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A B S T R A C T

The wave power generation system based on the single linear generator scheme has low energy output and week
robustness, especially in low speed conditions and parameter variations. To overcome the problem, a scheme of
complementary power compensation generation for two asymmetric bilateral linear switched reluctance gen-
erators (ABLSRGs) is proposed in this paper. Mathematic model is first derived and machine characteristics are
investigated by the finite element method. The compensation scheme is carefully investigated together with the
independent control method. Under the conditions of parameter and velocity variations, experimentation de-
monstrates that both the voltage control accuracy and system robustness can be guaranteed with the proposed
complementary power generation control scheme. Experiment results show that a voltage control precision of
11.75–12.23 V can be obtained, with the voltage reference of 12 V.

1. Introduction

The oceans possess enormous energy storage and an estimated wave
power of more than 1 TW can be estimated [1]. The motions of waves
can be ideally regarded as quasi-sinusoidal waveforms with the speed
range normally falling into 0–2m/s [2,3]. At present, wave power ex-
ploitation schemes are more and more focused on the direct-drive en-
ergy conversion methods [4–6]. By direct capture of translational wave
energy in one dimensional, the linear generators can be employed to
eliminate intermediate mechanical translators or converters from the
traditional wave energy converters (WECs) that require linear-to-rotary
power transformation mechanisms [7]. Therefore, the direct-drive
WECs have the advantages of a simpler power take-off system with
higher power efficiency [8]. Current research mainly concentrates on
linear synchronous permanent magnetic generators (LSPMGs) [9],
linear switched reluctance generators (LSRGs) and linear induction
generators [10,11]. Though LSPMGs have relatively higher force-to-
volume ratio and efficiency, the involvement of permanent magnets
(PMs) often results in sophisticated assembly of PMs or winding
schemes [12]. Therefore, the overall manufacture and assembly cost for
such power generation systems based on LSPMGs are high. Moreover,
the environment of wave power generation in the ocean experiences
constant temperature variations and inevitably, this affects the normal
operations of PMs [13] and the demagnetization of PMs will eventually

cause performance deterioration or even malfunction of the entire
power generation systems [14].

Like wind energy, the power density of wave is low for a designated
ocean area. For any single direct-drive WECs, to keep power output at a
reasonable level, the WECs should be designed with the dimensions
comparable to five times of a standard human height [10]. However,
for any single low-cost, low-power direct-drive WECs, the generator has
low energy output and week robustness. Therefore, it is suggested that a
certain number of linear WECs be deployed in a certain area and the
deployed WECs extract the power coordinately in such area [15]. To
keep the total generation cost at a reasonable price level, it is natural
that the deployed linear WECs should have simple mechanical struc-
tures and they should be suitable for mass production as well [16].
LSRGs do not involve any PMs and the machines only consist of silicon-
steel sheets, aluminum and copper wires. LSRGs have the character-
istics of simple and robust mechanical structures and they are more
suitable for the operation under the hostile environment. Though the
efficiency is comparatively low, compared to their LSPMG counterparts,
LSRGs are superior for the deployment of wave power generation in
large numbers, since the manufacture and assembly cost is reasonable
and the LSRGs are more suitable for mass production [17].

For single linear generator based power generation systems, current
research mainly focuses on current commutation optimization and
regulation, voltage and power control algorithms. In [18], a rectangular
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current commutation scheme is proposed for the free-piston linear
generator. A single switch chopping scheme for the output power
control and the double switches chopping scheme for the phase current
control are discussed for the LSRG, based on simulation [19]. Both open
loop with turn-on and turn-off position optimization and closed loop
current regulation scheme are investigated for the sensorless LSRG [8].
In [16], the closed loop current control scheme based on pulse width
modulation is proposed. A DC link voltage control scheme is proposed
to attenuate the low frequency ripple of a LSPMG [20]. In [10], the
authors adopt a dual-loop control scheme to improve the voltage output
precision with an optimized current distribution function. Power con-
trol is applied by directly collecting the power from individual coils for
a linear, direct drive, air-cored, tubular, permanent magnet generator
[21].

To realize coordinated power generation for multiple LSRGs, this
paper first attempts to investigate the complementary power generation
of two asymmetric bilateral LSRGs (ABLSRGs). Since the characteristics
of the phase current are direct current (DC) pulsed waveforms [14], it is
important to keep the quality of the output DC voltage signal at a
reasonable level for future inversion or even grid connection.

