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A direct-drive generator based on linear switched reluctance principle is investigated for wave energy
utilization. Integrated with the sensorless technique, the direct-drive generator has the characteristics
of low cost and robustness, and the power generation control system is especially suitable for the oper-
ation under hostile working environments since restrictions of physical sensors are eliminated. Simula-
tion analysis based on the finite element methods (FEM) and joint simulation are carried out for
performance analysis of the power generation control system, including position estimation, open loop
turn-on and turn-off position optimization and closed loop current regulation. Experimental results val-
idate the effectiveness of the position estimation scheme for the sensorless, linear switched reluctance
generator based power generation control system.
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Introduction

The earth is covered with 71% of ocean and it is estimated that an
extractable power of more than 1 TW can be expected from wave
energy globally [1]. Since wave energy originates from wind, wave
motion exhibits low-speed translational characteristics, typically
with the speed range of 0–2 m/s [2]. Nowadays, wave energy
exploitation techniques mainly focus on indirect wave power con-
version. By using mechanical linear-to-rotary translators such as
the hydraulic or pneumatic converters, wave motion is transformed
to high-speed rotary movement to propel high-speed generators for
electricity [3–5]. Wave energy converters (WECs) that are consid-
ered to possess commercial values are the Pelamis from Ocean
Power Delivery [3], the wave dragon from Wave Dragon APS [4],
and the Archimedes Wave Swing from BV-AWS [5], respectively.
However, the traditional methods of wave power extraction dis-
cussed above have the disadvantages of a complex and expensive
power generation control system, and they are hard to maintain
and have low overall transformation efficiency [6]. Therefore, the
above WECs still have not been widely applied for mass production
since electricity generated from such WECs is not cost effective.

Recently, the direct-drive methodology for wave energy exploi-
tation has been proposed. By direct capture of translational wave
energy in one dimension, the linear generators can be employed
to eliminate intermediate mechanical translators or converters.
Therefore, the direct-drive method brings a simpler power take-
off system with higher power efficiency. Current research mainly
focuses on the linear synchronous permanent magnet generators
(LSPMG). Though the LSPMGs have relatively large force-to-vol-
ume ratio and high conversion rate and efficiency, the involvement
of permanent magnets (PMs) can result in the complicated
machine winding scheme [7,8] or sophisticated arrangement and
assembly of PMs [9]. Therefore, the overall manufacture and
assembly cost for the power generation control system is high. Fur-
thermore, temperature variations and machine saturation due to
PMs can lead to performance degradation or even malfunction of
the generation system [10].

The linear WECs based on the direct-drive methodology usually
rely on physical sensors that detect position/velocity information
for correct phase excitation or proper output voltage and current
control. The physical sensors such as the linear optical or magnetic
encoders require certain working limitations, especially the tem-
perature range. However, the WECs often work under the rough
and unattended environment and there will be many uncertainties
and disturbances exercised on the generation system. The varia-
tions of wave extraction conditions such as humidity, wave
impact and particularly temperature variations, unavoidably affect
the standard working operation of these sensors, and this
ultimately influences the stability and output performance of
the system. In addition, the position/velocity sensors are one of
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Table 1
Major machine parameters.

Parameter Value Parameter Value

Mover pole width (a) 42 mm Stator pole width (n) 6 mm
Mover yoke width (b) 12 mm Stator pole height (l) 6 mm
Mover height (d) 44 mm Stator yoke height (w) 6 mm
Height of winding slot (e) 18 mm Air gap length (g) 0.5 mm
Width of winding slot (c) 18 mm Stack length 50 mm
Mover pole height (h) 6 mm Stroke length 450 mm
Mover pole width (p) 6 mm Thickness of

laminations
0.3 mm

Number of turns of each
phase

160 Pole-pitch 12 mm
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the indispensible factors for the cost of the power generation con-
trol system [11].

