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ARTICLE INFO ABSTRACT

Keywords: In wave energy generation systems, scaled and improved energy extraction can be realized by utilizing
LSRG distributed linear switch reluctant generators (LSRGs). However, this type of power generation system often
Communication free droop control employs supercapacitors (SCs) as the energy storage media, and the system often suffers from output voltage
Adaptive voltage compensation variation and current fluctuation from the LSRGs. Meanwhile, the fixed droop factor also causes bus voltage
deviation and aggravates energy imbalance of the energy storage system. In this paper, a communication-free
droop control scheme with adaptive voltage compensation is proposed for the distributed linear switched
reluctance wave power generation system. First, system stability is improved by applying a high droop factor.
When the bus voltage fluctuation exceeeds the compensator threshold, this voltage information of the energy
storage unit is introduced into the control loop. In addition, an adaptive voltage compensation algorithm is
proposed for the system, and the control algorithm is able to reduce the bus voltage deviation and the energy
imbalance of the storage unit, caused by the droop factor. The proposed control strategy can further improve the
response and reliability of the energy storage units, and the bus voltage fluctuation can be regulated within +3%.

1. Introduction

As a clean renewable energy source, ocean wave energy is charac-
terized by a wide spread distribution, high energy density, and abundant
global reserves [1]. Nowadays, wave energy extraction technologies
mainly focus on indirect wave energy conversion methods. Some
commercialized wave energy converters (WECs) employ mechanical
translations, such as air and hydraulic turbines, to generate electricity by
converting the low-speed wave motion into high-speed rotation move-
ment. The commercial WECs include Pelamis of Ocean Power Delivery,
wave dragon from Wave Dragon APS, and BV-AWS’s Archimedes Wave
Swing, etc. However, the method of indirect wave energy extraction
often leads to a complex power generation system with low overall
conversion efficiency [2,3], and the indirect ways of power generation
by WECs are not cost-effective. Consequently, the-state-of-art WECs are
not yet widely employed in large-scale wave power generation
applications.

Recently, the direct-drive WECs approaches are investigated. By the
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utilization of linear generators, system complexity caused by interme-
diate mechanical converters can be eliminated. As a result, the direct-
drive approach contributes to a simpler power output system at higher
power efficiency [4]. Current research focuses on linear permanent
magnet synchronous generators (LSPMGs). Although LSPMGs have
relatively large force-to-volume ratios and high conversion rates, the
invovlmen of permanent magnets (PMs) requires complex arrangements
[5]. In addition, the assemblies of PMs often leads to a high overall
manufacturing and assembly cost [6]. In addition, humidity and tem-
perature variations from the marine environment may cause system
degradation or even cause failure in the LSPMG based power generation
system [7]. As an ideal alternative, a linear switched reluctance gener-
ator (LSRG) is suitable for the operation in hostile environments [4]. The
LSRG only contains laminated steel sheets and copper wires, and the
total mass manufacturing cost is very low. Due to the absence of PMs or
complex windings, the LSRG is very suitable to construct distributed
wave power generation system in a large scale [8,9]. However, the LSRG
produces pulsating direct current which results in an unstable power
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Fig. 1. Schematic diagram of distributed generation system and energy storage system.
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Fig. 2. Structure of the distributed LSRGs system.
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Fig. 3. (a) Physical picture of LSRG; (b) LSRG structural cross section.

supply and the LSRG based power generation system is more difficult to
control.

Supercapacitors (SCs) are very suitable for the storage of instanta-
neous power, due to their high power density and durability [10]. This
paper investigates direct-drive generators based WEC system which in-
cludes distributed LSRGs and SCs for power generation and energy

storage. As shown in Fig. 1, each distributed LSRG unit is connected to
the direct current (DC) bus. Compared to the centralized structure, the
main features of the distributed structure can be characterized as: (a)
each distributed unit has an independent controller and the entire sys-
tem is fault-tolerant [11]; (b) since there is no centralized controller, the
spatial arrangement of each distributed unit is flexible; (c) the
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Table 1

Parameters of LSRG.
Parameters Values
Number of turns winding coil 220
Phase winding resistance 2Q
Polar distance 12 mm
Slot width 6 mm
Air gap width 0.3 mm
Kinetic length 350 mm
Stator distance 10 mm
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Fig. 4. Circuit of the energy storage unit.
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Fig. 5. Linear model diagram of phase inductance.

distributed units can be modularized, so the distributed system can be
scalable [11]. However, the absence of a centralized controller may lead
to the unbalanced flow of energy among the energy storage units [12].

