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On the Voltage Ripple Reduction Control of the
Linear Switched Reluctance Generator for Wave

Energy Utilization
J. F. Pan, Yu Zou, Norbert Cheung, Senior Member, IEEE, and Guang-zhong Cao

Abstract—This paper discusses about the voltage output rip-
ple reduction and error minimization for the direct-drive, linear
switched reluctance generator (LSRG)-based wave power genera-
tion system. First, the concept of the LSRG-based wave power gen-
eration system is studied. According to the characteristics of the
LSRG, the suitable drive circuit dedicated to proper current exci-
tation and generation is established. Second, the reasons that cause
voltage output ripples are investigated. To reduce the remarkable
ripples from phase current commutations, a current distribution
function (CDF) is proposed based on the minimized copper loss
principle. Third, the dual-loop control strategy with current and
voltage as the inner and outer loop is constructed, implemented
with the proposed CDF. Theoretical bases of the control strategy
are derived. The simulation results prove that the proposed control
algorithm is capable of voltage ripple suppression and error reduc-
tion within the range of ±0.5 V over the entire operation speed for
wave energy extraction, validated by experimental verification.

Index Terms—Current distribution, dual-loop control, linear
generator, wave power generation.

I. INTRODUCTION

THE enormous energy potential of ocean waves has been
recognized throughout history. As an extractable renew-

able power source, ocean waves possess approximately more
than 1 TW of power [1]. The motions of ocean waves can
be ideally recognized as quasi-sinusoidal waveforms and the
speed range often falls into 0–2 m/s [2]. Although the early
applications of wave power generation have been restricted to
coastal regions, from 1994 the offshore methods of both un-
derwater and on the surface of ocean are discovered. However,

Manuscript received September 6, 2013; revised October 14, 2013;
accepted November 17, 2013. Date of current version May 30, 2014. This work
was supported in part by the National Natural Science Foundation of China under
Grant 51007059 and Grant 51275312 and in part by the Guangdong Natural Sci-
ence Foundation under Grant S2011010001208. This work was also supported
by the Shenzhen Government under the code of JCYJ20130329144017199.
Recommended for publication by Associate Editor A. M. Trzynadlowski.

J. F. Pan and G.-z. Cao are with the Shenzhen Key Laboratory of Electromag-
netic Control, Shenzhen University, Shenzhen (e-mail: pan_jian_fei@163.com;
cao_guangzhong@163.com).

Y. Zou is with the Shenzhen Key Laboratory of Electromagnetic Control,
Shenzhen University, Shenzhen. He is also with the Department of Electri-
cal Engineering, The Hong Kong Polytechnic University, Hong Kong (e-mail:
382724066@qq.com).

N. Cheung is with the Department of Electrical Engineering, The Hong Kong
Polytechnic University, Hong Kong (e-mail: norbert_cheung@163.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2013.2292069

most of the energy capture manners are based on mechanical
linear-to-rotary translators such as the hydraulic or pneumatic
converters to transform translational low-speed motion form
to high speed. Rotary generators are involved to convert the
high-speed form of energy to electricity [3]–[7]. Ocean power
technology company owns the commercial product based on
a point-capture wave power generation system with pneumatic
converters on the surface of water [3]. Offshore, surface wave
power generation systems include the Pelamis and the wave
dragon [4], [5]. The Archimedes wave swing from BV-AWS [6]
is submerged under the water for power generation. The tra-
ditional wave power generation methods discussed previously
have the disadvantages of complex and expensive system struc-
tures. They are hard to maintain and possess low transformation
efficiency [7], [8]. Hence, it is difficult to realize a wide market
application since the generated electricity from such systems is
not cost-effective.