The wave power generation system based on multiple LSRGs can be
found in Fig. 1. As the buoys travel with waves, the translators are
propelled and move along with the buoys. According to the working
principle of LSRGs, current from each phase of the LSRGs can be gen-
erated based on the proper phase excitation scheme according to po-
sition. The load regulates the phase current from each phase to DC
voltage. By the regulation of voltage control schemes, DC voltage

signals can be output from the drive circuits to the DC link. Then the DC
voltage can be inverted to three-phase alternating current (AC) for grid
connection. More linear generators can be included in the power gen-
eration system for the contribution to the DC link. If each generator
outputs the voltage to the DC link individually, it is called the “in-
dependent power generation” scheme. Since each generator generates
power alone and neglects the wave energy input from others, in this
scheme, the quality of the voltage from the DC link cannot be guar-
anteed. Since voltage ripples influence the inverted AC signals, it is
important to keep the ripples at a reasonable level to facilitate the fu-
ture applications for grid connection.

Instead of independent power generation, the two linear generators
can work complementarily to achieve the ultimate goal of output vol-
tage precision and increase the power volume at the same time. With
the introduction of the complementary voltage control mechanism in
Fig. 1, the two linear generators can work cooperatively to improve the
precision of the total voltage from the DC link.

The innovation of this paper can be summarized as follows. First,
the investigation of two identical ABLSRGs for wave power generation
is investigated. Second, an effective voltage complementary scheme is
proposed, based on theoretical analysis. Third, experimental results for
performance comparisons under the independent and complementary
control of ABLSRGs are carried out. Experimental results prove that the
proposed power complementary control scheme not only ensures
output voltage precision, but owns certain robustness under the con-
ditions of control parameters or speed variations. An absolute output
voltage value of 11.75–12.23 V can be achieved with 12 V voltage re-
ference under the environment of parameter change or speed varia-
tions.

2. The ABLSRG and characteristics

The magnetic structure and picture of the ABLSRGs can be found in
Fig. 2(a) and (b). The linear generator mainly consists of a stator base
with stator blocks. The generator utilizes an asymmetric machine
structure. Instead of perfect mirroring along the axis of the moving
platform, both the stator and the mover phases apply an asymmetric
scheme to improve a higher force-to-volume ratio and efficiency [17].
The moving platform is supported by a pair of linear guides. Each phase
of the ABLSRGs has the same dimensions and ratings and the phases are
defined as AA′, BB′ and CC′, respectively. Major specifications can be
found in Table 1.

3. Theoretical background and characteristics

The ABLSRG can be considered as a typical energy transformation
system and the motion equation can be described as [22],
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Fig. 2. The LSRM (a) and machine structure (b).
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where Fj is the mechanical force input, M is the mass of the mover
track,Q is the friction coefficient, fj stands for the electromagnetic force
and xj is the position of the mover for the j-th generator. From the
electrical terminal, any ABLSRG can be described in the form of the
voltage balance equation as [23],

u R i
d

dt
k AA BB CC( , , )j j j

j
k k k

k= + = (2)

with L ij j jk k k= , where u jk and jk stand for the voltage drop and
flux-linkage of the k-th winding for the j-th generator, respectively. i jk,
R jk and L jk are the phase current, resistance and inductance of the j-th
generator, (2) can be further represented as the inductance form as [8],
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where vj is the mover speed of the j-th generator and the electro-
magnetic force can be calculated through the following equation [24],
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where W i x( , )c j jk is the co-energy. From the above deductions, the
complete mathematical model of the ABLSRG can thus be illustrated as,
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According to the drive topology proposed in [10], each phase ap-
plies the typical half-bridge asymmetric drive topology, as shown in
Fig. 3. For any phase, the motoring behavior can be depicted in the first
equation of (7), when the power transistors are turned on and the
diodes are turned off simultaneously; the power generation process can

be expressed as the second equation of (7), when the power transistors
are turned off and the diodes are turned on, respectively.

U U e R i
e U R i R i

2
2

b T j j

D j j j
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k k k

= +
= + (7)

Ub is the bus voltage, UT and UD are the voltage drop of the power
transistor (T1–T6) and diode (D1–D6), respectively. e and R′ are back
electromagnet force and load resistance, respectively.

For any one phase, the changing rate of phase current during mo-
toring can thus be described as,
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During the power generation period, the changing rate of phase
current can be depicted as,

Fig. 4. Electromagnetic characteristics (a) flux contour, (b) mutual inductance
and (c) self- inductance.

