the output voltage varies with the input DC
voltage according the following expression:

ﬁvmmax
2V,

tmax

U = (15)

Max

VDC

Where Vmmax and Vimax are respectively the amplitudes of the
sinusoidal and the triangular voltages of the PWM control
signals.

The relation between the amplitude of the sinusoidal voltage
and the triangular voltage determines the maximum value of
the fundamental line-line voltage of the inverter. However,
the frequency is determined by the frequency of the
sinusoidal voltage.

Yoltage (V)

Time (s)

Fig.19. Output voltage of the three phase inverter

1839



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

E .M. Barhoumi and Y. Berrouche, Vol.7, No.4, 2017

6. Discussion of Feasibility and Project efficiency

The electrical energy production depends essentially to the
generator mover speed. Indeed, the output voltage of the
inverter increases with the speed. The velocity of traveling
waves on the ocean is wavelength dependent and for shallow
enough depths, the velocity also depends upon the water
depth. Wave speed is expressed by the following:

V= %tanh(Zﬂgj (16)
V4 A
Where A and g are respectively the wavelength and the
acceleration gravity. d is the depth of the wave.

The power of the tide depends essentially on the volume of
water. The potential energy contained in a volume of water
is:

E =%Apghz (17)

Where A is the horizontal area of the barrage basin, h is the
vertical tidal range, p is the density of water, varies between
1021 and 1030 kg per cubic meter, and g is the acceleration
due to the Earth's gravity = 9.81m/s?,

For Al Khafji city located at the north-eastern of Saudi
Arabia as shown in Fig. 20, the tidal range of tide is
approximately 1.8 m. Considering a surface of the tidal
energy amassing plant of 9 km?, the potential energy is about
146.6 x10° J.
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Hafar Al-Batin Ras al| i
bl e — wmadl
Aoyl
oty :
Ji
Si

Fig.20. Location of Al Khafji City in Saudi Arabia
According to Fig.21, 2 high tides and 2 low tides appeared

daily. At low tide the potential energy is zero. Then, the total
energy potential per day is:

Elotal = Apghz (18)
The mean potential power generation is given by:
Apgh?
EAverage = T (19)

Where T is the time in 1 day. Hence, the mean potential
power generation is about 3400 MW

Fig.21. Sea Conditions for Al Khafji-Dammam [21]
7. Conclusion

In this paper, a new linear double stator generator is
designed to convert tidal energy to electrical energy. The
design was conducted through analytical study coupled with
the finite element method. The obtained results of the design
show the efficiency of the proposed method of design. The
proposed linear generator allows producing about 6kW of
electrical energy for 0.2 m/s mover speed.

In the future work, the optimization of the new Linear
permanent magnet generator for wave energy conversion will
be performed to determine the optimal electrical and
geometrical parameters corresponding to the maximum
output electrical power. On the other hand, modeling and
design of power electronic converters associated with the
linear generator will be conducted to control the flow of the
electrical energy provided by the new generator.
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