Conventional droop control can improve current equalization in
energy storage units in distributed DC microgrids [13]. However, con-
ventional droop control has its limitations, such as inaccurate current
distribution and deviation of the bus voltage, caused by the converter
line impedance. The deviations in bus voltage may cause damage to the
load and the instability of the overall system as well. Some research
work has been carried out to minimize bus voltage deviations. A piece-
wise linear droop mechanism is applied to modify the droop factor in
different voltage bands, however, the limited droop factor values cannot
satisfy variable load conditions [6]. The idea is further developed in
[14], and the droop factor continuously varies in response to the change
in the power level. The steady-state value of the bus voltage is
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maintained within 3% of the reference value, when the load variation
is suddenly doubled. However, the improved voltage regulation can
aggravate the imbalance in the energy storage unit [15]. To solve the
energy imbalance problem from the energy storage units, there are
different approaches to realize the current distribution of the load, ac-
cording to the power of the energy storage unit, such as the adaptive
droop control methods [16,17]. Current sharing loops are applied in the
adaptive droop control for online updating of the droop resistance for
each unit in the energy storage system. Classical proportional-integral
(PI) controllers are employed to the droop parameters. This approach
requires the share of the unit currents in the different controllers
through low-bandwidth communication networks. However, the control
algorithm has a complex structure and poor stability [18]. To simplify
control complexity, a soft-switching balance technique is proposed in
[19], and the balance strategy employs an isolated converter to transfer
the energy from the high state of charge (SoC) units to the low SoC units.
With the increase of energy storage units, the number of converters in-
creases and this leads to a complex system structure. Therefore, the
above algorithms are not able to satisfy the expected bus voltage in case
of high load conditions [20].

Researchers currently focus on control schemes that can simulta-
neously eliminate bus voltage drops and improve the energy imbalance
of storage units [21]. By modifying the droop factor, the bus voltage
deviation and the energy imbalance of the storage unit can be reduced.
The SoC of the energy storage unit and the load power are introduced
into the droop controller [22,23], and this method relies only on the
modifications of the droop factor to achieve the above two control ob-
jectives. The droop factor is determined by two parameters, which leads
to poor dynamic performance and stability of the system [24]. Scholars
have also combined optimization algorithms with the hierarchical
control algorithm [25,26]. The hierarchical control algorithm is a clas-
sification of the entire control method into three levels, and two con-
trollers are added to eliminate bus voltage drop and energy flow of each
unit. The hierarchical controllers are typically implemented in a
centralized fashion [27], where a central entity communicates with the
converters through a high band communication network. Loss of any
link in such topologies can lead to the failure of the corresponding unit
and influence the performance other units, and potentially result in
system-level instability and cascaded failures [28].

The distributed control strategy without communication has recently
aroused researchers’ interests [29]. A communication-free adaptive
droop control method can automatically adjust the droop factor ac-
cording to load situations [30]. This method can increase the robustness
of the control system, and enable multiple energy storage units to reach
an energy balance state. However, the algorithm requires solving com-
plex droop control equations in real-time. Recently, many swarm
intelligence-based optimization methods have been applied to find the
optimal values of the droop factor, such as particle swarm optimization
(PSO) and the genetic algorithm [31]. Nevertheless, the heavy compu-
tational burden of the optimization algorithms prevents its online
implementation. The above-mentioned communication-free control al-
gorithm can achieve energy equalization among multiple energy storage
units by modifying the droop factor. However, when the system is
connected to a heavy load, the above algorithm does not take into ac-
count the voltage drop caused by the droop factor [32]. When the
voltage drop exceeds 10% of the reference value, the load can even be
damaged.

This paper proposes a novel droop control strategy to integrate an
adaptive state feedback into the conventional droop control for the
distributed LSRGs power generation with SCs energy storage. The ulti-
mate goal of this control scheme is to smooth the output voltage of the
LSRG and equalize the SoC of each energy storage unit. Specifically, the
SoC information of the energy storage unit is applied as a factor to set the
reference value of the bus voltage. The contributions of this paper can be
summarized as follows. First, a distributed energy storage and genera-
tion system with LSRGs and SCs is adopted in this paper. The system
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communication-free droop control algorithm is proposed, which can
solve the problems of bus voltage drops and the energy imbalance of

energy storage units.

2. Modeling of the LSRGs system

The structure of the proposed distributed LSRGs system can be found
in Fig. 2. The LSRG and storage units are connected to the direct current
(DC) bus in parallel. This structure has the characteristics of high effi-

ciency, high reliability, and flexible control [7].

2.1. The structure of LSRG

The picture and the schematic structure of the LSRGs can be found in
Fig. 3 (a) and (b). The LSRG employs an asymmetric structure, where the
double-sided stators are not symmetric according to the axis. This
electromagnetic structure has the advantages of a higher force-to-
volume ratio and efficiency [4]. The moving platform is supported by
a pair of linear guides. Each phase of the LSRGs has the same dimensions

and ratings and the phases are defined as AA’, BB, and CC, respectively.
The main specifications of LSRG unit are summarized in Table 1.