To solve the above problems, this paper investigates a direct-
drive, sensorless, linear power generation control system based
on switched reluctance principle. The linear generator has the
characteristics of a simple and robust machine structure and it is
suitable for the operation under hostile environment. The total
manufacture cost is low and the machine is very suitable for mass
production, since the switched reluctance machine itself is only
composed of laminating steel sheets and copper wires. Material-
wise, the proposed linear switched reluctance generator (LSRG)
does not contain any expensive PMs or complex windings.

The position/velocity sensors is another factor for the total cost
of the LSRG based power generation control system [12]. Therefore,
the total system cost can be further reduced if such sensors can be
eliminated by the integration of proper sensorless methods. By
employing the pulse injection position detection technique, the
sensorless approach is integrated on the LSRG based generation
system. Therefore, the total cost of the power generation control
system can be kept relatively low compared to the system from a
LSPMG counterpart.

The paper is organized as follows. The principle of the LSRG and
the sensorless technology are discussed in Section 2. Section 3 first
investigates the characteristics of the LSRG based on finite element
methods (FEM). Then simulation analysis for the power control sys-
tem, position optimization in open loop and closed loop current
regulation are performed for the LSRG-based generation system.
Section IV focuses on the experimental validation of the sensorless
power generation control system. Section V provides the conclusion
and discussion remark.
D1

T1(a)
Principle of the LSRG and sensorless technique

The LSRG and its symbols can be found in Fig. 1. It mainly con-
sists of a moving platform, stator and a pair of linear guides to facil-
itate the linear motion along x axis. The LSRG has three-phase
windings and it corresponds to a typical ‘‘6/4’’ rotary SR machine.
The movers and the stator are made from laminated silicon-steel
plates. Major machine parameters are listed in Table 1.
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Fig. 1. The LSRG.
Theoretical background of the LSRG

The LSRG can be represented as a typical electromechanical sys-
tem with one mechanical input and three electrical outputs. From
the mechanical side,

F ¼ M
d2s

dt2 þ D
ds
dt
þ f ð1Þ

where F stands for the mechanical force input, M is the mass of the
moving platform, s is displacement, D is damping coefficient and f
represents load force.

From the electrical terminal, the LSRG can be described in the
form of voltage balance equation as [12],

uj ¼ Rjij þ Lj
dkj

dt
ðj ¼ A;B;CÞ ð2Þ

where uj and kj represent voltage drop and flux-linkage of the j-th
winding, respectively i and R are phase current and resistance. If
the linear generator employs the typical three-phase asymmetrical
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Fig. 2. (a) Drive topology of one phase and (b) turn-on and turn-off regulation.
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half-bridge as drive topology as shown in Fig. 2(a), for any one
phase, voltage can be expressed as,

uj � 2uTj ¼ �ej þ Rjij ðT1; T2 � ONÞ
uj � 2uDj ¼ �ej þ Rjij ðD1;D2 � ONÞ

�
ð3Þ

where uT and uD stand for the voltage drop of the power switch and
the freewheeling diode and e is the generated electromotive force
across the winding. If the LSRG operates in the linear region and
mutual coupling effect can be neglected, for any phase, the change
of excitation current during motoring can be represented as,
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Fig. 3. Injected current pulse (upmost), sampling waveform
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Fig. 4. Magnetic field distribution (a) mutual and
dij

ds
¼ uj � 2uTj

vs � LjðsÞ
�

@LjðsÞ
@s � vs þ Rj

vs � LjðsÞ
� ijðsÞ ðT1; T2 � ONÞ ð4Þ

If the diodes are turned on, the change of the generated current
during generation process can be expressed as,

dij

ds
¼ uj � 2uD

v s � LjðsÞ
�

@LjðsÞ
@s � vs þ Rj

vs � LjðsÞ
� ijðsÞ ðD1;D2 � ONÞ ð5Þ

with j = A, B, C, and vs is velocity and Lj is the self inductance of the
j-th phase.
.25 0.3 0.35 0.4 0.45 0.5

.25 0.3 0.35 0.4 0.45 0.5

.25 0.3 0.35 0.4 0.45 0.5
e (s)

before filtering (middle) and after filtering (lowest).