At present, research studies on direct-drive methods have
been carried out. By direct capture of wave energy in 1-D, the
linear generators are employed to directly transform the low-
speed mechanical energy into electricity, thus eliminating inter-
mediate mechanical translators or converters. The direct-drive
linear motion systems are proved to be more efficient [8]–[10]
compared to the traditional ones discussed previously. Accord-
ing to current research, linear synchronous permanent magnet
generators (LSPMGs) are usually employed in the direct-drive
power generation system as wave energy converters (WECs).
Although the LSPMGs have relatively large force-to-volume
ratio and own high efficiency, the involvement of permanent
magnets (PMs) results in complicated winding scheme or so-
phisticated arrangement and assembly of PMs [11]. Therefore,
the overall manufacture and assembly cost of such power gen-
eration systems is high. In addition, WECs often work under the
unattended and rough environment and receive constant bom-
bardment from waves. Temperature variations of the wave en-
ergy extraction condition unavoidably affect the operation of
the LSPMGs [12]. Furthermore, demagnetization of PMs even-
tually causes performance degradation or even malfunction of
power generation systems [13].

The linear switched reluctance generator (LSRG) is one of
the promising candidate WECs without PMs, especially suit-
able for low-speed operations. It is characterized by a simple
machine structure and high robustness, etc. [14]. Furthermore,
the total manufacture and assembly cost is low since this type
of machines are more suitable for mass production [15]. This
feature makes it possible for vast deployment of such WECs to
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be arranged into matrix forms to extract wave energy from a
certain scope and keep the total electricity generation cost at a
reasonable price level [16].

For switched reluctance generators (SRGs), physical and con-
trol parameters often play an important role for the optimized
output in control of the phase current. The control method of
the SRG is first introduced in [17], considering their funda-
mental features. In [18], an optimal control method based on
conduction angle range regulation is discussed. However, the
ripples of the output voltage are too large for direct connec-
tion to the load or the energy storage systems. A voltage control
method for the SRG dedicated to wind power applications is pro-
posed [19]. Again the output voltage ripples are not considered,
especially the effect of the ripples to forthcoming inversion and
the power grid. Since power generation characteristics of SRGs
are affected by many contradicted factors, including nonlinear
inductance, speed operation range, and back electromagnetic
force (EMF), etc. [20]. The conduction angle regulation based
on dwell on and off selections alone inevitably leads to output
voltage ripples and steady-state errors [21]. To reduce the volt-
age ripples, in [22], a band-reject filter and a sampling filter
based on simulation analysis is studied. However, synchronous
sampling inevitably provides large steady-state voltage errors.
In order to reduce the effect of parameter variations, the excited
range of SRG is controlled by a fuzzy controller [23] to deter-
mine the dwell angles of the SRG. According to the previous
study, the voltage feedback control method fails as the wind-
ing current regulation becomes the single pulsed mode [21]. A
dynamic commutation shift controller is proposed to solve the
problem. However, the phase current of the SRG is not prop-
erly regulated, which is significant to the control precision of
the output voltage [17]. For direct-drive wave power generation,
the output voltage should be correctly controlled for the LSRGs
for direct connection to the load or the energy storage units [24],
since the wide speed range of waves has a remarkable influence
on the voltage output performance.

This paper mainly focuses on the voltage ripple and steady-
state error reduction for the direct-drive LSRG-based power
generation system. First, the concept of the direct-drive wave
power generation system based on LSRGs is discussed. Ac-
cording to the difference from rotary SRGs, the suitable drive
circuit for phase current excitation and generation is established.
Since the phase current behavior influences output voltage per-
formance significantly, a current distribution scheme is devised
dedicated to the reduction of voltage ripples and steady-state
errors. The voltage controller including the current distribution
algorithm and the current control loop is designed. With the im-
plementation of the current distribution scheme, voltage output
precision within the range of ±0.5 V can be guaranteed and
ripples can be effectively suppressed for the entire operation of
wave energy capture.