Table 1
Major machine specifications.

Parameter Value

Rated power 250W
Pole width 6mm
Pole pitch 6mm
Phase resistance 2 ohm
Stack length 200mm
Stroke length 350mm
Air gap length (g) 0.3mm
Number of turns 220
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Fig. 3. Drive topology of the ABLSRG.
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Rearranging (3), we have,
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Since both the phase resistance and the change rate of phase current
vs. position can be considered to be small values [14], (10) can be
further represented as,
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Since linear switched reluctance machines have relatively larger air
gaps, linear inductance models can be considered [16]. Rewriting (11),
we have,

u K i v· ·j Lj j jk k k (12)

where KLjk is the change rate of inductance of the k-th winding for
the j-th generator. According to the above deductions, phase voltage
can be approximately considered as proportional to vj, which reflects
the energy input capacity from wave. The flux distribution contour can
be found in Fig. 4(a). By the finite element method, both mutual in-
ductance and self-inductance values are calculated and plotted for any
one phase in Fig. 4(b) and (c), respectively. It can be concluded that any
phase is magnetically decoupled and thus can be controlled in-
dependently [17].

4. Compensation control design

4.1. Voltage control scheme of single ABLSRG

The voltage control diagram of any generator is shown in Fig. 5. The
voltage controller output control command to the position control
scheme from the position regulator (PR) module. According to the
position feedback signal, the position control block decides which phase
(s) should be excited.

On the control of current, the hysteresis band regulator is applied to
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Fig. 5. (a) Voltage control scheme and (b) inductance profiles and excitation scheme.

Table 2
Excitation logic with hysteresis band regulation.
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determine the upper Cj and lower band of the current limit. The current
control modules regulate the ON and OFF states of the power transistors
and the actual voltage is sensed by the voltage transducer and fed back
to the voltage controller. Mechanical energy is input by the pneumatic
cylinders, regulated by the valve controller and the electromagnetic
valves.

Table 2 shows the current excitation logic and current values for
each phase ijk (k=AA′, BB′, CC′), according to current position feed-
back from the hysteresis current regulators. In terms of each phase of
the ABLSRG, the MOSFETs are turned on in the inductance rising re-
gions and turned off in the inductance falling regions. The interval for
each inductance rising region is 6mm and it can be evenly divided into
three small regions as shown by the dotted line in Fig. 5(b). From
Fig. 5(a), cj is the control output from the voltage controller and the
upper limit is set as 4.25 A.

4.2. Independent voltage control

Fig. 6(a) is the independent voltage output control scheme. Uref is
the total voltage reference. U jref with j=1,2, U1 and U2, v1 and v2 are
the voltage reference, actual voltage, and speed of ABLSRG1 and
ABLSRG2, respectively. First, the voltage reference assignment me-
chanism receives the velocity signal of ABLSRG1 and ABLSRG2 to judge
if both linear generators have enough power capacity according to the
total voltage reference signalUref . If the speed of both generators are too

low (v v v, 0.051 2 < = m/s), it means that the input power capacity is
too low and the generators cannot output enough voltage according to
Uref . Next, the mechanism divide Uref equally for ABLSRG1 and
ABLSRG2 asUref1 and Uref2 (U U U2  2ref ref1 ref2= = ), respectively. Then
each linear generator regulates the output voltage signal ofU1 andU2 in
the closed loop manner, as depicted in Fig. 6(a).

It is clear that the total voltage output Utotal of ABLSRG1 and
ABLSRG2 is simply the summation ofU1 andU2. It can also be concluded
that the total output voltage error depends on the performance of each
linear generator, since the steady-state error value of the two ABLSRGs
is the superposition of the steady-state error values of from two
ABLSRGs.

4.3. Compensation voltage control

Fig. 6(b) demonstrates the compensation scheme. Since the speed of
the ABLSRG input reflects the wave power capacity, the voltage re-
ference assignment scheme can simply determine the voltage reference
signal for ABLSRG1 or ABLSRG2 as,
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generator. It is clear that such arrangement can compensate the real-
time error from ABLSRG1 or ABLSRG2.