10

2.5

15

7.5

20

2.5

25

7.5

30

0 1 2 3 4 5 6
0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

position (mm)

m
ut

ua
l i

nd
uc

ta
nc

e 
(m

H
)

mutual inductance
self indutance

4 5 6

)

0A
2A
4A
6A
8A
10A

self inductance (b) and (c) propulsion force.



32 J.F. Pan et al. / Electrical Power and Energy Systems 62 (2014) 29–37
Current regulation based on turn-on and turn-off positions

According to (4) and (5), current is the function with respect to
displacement. Assuming that the linear inductance model is
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Table 2
Joint optimization of on and off positions.

Turn-on position
(mm)

Turn-off position
(mm)

Value of excitation penalty
(%)

a 2 5 40.6
b 3 6 32.7
c 4 7 29.6
d 5 8 27.3
e 6 9 27.0
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Fig. 8. Phase current output for joint optimization.
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current of the LSRG can be derived from the following according to
Fig. 2(b). The self inductance can thus be expressed as,

LðsÞ ¼
ksðs2 � s1Þ þ Lmin; s1 6 s 6 s2;

Lmax þ ksðs3 � s2Þ; s2 6 s 6 s3:

�
ð6Þ

If one of the three-phase movers of the LSRG translates from son

to the fully aligned position s2, substituting Eqs. (6) into (2) and
neglecting phase resistance, the current of any one phase can be
formulated as,
Table 3
Energized phase and detection phases.

Velocity (positive) Detection phases Energized phase

0–3 mm B,C A
3–7 mm C,A B
7–11 mm A,B C
11–12 mm B,C A
ijðsÞ ¼
ujðs� sonÞ

vs � ½Lmin þ ksðs� s1Þ�
ð7Þ

where ks denotes the gradient of the inductance. If the mover con-
tinues to translate until the power switches are turned off at the
position soff, the phase current can be derived as,

ijðsÞ ¼
ujðs� sonÞ

vs � ½Lmin þ ksðs� s2Þ�
ð8Þ

If the mover translates from soff to the next phase excitation per-
iod, the phase current can be represented as,

ijðsÞ ¼
ujðsoff � son � sÞ

vs � ½Lmax þ ksðs� s2Þ�
ð9Þ

Total power output Po in one period of generation can be calcu-
lated by the following equation as,

Po ¼
X3

j¼1

3
T

Z T

0
ujijdt ð10Þ

T is the period of the power generation control system. As dis-
cussed above, phase current is a function of son and soff with a con-
stant voltage drop uj. The output power of the system can be
further expressed as,

Pj ¼
3 � u2

j

vs
f ðson; soff ; Ljðs; ijÞÞ ð11Þ

It can be concluded from (11) that output power is proportional
to the square of the bus voltage and inversely proportional to the
speed of the generator if phase resistance can be neglected.

The efficiency of the generation system is formulated as,

g ¼ Po

F � v s
ð12Þ

where g is the efficiency of power generation.
Velocity (negative) Detection phases Energized phase

0–1 mm C,A B
1–5 mm A,B C
5–9 mm B,C A
9–12 mm C,A B
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Position estimation

Since the pulse injection method is suitable for position detec-
tion under the low speed operation, the impressed pulse current
signal is employed for the LSRG without introduction of any extra
hardware [13]. According to Eq. (2), neglecting mutual inductance,
the voltage balance equation can be further expressed by,

Ui ¼ Rjij þ
dkðij; sÞ

dt
¼ Rjij þ Lj þ ij

@Lj

@ij

� �
dij

dt
þ ij � v s �

@Lj

@s
ð13Þ

From Eq. (11), neglecting phase resistance, the output power is
directly proportional to the square of the bus voltage and inversely
proportional to the speed of the generator. However, since the
excitation current value cannot reach infinity with limited voltage
and phase resistance values, at zero speed, output power value
cannot be infinitely great. This can be further verified by the last
term of Eq. (13).