The paper is organized as follows. The principle of the LSRG-
based generation system, the electromagnetic characteristics and
the drive circuit for the LSRG are presented in Section II. Then,
the detailed analysis of current waveforms and voltage ripples
in the chopping mode is discussed, followed by the current
distribution function (CDF). Section III investigates the dual-

Fig. 1. Schematic of LSRG-based generation system.

loop control system design, implemented with the proposed
CDF. Section IV focuses on the simulation of the LSRG system
and experimental validation of the control system is provided in
Section V. Section VI presents conclusion and discussion.

II. PRINCIPLE OF THE LSRG-BASED GENERATION SYSTEM

A. Concept of the LSRG-Based, Direct-Drive Wave Power
Generation System

The overall LSRG-based wave power generation system can
be illustrated in Fig. 1. The WEC element can be allocated on the
surface or immersed in the water. One end of either the primary
side or the secondary side can be connected to the spring and the
other end can be linked to the buoy. As the buoy reciprocates with
waves, the mechanical energy is absorbed through the LSRG.
Phase current signals are transmitted to the drive circuit and
the control logic and algorithms are managed by the controller.
Voltage signals are the output from the drive circuit in a closed
loop manner to interface the energy storage and the inverter,
which supplies three-phase alternating current (AC) to the grid.

B. LSRG Structure and Electromagnetic Characteristics

The machine structure and major specifications can be found
in Fig. 2 and Table I, respectively. It mainly consists of a stator
(secondary side) and three mover units that correspond to a typ-
ical “6/4” rotary switched reluctance machine. The movers with
windings are fixed on the translator (primary side), supported
by two pairs of sliders and one pair of linear guides. Each phase
has the same dimensions and ratings, and the phases are defined
as A, B, and C, respectively.

The three-dimensional (3-D) flux distribution contour is illus-
trated in Fig. 3(a). By 3-D FEM calculation, the mutual induc-
tance between any adjacent phases can be plotted in Fig. 3(b).
The self-inductance values of any one phase are also calculated
with profiles as shown in Fig. 3(c). It is clear that the three
phases are considered to be flux decoupled and thus can be con-
trolled independently [8]. The propulsion force waveforms of
one phase under different current excitation levels can be found
in Fig. 3(d).
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Fig. 2. LSRG and parameters.

TABLE I
MAJOR MACHINE SPECIFICATIONS

C. Theoretical Background of the LSRG

The LSRG can be represented as a typical electromechanical
system with one mechanical input and three electrical outputs.
From the mechanical side [25]

F = M
d2x

dt2
+ D

dx

dt
+ f (1)

where F stands for the mechanical force input, M is the mass
of the translator, x is displacement, D is friction coefficient, and
f represents load force. From the electrical terminal, the LSRG
can be described in the form of voltage balance equations as [26]

uj = R · ij +
dλj

dt

= R · ij +
(
Lj +ij

∂Lj

∂ij

)
· dij

dt
+ij · v · ∂Lj

∂x
(j =A,B,C)

(2)

where uj , ij , λj , R, and Lj represent the voltage drop, phase
current, flux-linkage, resistance, and inductance of the jth wind-
ing, respectively. v denotes the velocity of the translator in the
x-direction.

Fig. 3. (a) 3-D magnetic field distribution (b) mutual inductance, (c) self-
inductance and propulsion force output profiles of the LSRG (d).

D. Drive Circuit

Since the operation speed of the LSRG typically falls into
0–2 m/s for wave energy exploitation, the machine works in the
low-speed and high-force mode [27]. The back EMF denoted
by the third term of (2) is small, and the phase current decreases
to zero quickly and flows back to the voltage source during gen-
eration period from the typical asymmetric drive topology for
rotary SRGs [28]. Therefore, it is unable to sustain the phase
currents in such an operation mode. The drive circuit for the
LSRG is illustrated in Fig. 4(a). The main difference from the
typical drive topology of rotary SRGs lies in the separation of
the excitation power supply and the load storage. Each phase of
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Fig. 4. (a) Drive topology of the LSRG and (b) picture.