From Fig. 6, it is clear that in the independent control scheme, each
linear generator controls the voltage output according to its own re-
ference signal (Uref1 and Uref2) individually. Total voltage output is the
simple summation of U1 and U2. However, for the compensation control
scheme, voltage reference signal for one ABLSRG is determined by the
real time voltage output of U1 or U2. Then the voltage reference as-
signment scheme determines the voltage reference for each generator.
Since the two ABLSRGs output voltage complementarily, the precision
of the total voltage output can be guaranteed.

The complete control flow chart can thus be illustrated as shown in
Fig. 7.

5. Experimentation

5.1. Hardware scheme and experimental setup

Fig. 8(a) is the hardware scheme. Each linear power generation
system consists of the controller, the drive circuits, the interface board,
the power supplies and the wave power simulation mechanism. The

controllers of the two ABLSRGs communicate with serial protocol. The
power supplies provide the voltage level of +5V,± 15 V, +24 V and
+48 V for the integrated chips in the drive circuits of each phase, the
wave power control module and the excitation power for the gen-
erators. The six phases of the two linear generators applies the asym-
metrical half-bridge topologies, and the output current is regulated by
the hysteresis controller. The voltage and current protection units
protect each phase from over-voltage or over-current. The phase cur-
rent is detected by the current sensors. Voltage signals from ABLSRG1
and ABLSRG2 are connected in serials after isolation. The power load
consists of a power capacity and a resistor connected in parallel. The
wave power simulation module consists of the control unit, the elec-
tromagnetic valve and the pneumatic cylinder, which is mechanically
coupled to the moving platform of the ABLSRG. The cylinder then
propels the linear generator and position/velocity is detected by the
linear encoder in real-time. The interface boards are responsible for the
input of feedback signals and output of control signals, isolated opti-
cally.

The drive circuit for each ABLSRG is shown in Fig. 8(b). Since
switched reluctance generators require the establishment of the mag-
netic circuit before generation, the 48 V power supply is employed for
excitation. AA′, BB′ and CC′ are connected to the three phases, re-
spectively. Control signals are generated from the controller and
transmitted through the octal bus transceiver to the drive circuits of the
power transistors. The power transistors apply the Metal-Oxide-Semi-
conductor Field-Effect Transistors (MOSFETs) IRF740. The load capa-
citor is charged by the fast switching diodes (MUR1560). Voltage and
phase currents are measured by LEM® transducers (LV25-P and LA25-
NP).

As shown in Fig. 8(c), the control platforms are two dSPACE®
DS1104 real-time processing boards. Control algorithms are developed
under MATLAB/SIMULINK® environment and downloaded to the di-
gital signal processer of the control boards with control parameters
modified online. The voltage and current signals are transmitted
through analog-to-digital channels to dSPACE boards. The control sig-
nals for each phase are calculated and transmitted to the drive circuits
to control the MOSFETs with 5 kHz switching frequency. Fig. 8(d) is the
wave power simulation platform. The speed from each cylinder can be
regulated by the electromagnetic valves, controlled by the “wave con-
trol unit” module. The module consists of a pair of power transistors to
control the ON and OFF states of the electromagnetic valve. Meanwhile,
since the valves and ABLSRGs are mechanically connected, the speed
can also be detected by the linear encoders.

5.2. Experimental results of parameter regulation

Control parameters for each ABLSRG are regulated based on the
nominal speed regulated as shown in Fig. 9(a), based on the trial-and-
error basis [10]. The simple yet effective proportional-integral-differ-
ential (PID) is adopted with the proportional gain (P) to achieve a quick
response and improve the control accuracy, while the differential gain
D improves the dynamic performance and predicts. The integral gain (I)
is responsible for steady-state error reduction. The steady-state voltage
profile from Fig. 9(b) demonstrates that the steady-state error voltage
can be regulated within± 0.2 V for each machine. The control para-
meters are tabulated in Table 3.

If the control parameter such as P or D is changed, the control
performance deteriorates and the voltage output profiles can be found
in Fig. 9(c) and (d), respectively.