The value of the current can be obtained by solving the follow-
ing equation [13],

ijðtÞ ¼
bj

aj
� Ujð1� e�ajtÞ; j ¼ A;B; C ð14Þ

where aj ¼
Rj

Lj
, bj ¼ 1

Lj
.

According to Eq. (14), it can be concluded that mover’s position
can be derived from the maximum values of pulse currents [14,15].
The pattern of the injected current is shown in Fig. 3. The magni-
tude of the current is 0.7 A. A low pass filter with cut off frequency
of 500 Hz is employed to regulate the phase current with no delay
or oscillation in the position estimation process.

Excitation penalty

The excitation penalty e for the LSRG can be defined as,

e ¼ Iin

Iout
� 100% ð15Þ

where Iin is the average value of the energized current as the power
transistors are turned on and Iout is the average value of the current
between the time interval of power transistors switched off to the
next power generation period. Under the same conditions, it is clear
that the smaller the value of excitation penalty, the higher propor-
tion of the transformed electric power to the total power. Therefore
the excitation penalty can be employed to optimize the on–off posi-
tion of the LSRG in open loop.

Wave energy basics

The energy of wave can be calculated based on the linear theory
of small amplitude fluctuations including both kinetic and poten-
tial energy. Assuming that the height of the wave is 1, the wave
surface can be expressed as [16],

1 ¼ A1 � sinðk1 � x�x � tÞ ð16Þ

where A1 is the amplitude of wave, x is the displacement of wave
with k1 as the coefficient and x is angular frequency. If the wave
possesses a density of q, the kinetic energy of the wave within
one wavelength can be expressed as,

Ek ¼
1
4
qgA2

11 ð17Þ

where g is acceleration of gravity. The total energy of the wave thus
can be expressed as,

E ¼ 1
2
qgA2

11 ð18Þ
According to total wave energy and the mechanical energy that
the power generation control system absorbed, the proportion of
the mechanical energy from the wave can be determined.
Simulation results

FEM simulation

To fully predict the generator performance, three-dimension
(3D) finite element model is constructed in MAXWELL software.
According to the machine structure, the magnetic circuit of the
generator is short and the flux lines only circulate along the ener-
gized phase mover, the stator and the air gap between them. The
3D FEM model and magnetic field distribution of two adjacent
phases can be found in Fig. 4(a). Fig. 4(b) shows self and mutual
inductance values of the two phases from the fully aligned position
(0 mm) to the fully un-aligned position. Though the mutual value
at the fully un-aligned positions is the most significant, it is about
6.4% to the self inductance value at this position. Since each phase
has the same dimensions and ratings, the mutual inductance val-
ues from any one phase to its closest one are considered the same
and the coupling effect between phases can be neglected. The pro-
pulsion force of any one phase within half pole-pitch according to
different current levels can be found in Fig. 4(c).
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Joint simulation of the power control system

The entire power generation control system mainly consists of a
direct current (DC) power source, the LSRG, a mechanical input to
drive the LSRG, the power transistors, the controller, the capacitor
and the load resistor, as shown in Fig. 5(a). Inspection of power gen-
eration is based on the multi-physics environment by co-simulation
of Maxwell and Simplorer software package. The control system sche-
matic can be found in Fig. 5(b). The finite element model of the LSRG
designed in Maxwell is connected to the electrical part and the
mechanical part, which are constructed in Simplorer. The electrical
part includes the DC power resource, the power transistors, a capac-
itor and a load resistor. The mechanical part is composed of the mass
of the mover and the damper, respectively. The position of the LSRG
is estimated by monitoring the DC bus voltage and pulse phase cur-
rent of the LSRG. The estimated position is supplied to the controller
which controls the state of the power transistors.