the generator is excited by the constant bus voltage u, and the
generated power is charged into a capacitor and a load resistor
in parallel. The initial voltage level across the capacitor is zero.
If the power switches T1 and T2 of Phase A are turned ON
simultaneously, for example, the phase current increases, con-
trolled by the current controller. If T1 and T2 are turned OFF, the
generated current charges capacitor Cl . The terminal voltage of
the capacitor that is equal to load voltage ul increases quickly
from zero. Meanwhile, the current of the load resistance also
increases with the terminal voltage. When the second period
of excitation of phase A advents, T1 and T2 are switched ON
again, the capacitor starts to supply power energy for the load
and discharge.

The picture of the drive circuit can be found in Fig. 4(b).
Pulse-width modulation (PWM) signals are transmitted through
the octal bus transceiver 74HC245 to the integrated circuit
IR2102. IR2102 and the bus transceiver are isolated by opto-
couplers CD4504. The power transistors are metal–oxide–
semiconductor field-effect transistor (MOSFET) IRF640. The
load capacitor is charged by the fast switching diodes
MUR1560. Load voltage and phase currents are measured by
LEM LA25-NP (0.05% of full scale 100 A) and LV25-P (reso-
lution of 0.08% of full scale 500 V), respectively. Protection for
overvoltage and overcurrent is also implemented on the drive
circuit.

The voltage equation for any one phase thus can be expressed
as {

u − 2uT = −e + Rij · · · · · · · · · · · · (T1 , T2 − ON)

uc + 2uD = e − Rij · · · · · · · · · (D1 ,D2 − ON)
(3)

where uc, uT , and uD are the voltage drop across the capacitor,
transistors, and diodes, respectively. e is the back EMF.

E. Phase Current Waveforms in the Chopping Mode and
Voltage Ripples

Due to the nonlinear winding inductance, phase current wave-
forms are hard to maintain ideal square shapes and they fluctuate

severely upon commutation between phases. According to (3),
the phase current waveforms from PWM regulation can be ob-
tained in two steps. The first step is phase magnetization as
T1 and T2 are switched ON. The second step is diode free-
wheeling process through D1 and D2 once T1 and T2 are OFF.
Phase current can be derived as⎧⎪⎨

⎪⎩
ij = iinit +

u · Δx

v · Lj
(T1 , T2−ON)

ij = iinite
− R l C l ·Δ x

v (D1 ,D2−ON)

(4)

where iinit is the initial current value, Δx is the displacement
of the translator, and Rl is the load resistance. Take phase A
for example, the voltage balance equation can be rewritten as
(5) considering the mutual inductance of adjacent two phases,
according to (2)

uA = R · iA +
dλA

dt
= R · iA +

(
LA + iA

∂LA

∂iA

)
· diA

dt
+ iA

· v · ∂LA

∂x
+

(
M + iB

∂M

∂iB

)
· diB

dt
+ iB · v · ∂M

∂x
(5)

where M denotes the mutual inductance of phase A and B. iA
and iB are currents of phases A and B, respectively. Substitute
(5) into (3), the change of phase current A with respect to the po-
sition of translator can be further derived as the following equa-
tion, by neglecting the influence of current on self-inductance:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

diA
dt

=
(

uA − 2uT − R · iA − iA · v · ∂LA

∂x
− M · diB

dt

+iB · v · ∂M

∂x

)/
LA (T1 , T2−ON)

diA
dt

=
(

uc + 2uD + R · iA − iA · v · ∂LA

∂x
− M · diB

dt

+iB · v · ∂M

∂x

)/
LA (D1 ,D2−ON).

(6)
It is obvious that increasing self-inductance values can reduce

the change of phase current, and the mutual inductance has a
negative impact on decreasing the change rate of phase current.
The bigger the value of mutual inductance, the greater the in-
fluence of phase B has on the change rate of current from phase
A. Therefore, the mutual inductance is one of the main factors
on ripple generation of the phase current.