Fig. 9(e) is the phase current waveform, regulated by the upper and
lower limit value from the hysteresis band controller. The upper and
lower limit of the phase hysteresis band is set as (0.05 A, 0 A). When the
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actual output current exceeds the reference of 1 A and the absolute
error is more than 0.05 A, the power transistors will turn off to reduce
the actual current output; when the actual output current is less than
the reference current and the absolute error is more than 0.05 A, the

power transistors will turn on to increase the actual current output.
If the speed waveforms are changed into low speed operation, as

illustrated in Fig. 10(a), then the voltage control performance can be
found in Fig. 10(b) according to the control parameters regulated from
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Fig. 9. (a) Nominal speed waveform, (b) regulated voltage profile, (c) voltage profile with P=0.25, (d) D=0.00025 for single ABLSRG and (e) phase current
profiles.
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Table 3. It is clear from the voltage profile that the control precision
cannot be guaranteed and there exhibit obvious voltage fluctuations,
especially at the intervals (0.3 s, 0.6 s) and (1.3 s, 1.6 s). This is because
the generators change the speed direction and the voltage precision
cannot be guaranteed under low speed operations, if the control para-
meters remain unchanged.

5.3. Experimental results of two ABLSRGs

The voltage reference signal is now set as 12 V. The dynamic voltage
response profile for each ABLSRG can be found in Fig. 11(a). Due to the
capacity of the generator, the voltage waveform drops sharply as the
reference level exceeds 8 V. Fig. 11(b) shows the voltage profile from
the control algorithm according to Fig. 6(a). The voltage waveform
fluctuates from 11.5 V to 12.4 V. Since the voltage is obtained from
each ABLSRG independently, the steady-state precision is almost equal
to the summation from each generator. If P is changed, the total output
voltage level decreases because the system gains for each generation
system are decreased. In addition, the control performance deteriorates
with maximum fluctuation falling into 11–12.4 V, as shown in
Fig. 11(c). The decrease of D also influences the performance of output
voltage. From Fig. 11(d), the fluctuation range is 11.3–12.5 V. Mean-
while, the entire response profile moves downward and most of the
voltage output values are less than 12 V. Therefore, the independent
voltage control method is no longer able to adapt to the variations of
control parameters.

The voltage response waveforms under the speed profile depicted in
Fig. 10(a) can be found in Fig. 11(e). Under low speed operations, there
exhibit dominant voltage fluctuations, especially at the intervals of
(0.3 s 0.6 s) and (1.3 s 1.6 s) as the machines experience direction
change. Therefore, the independent control scheme is not capable to
guarantee the total voltage output.

The voltage response waveforms under the compensation control
scheme can be found in Fig. 12(a). It can be seen that the total voltage
level falls into 11.8–12.2 V and the steady-state of± 0.2 V can be
achieved. If the gains of P and D are changed, the voltage profiles can be
regulated within the range of 11.75–12.23 V and the commutation does
not affect the performance, as shown in Fig. 12(b) and (c). From
Fig. 12(d), under low speed operations, there are small variations of the
voltage profile and the control precision from the steady states can be
obtained. The steady-state error can be maintained as 11.79–12.22 V.
The experimental results demonstrate that the proposed compensation
control scheme has certain robustness and the steady-state error values
can be guaranteed.

6. Conclusion

This paper discusses about the compensation power generation
control of two ABLSRGs. The capacity one single generator is limited
and the independent power generation cannot guarantee a precise
voltage output. The simple yet effective compensation generation
scheme increases the power capacity, as well as achieves the steady-
state precision of voltage output. Experimental results demonstrate that
in the condition of control parameter variations, the proposed com-
pensation scheme has certain robustness and the steady-state error
values are falling into 11.75–12.23 V. It also shows that the proposed
control scheme adapts to the conditions of speed variations, while the
independent power generation control exhibits large voltage fluctua-
tions. It is suggested that the proposed compensation method be applied
for the coordination power generation of more ABLSRGs.

The wave behaviors are simulated by pneumatic cylinders, regu-
lated by the electromagnetic valves and valve controllers. Therefore the
input is not ideally sinusoidal and the input speed cannot be controlled
precisely. However, the proposed complementary voltage control
scheme is able to counteract such influence of the imperfect wave si-
mulation and achieve a precise voltage control results. Future work will
focus on the propulsion by direct drive linear electric machines as
mechanical input for a precise wave input simulation, for example,
linear permanent magnet synchronous motors.

Table 3
Parameters for ABLSRG power generation systems.

Parameter Value

Uref 12 V
DC bus voltage 48 V
C 100 mF
R 25Ω
P 1.5
D 0.002
I 0.0001
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Fig. 10. (a) Low speed waveform and (b) voltage profile at low speed for single
ABLSRG.
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Fig. 11. (a) Voltage response of 12 V of single generator, (b) voltage profile under independent control, (c) response as P=0.25, (d) response as D=0.00025 and (e)
voltage profile under low speed.
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