Optimization of turn-on and turn-off position at nominal speed

Though the best performance in open loop of the LSRG depends
on the power transistors at proper positions to switch on or off, for
typical operation of power generation, nominal speed of 1 m/s is
considered for turn-on and turn-off position optimization [17].
According to Fig. 2(b), the LSRG enters the generation region after
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the power transistors are switched off during the region of the
declining inductance (6–12 mm). First, the turn-off position is fixed
at 9 mm and the turn-on position is regulated to observe the phase
current. For different turn-on positions from 4 to 6 mm, as shown in
Fig. 6(a), it takes about 30–40 ms to settle with input speed of 1 m/s.
The excitation penalty can be calculated according to (17) and the
penalty profile can be found in Fig. 6(b).

The turn-off position can be optimized according to the value of
excitation penalty as well. The turn-on position is fixed at 3 mm and
the turn-off position is regulated from 6 to 8 mm. The phase current
waveforms and the excitation penalty profiles are demonstrated in
Fig. 7. The value of excitation penalty increases with turn-off posi-
tions and it can be obtained that 6 mm has the lowest percentage of
excitation penalty. In order to obtain a lower excitation penalty and
get a good performance of the generation system, the span from
turn-on to turn-off should be limited at least 3 mm since it is ben-
eficial to the power generation process [18].

After the interval from on to off is set as 3 mm for the genera-
tion system, joint optimization of turn-on and turn-off positions
are conducted for the LSRG. The percentage values of excitation
penalty are listed in Table 2 corresponding to phase current wave-
forms plotted in Fig. 8. From Table 2, the value of excitation penalty
is decreased from state a to e and the overshoot of phase current in
state a is the largest. For the condition of state a and b, since the
direction of movement is the same to that of the propulsion force,
150 200 250
s)
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phase current output mainly derives from current freewheeling
during the phase excitation period. In addition, the longer time
the phase current can sustain the value of excited current, the bet-
ter for the LSRG to translate mechanical energy [16]. Therefore,
state d is selected as the optimized conducting position of the gen-
eration system considering both the phase current output and the
value of excitation penalty.
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Simulation of position estimation and power generation

The energized phase and detection phases corresponding to
position of the mover is tabulated in Table 3. The original position
(0 mm) of the LSRG is defined as the fully aligned position of phase
A. As discussed above, the turn-on and turn-off positions for each
phase mover are regulated according to 27.3% of excitation pen-
alty. The simulation speed that propels the moving platform is first
set as 0.2 m/s and the frequency of the detection pulse is 1 kHz,
respectively. The maximum phase current output of the generation
system is limited at 2 A by current chopping control for proper
connection of energy storage components [16]. Current waveforms
of the three phases can be found in Fig. 9(a). The estimated position
and dynamic position error profiles are shown in Fig. 9(b) and (c),
respectively. At the speed of 0.2 m/s, the absolute steady-state esti-
mation error falls into 0.25 mm from the simulation results, except
for the transitions from one pole-pitch to another where exist
delays of position estimation.

To simulate dynamic wave motions, the input speed of the gen-
eration system is a sinusoidal waveform with amplitude of 1 m/s
and frequency of 4 Hz, the current waveform of phase A can be
found in Fig. 10(a). The estimated position and dynamic error pro-
file are provided in Fig. 10(b) and (c), respectively. It can be con-
cluded that dynamic error increases with the input speed. If the
detection frequency is determined, the estimated position accu-
racy is inversely proportional to speed. Furthermore, time delay
also increases with moving speed, limited by the calculation capa-
bility of the computation hardware [11].
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Fig. 11. (a) Experimental setup (b) three-phase current (c) position estimation
profile and (d) dynamic error at 0.2 m/s.
Experimental validation