According to the load circuit of the system, the output voltage
is

ul(t) =
1
C

∫
icl

(t)dt = Rl · iR (t) (7)

where il(t) = icl
(t) + iRl

(t). It can be concluded that the cur-
rent output contributes to the ripples of the output voltage as
well. Since the LSRG operates in the low-speed range for entire
wave energy capture, the PWM control method can be adopted
for the whole region as the change rate of self-inductance is
negative. The operation range is composed of the excitation and
power generation region. When T1 and T2 are switched ON
simultaneously, the windings of LSRG are excited (excitation
region). After T1 and T2 are OFF and D1 and D2 are turned
ON, the LSRG enters the generation region. The typical voltage
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Fig. 5. Typical current waveforms and voltage ripples of the LSRG.

Fig. 6. Current distribution with closed loop control.

and current waveforms can be obtained from FEM as shown in
Fig. 5.

The voltage ripples are mainly caused by two reasons: one
is by the current transition waveforms during single-phase op-
eration; the other originates from the commutations between
phases (the overlap region). The ripples from the first one can
be alleviated by adding a capacitor in parallel with the free-
wheeling diodes if the frequency of PWM is high enough [19].
The ripples can be further reduced if the phase current can be
properly regulated [29]. The ripples caused by the second reason
can be alleviated by correct allocation of phase currents during
commutations, applying proper closed-loop current control reg-
ulation strategies.

F. Current Distribution Method

It is clear that voltage ripples caused by phase current com-
mutations as shown in Fig. 5 are comparatively larger than those
from single phase transitions. In combination of the current dis-
tribution scheme, closed loop control strategies can be cascaded
to the CDF block to reduce the ripples caused by both single
phase transitions and phase commutations, as shown in Fig. 6.

If the conversion efficiency of the LSRG is denoted as η, the
energy conversion equation for any phase of the LSRG can be
expressed as

F · v · η = P = ul · il (8)

where P is the output power, ul and il are the total output voltage
and current (current sum of resistor and capacitor) from load,
respectively. In the linear region, the previous equation can be

rewritten as [30]

1
2
· i · dL

dx
· v · η = ul. (9)

It can be concluded that if the value of i · dL
dx is constant, the

output voltage remains unchanged as the product of velocity and
efficiency is invariant. If two phases commutate simultaneously
during the overlap region, the above equation can be rewritten
as

i · dL

dx
= ij ·

dLj

dx
+ ij+1 ·

dLj+1

dx
= k · ul (10)

where k = 2
v ·η . As two phases are commutated, the copper loss

of the LSRG can be expressed as

Pcopperloss =
∫ xo n +xov

xo n

i2j dx +
∫ xo n +xov

xo n

i2j+1dx (11)

where xon and xov are the length of the single phase and overlap
region, as denoted in Fig. 5 In order to ensure the minimized
copper loss of the LSRG, the function of m = i2j + i2j+1 should

be kept as minimum [31], [32]. Let f1 = dLj

dx and f2 = dLj + 1
dx ,

then the phase current follows the equations as

ij · f1 + ij+1 · f2 = k · ul. (12)

The Lagrange function of m = i2j + i2j+1 + α(ij · f1 +
ij+1 · f2 − k · ul) can be constructed and the partial derivative
of m can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

∂m

∂ij
= 2ij + αf1 = 0

∂m

∂ij+1
= 2ij+1 + αf2 = 0

∂m

∂α
= ij · f1 + ij+1 · f2 − k · ul = 0.

(13)

Therefore, current of each phase in the overlap region can be
derived as ⎧⎪⎪⎨

⎪⎪⎩
ij =

k · ul · f1

f 2
1 + f 2

2

ij+1 =
k · ul · f2

f 2
1 + f 2

2
.

(14)

The commutation region and value for each phase can be
summarized as listed in Table II with zero displacement defined
as the fully aligned position of phase A.