The experiment is carried out based on the control platform of
dSPACE DS1104 board. The control program is developed under
MATLAB/SIMULINK which can be downloaded to the digital signal
processor of the controller board and control parameters can be
modified online. Three commercial current amplifiers capable of
inner current regulation are used to drive the double-sided linear
switched reluctance motor (DLSRM) as the mechanical source of
the LSRG-based power generation control system. The DLSRM and
the LSRG are connected by a mechanical rod. The output parame-
ters are regulated through the three-phase asymmetrical drive cir-
cuit and the energy storage components with the capacitor and the
resistor in parallel. The currents signals are sampled by the three
current sensors. The experimental set up is established as shown
in Fig. 11(a).

As shown in Fig. 11(b), the phase current is regulated at 2 A
under the frequency of detection pulse signal of 1 kHz and the
speed input of 0.2 m/s. The estimated position and estimation error
are given in Fig. 11(c) and (d), respectively. The asymmetry of the
dynamic error profile results from the mechanical imperfections of
the LSRG prototype. The delay that causes dynamic estimation
error is worse compared to the simulation results. Another reason
for large dynamic error is that the detecting pulse current signals
are readily influenced by the noise populated from the working
environment. Generally speaking, the dynamic errors fall into
1 mm, which proves that it is accurate enough for correct current
excitation or generation.
The experimental results for variable speed with sinusoidal of
maximum velocity of 1 m/s can be found in Fig. 12. Closed loop cur-
rent regulation of 2 A is performed and results from Fig. 12(a)
shows that the current peak values are larger compared to those
from simulation. The same phenomena exist from Fig. 12(c), since
the accuracy of current chopping is restricted by the hardware
capability. There is a constant area from 120 to 140 ms for the posi-
tion estimation profile as shown in Fig. 12(b). This is because the
machine has mechanical inertia and it cannot reverse speed
instantly. It can be concluded that the dynamic errors of estimation
falls into 1.8 ms, and the experimental results correspond to the
simulation ones, as shown in Fig. 12(c).

The power output is calculated according to (10) with results
demonstrated in Fig. 12(d) from standstill to full speed. It is clear
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Fig. 12. Experimental results of (a) current waveforms under sinusoidal speed (b)
estimated position profiles (c) dynamic position error and (d) power output at
different speeds.
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from the waveforms that output power increases with the propul-
sion speed inversely. According to Eq. (12), average efficiency val-
ues of the LSRG-based system at 0.2, 0.6 and 1 m/s are evaluated as
34.7%, 39.3% and 45.8%, respectively.

Conclusion and discussion

A direct-drive, LSRG-based power generation control system for
wave energy exploitation integrated with sensorless technique is
discussed in this paper. The generator has the characteristics of a
stable and robust machine structure. Combined with the position
estimation method, the overall cost of the generation system can
be further reduced and it is suitable for operation under hostile
environment. The performance of the LSRG-based generation
system has been investigated. Both simulation and experimental
results prove the effectiveness of the position estimation scheme
and closed loop current regulation. It is expected that the
LSRG-based sensorless generation system find its applications for
wave energy utilization.

For typical LSPMGs, the introduction of PMs inevitably affects
the performance of the machines. Moreover, the involvement of
physical sensors or transducers from linear generators makes the
power generation control system vulnerable to the variations of
wave extraction environments. Therefore, the LSRG based wave
utilization system is more reliable to direct-drive systems with
physical sensors.

From the above, the detection of the relative positions between
phase movers to the stator can effectively help correct current exci-
tation or power generation. If the moving platform reaches the end
limit of either side, the detection scheme is no longer available with-
out mechanical assistance such as springs or dampers, to prevent
the moving platform from collision to the two sides. Therefore, it
is suggested that the absolute position detection technique and cor-
responding control such as self braking be employed for the LSRG
based power generation control system in the forthcoming study.
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