The self-inductance value of the LSRG can be expressed
as [33] ⎧⎪⎨

⎪⎩
LA = La + LΔ cos(2π · x/τ)

LB = La + LΔ cos(2π · x/τ − 2π/3)

LC = La + LΔ cos(2π · x/τ − 4π/3)

(15)

where La = 22 mH is the average self-inductance value, and
LΔ = 7.5 mH is the half-value of the difference between maxi-
mum and minimum self-inductance. τ denotes the pole-pitch of
the LSRG (12 mm). The change rate of the self-inductance can
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TABLE II
COMMUTATION REGION AND VALUE FOR EACH PHASE

thus be obtained as⎧⎪⎨
⎪⎩

fA = −2πLΔ sin(2π · x/τ)/τ

fB = −2πLΔ sin(2π · x/τ − 2π/3)/τ

fC = −2πLΔ sin(2π · x/τ − 4π/3)/τ.

(16)

According to Table II the current distribution parameters for
phase A can be further expressed as

CfA
=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

− sin(2π · x/τ )
2πLΔ ·(sin2 (2π ·x/τ )+sin2 (2π ·x/τ−4π/3))/τ

0≤x<2

− 1
2πLΔ · sin(2π · x/τ )/τ

2 ≤ x < 4

− sin(2π · x/τ )
2πLΔ ·(sin2 (2π ·x/τ )+sin2 (2π ·x/τ−2π/3))/τ

4≤x<6.

(17)

It is clear that CDF depends mainly on the change rate of the
self-inductance of the phases.

Based on the previous analysis, the interval xov from the over-
lap region of two commutation phases must satisfy the following
equation:

xov =
v · λs

u
(18)

where λs is the desired flux linkage. During magnetization,
the phase current must rise to the desired flux-linkage value
to build up the magnetic field; the phase current also needs to
decline to zero in the demagnetization period, as indicated by
Fig. 5. xov represents the requirement for magnetization and
demagnetization period under different operation speeds.

III. CONTROL SYSTEM DESIGN

The whole power generation system can be illustrated in Fig. 7
It is mainly composed of the mechanical input, the drive circuit
with load, and the control part. Mechanical input is provided
from a controllable linear PM motor with its prime mover con-
nected to the translator of the LSRG. Phase current ij from

Fig. 7. Power generation control system.

A to C and total current il from the three phases and load are
collected by current sensors and fed back to the current con-
troller. The voltage controller receives the actual voltage and
compares with the reference signal u∗. Current reference i∗

from the voltage controller and position x are input to the CDF
block for calculation of current commands for the three phases.
Meanwhile, the current commands are compared with the actual
current values to determine the duty cycles of the PWM signals,
which are transmitted through the isolation circuit to control the
state of the power transistors T1−T6 .

The ultimate goal for the control system is to reduce volt-
age ripples and obtain small steady-state errors under different
speed operations. The voltage regulation scheme is based on the
dual-loop control methodology with current and voltage con-
trol as the inner and outer loop, respectively. Both control loops
employ the proportional integral (PI) algorithm for current and
voltage regulation. The control diagram can be represented as
shown in Fig. 8(a). Gc u and Gc i stand for the transfer function
of the voltage and current controller, respectively. The voltage
controller outputs current command and the output from the cur-
rent controller is the calculated duty cycles for the three phases.
The total generated current will be injected to the load. Fi and
Fu represent the transfer function of the current and voltage
feedback.

A. Current Control

The current control loop is applied to regulate the phase cur-
rent, modulated by the PWM method. The current control block
diagram of any one phase is shown in Fig. 8(b). Duty cycle KD

is the proportion of the bus voltage to the maximum voltage
output, denoted as

KD =
u

umax
(19)
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Fig. 8. (a) Dual loop control diagram, (b) current, and (c) voltage control
block.

where upj is the terminal phase voltage. The transfer function
of the PI controller is formulated as [34]

Gc i =
Kp(s + Ki)

s
. (20)

The closed-loop transfer function can thus be represented as

Gi =
ij
i∗j

=
KD Kp

L (s + Ki)

s2 + (R+Fi KD Kp )s
L + Fi KD Kp Ki

L

(21)

Since FiKD Kp � R, (16) can be further rewritten as

Gi =
i

i∗
=

KD Kp(s + Ki)/L

s2 + (FiKD Kp/L)s + FiKD KpKi/L
. (22)

According to a typical second-order system, let Fi = 1, then
we have

Ki =
ωn

2ξ
, Kp =

2 · ξ · ωnL

KD

where

ωn =

√
FiKD KpKi

L
, ξ =

1
2
·
√

FiKD Kp

KiL
.

B. Voltage Control

Considering that the delay time of the outer voltage loop
is much slower than the inner current loop [35], the current
loop can be simplified as a proportion unit Ki∗ , as depicted
in Fig. 8(c). If the PI algorithm is employed, then Gc u =
(Kpvs + Kiv )/s. The voltage closed loop transfer function can

Fig. 9. Control system structure.

thus be formulated as (Fu = 1),
ul

u∗ =

(
R + Kpv RlK

∗
i

)
s + Kiv Ki∗Rl

LRlCls3 + (L + RRlCl) s2 +
(
R + Kpv K∗

i Rl

)
s + Kiv Ki∗Rl

(23)

with K∗
i = K∗

iA + K∗
iB + K∗

iC . Voltage error transfer function
can obtained as

Δu

u∗ =
LCls

3 + RlCls
2

LCls3 + RlCls2 + Ki∗Kpvs + Ki∗Kiv
. (24)

IV. SIMULATION RESULTS

Simulation analysis is performed based on the multiphysics
environment by cosimulation of Maxwell and Simplorer soft-
ware package. The control structure is illustrated in Fig. 9. The
finite-element model of the LSRG designed in Maxwell is con-
nected to the electrical part and the mechanical part, which are
constructed in Simplorer environment. Control algorithms are
programmed in Simplorer. The control part includes voltage and
current control with the CDF. The Current, voltage, and posi-
tion feedback are obtained from the calculation results of the
electrical part and the finite-element model, respectively. The
electrical part mainly consists of a dc power source, the drive
circuit, and the load resistance and capacitance. The electrical
part is responsible for receiving switch signals from the con-
trol part and turns on or off the power transistors for the three
phases correctly. Current signals from corresponding phases are
transmitted to drive the LSRG FEM model. Mechanical input
is configured in Maxwell with programmable velocity reference
to the LSRG. The mechanical part consists of the mass of the
mover and a damper, to simulate the physical characteristics of
the LSRG. The sampling rates of the current and voltage loop
are set as 2 KHz and 1 KHz, respectively.

The voltage reference level is set as 12 V for standard inter-
face to energy storage systems. The step response with PWM
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Fig. 10. (a) Current, (b) voltage step response, (c) phase current waveforms
under step command, (d) voltage response, and (e) phase current waveforms
under the variable speed.

regulation of current waveforms from any one phase at 0.5 m/s
can be found in Fig. 10(a). It is clear that the frequency of
10 kHz PWM is fast enough for current to settle at different
mover positions. The control parameters for the current control
loop thus can be derived as shown in Table III After a proper
transient of 30 ms, the current profiles reach the steady states
with small fluctuations.

TABLE III
CONTROL PARAMETERS FOR CURRENT AND VOLTAGE CONTROL

Fig. 11. Experimental setup.

The voltage step response can be derived as shown in
Fig. 10(b) in the case of CDF and no CDF situation, with con-
trol parameters tabulated in Table III The current waveforms
for three phases under the voltage step command can be found
in Fig. 10(c). The absolute steady-state error of 0.5 V can be
achieved. The simulation for the power generation system under
various speeds with sinusoidal operation from 0 to 10 Hz with
amplitude of 2 m/s is performed as shown in Fig. 10(d). It can
be concluded that it takes about 60 ms for the voltage response
to settle and the precision of ±0.5 V can be obtained despite
the dynamic velocity. It can be concluded that large dynamic
errors appear as the speed is fast. Large speed values lead to
longer time regulation for the elimination of errors. From the
phase current profiles depicted in Fig. 10(e), current amplitude
is relatively small when the speed value is large, due to the
significance of the back EMF value.

V. EXPERIMENTAL VERIFICATION

The overall control setup can be found in Fig. 11. The exper-
iment is performed based on the real-time control platform of
dSPACE DS1104 board. Control algorithms are developed un-
der MATLAB/Simulink which can be downloaded to the DSP
of the control board. The current and voltage feedback signals
are collected by analog-to-digital channels on the control board.
Position information is provided by the linear optical encoder
with the resolution of 1 μm, interfaced through the quadrature
encoder pulse channel. Current output is realized by the PWM
modules of the control board. Mechanical wave motions are
simulated by a commercial linear PM motor, connected to the
translator of the LSRG by the rod. Frequency of the PWM, cur-
rent, and voltage sampling are configured as 10, 2, and 1 kHz,
respectively. Control parameters correspond to those from the
simulation analysis in Table III The load is composed of a tun-
able power resistor and capacitor in parallel with values of 10 Ω
and 3300 μF, respectively.

The current unit step response profiles for any one phase at
fully aligned and unaligned positions can be found in Fig. 12.
Due to the response time of the current sensors, the rise time
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Fig. 12. (a) Current unit step response, voltage response under (b) 0.1/ms,
(c) 0.5/ms, and (d) 1/ms, and (e) the variable speed.

is longer compared to the simulation results. There are steady-
states errors with the value of 0.05 A, owing to the precision of
the current sensor.

The voltage output response under speed operation of 0.1,
0.5, and 1 m/s can be found in Fig. 12(b)–(d). Due to the power
and physical limitations of the linear PM machine, it takes some
time for the motor to accelerate and decelerate until it reaches
the destination speed with certain variations. It can be concluded
that the voltage can be controlled with the precision of ±0.5 V
under the dual-loop control scheme with the CDF. However, the
steady-state errors are large for the voltage profiles without CDF,
especially at high-speed operations. This is mainly caused by
large back EMF values and power generation enters the single-
phase mode operation at high speed when the phase current
becomes difficult to be activated and controlled [21].

VI. CONCLUSION AND DISCUSSION

This paper proposes a current distribution scheme for volt-
age ripple minimization and error reduction for the LSRG based,
direct-drive, wave power generation system over the entire speed
operation range. The drive circuit that ensures proper phase cur-
rent excitation and generation for the LSRG is developed. The
dual-loop control strategy with current and voltage as the inner
and outer control loop is implemented, employing the proposed
CDF. Simulation analysis proves that the voltage ripple can be
effectively suppressed and an absolute dynamic error of 0.5 V
can be achieved despite variable speed operations. Due to the
limitations of the linear PM motor as the mechanical input, the
experimental results verify that the control strategy with the CDF
is capable of voltage control within the range of ±0.5 V under
the operation of 0 to 1 m/s. The voltage control performance
from this paper contributes to the improvement of the signal
quality for the inversion unit and the interface to the power grid,
for the forthcoming utilization of the generated electricity from
the direct-drive wave energy extraction system.

The authors consider that voltage control performance is de-
pendent on the precision of the voltage and current sensors,
especially the resolution of the current sensors. The control algo-
rithms for current and voltage regulations influence the voltage
output performance as well. More advanced control strategies
can be developed for the power generation system in the near
future. It can also be expected that the LSRG based power gen-
eration systems find their commercial values for wave energy
exploitation.
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