2.2. Mathematical model of LSRG

LSRG can be considered as a typical energy conversion system. From

the mechanical side, the motion equation can be represented as,

where F is the mechanical force input; M is the mass of the mover track;
D is the friction coefficient. f stands for the electromagnetic force and x is
the position of the mover. The electrical equations of LSRG can be

described as (2),
di ' , ,
uk:Rkik+7tk (k=AA', BB, CC)
where Ay = ik L is the total magnetic chain of the k-th phase winding
of the LSRG unit. uy, R, Ly, and ix are the voltage drop, phase resistance,

phase inductance, and phase current of the k-th phase winding of the
motor, respectively. According to (2), it can be further obtained as,

oL di oL , ,
ue = Ryiy + [Ekik + L e i (k=AA" BB, CC) 3
dx
Ve = @
The electromagnetic force can be calculated by the following
equation,
) W, (i,x) 1 & LdL, )
flix) =—7"="=7 k:AA«(le) (k=AA", BB, cC)) 5)
The mathematical model of LSRG can be described by the following
equations,
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Fig. 9. (a) Partial root trajectory of the system; (b) Amplitude and frequency curves of the system.
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When 0Ly/ox < 0, LSRG enters the power generation state. If
—U —Vx-0Lx/0x-I > 0 is satisfied, the k-th phase current of LSRG will
exceed the excitation current. In order to obtain a more accurate value of
the generator phase current, the current variation law can be deducted
from (3) and (5) and the bus voltage of the LSRG is assumed to be
constant. When the LSRG is excited, the changing rate of the phase
current relative to the mover position can be described as follows,

ar

v+ R o
voL{iz,x) i(x) (k=a44", BB, CC) @

The output pulsating current of the LSRG is shown in (7) and it is
clear that the frequency of the pulsating current is related to the oper-
ating speed of the motor.

di, Uy,—2U;
dx ~ ve-L(i, x)

2.3. Mathematical model of the energy storage unit

As shown in Fig. 4, the energy storage unit consists of an SC with a
bidirectional converter. To obtain a good dynamic performance of the
control system, the small signal modeling method of the converter is
employed. In Fig. 4, u;, and i;, are the voltage and current of the inductor
respectively; u. and i, are the voltage and current on the capacitor
respectively; U; and U, are the input and output voltages of the converter
respectively; R and ig are the resistance and current of the resistor that is

connected to the converter, respectively.

The operation of the converter can be summarized as follows. When
Q2 is off and the duty cycle of Q; control signal is d, the current flows
from U, to U;, SC is charging. When Q; is off and the duty cycle of Qs
control signal is d, the current flows from U, to U;. When SC is dis-
charging, the volt-ampere relationship between the two energy storage
units in the circuit can be analyzed as follows.

u, = U; = Ldiy Jdt
{ic = —uy /R = Cduc/dt ®

When Q5 is turned off, the volt-ampere relationship between the two
energy storage units in the circuit is shown in the following equation,

=i

Ylfs NO YES NO
i=i+0 i=i i=i-0

Fig. 11. Flowchart of the control algorithm.
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{ u, = U; — Up = Ldiy /dt ©
ic =iy —uy/u R = Cduc/dt

If we assume that the current value on the inductor and the voltage
value across the capacitor remain constant during one switching cycle of
the pulse width modulation (PWM) scheme, the above equations can be
derived in S domain,

{ Ui — (1-d)Uy = Lsiy,
(1 = d)ip, — uc/R = Csu, 10$)
The above equations demonstrates the volt-ampere relationship on
the inductor and capacitor at a single cycle. In order to obtain the state
quantities of the inductors and capacitors in the converter, the small-
signal model of the converter should be derived. The variables in (10)
are divided into a constant signal and a fluctuating signal. The expres-
sion is shown as,

i =1, +1i,
Uc = Uc+u/c an
d=D+d

where I}, and i;” are the direct current (DC) and alternating current (AC)
components of the inductor current, respectively; U, and u.’ are the DC
and AC components of the capacitance voltage, respectively; D and d’
are the DC component and AC component of the duty cycle signal,
respectively. Substituting (11) into (10), we can get (12),

Ui—(1-D—d)Uy=Ls(i, +1,)
(1=D—d)(iy +1.) = (Uc + up) /R = Cs(Uc + u) a2

When the system reaches a steady state, the relationship between D,
U,, and I; can be deducted as shown in (13) below,

U;— (1—D)V, = Lsl,
(1 —D)I, — U¢/R = CsU¢ 13)
Substituting (13) into (12), the small signal model of the system can
be depicted as (14) below,

—(1 = D)ug +d Uc = Lsi,
(1-D)i, —d I, = (Cs + 1/R)u,. a4

From the above small signal model analysis, the transfer functions of
the system can be deduced. The result is shown in (15) below,

o UoCS + 2U0/R
T LCS® + (L/R)s + d"”

di

d"”R — Ls (15)

Giv = Tipr. AT
d"RCs + 2d"

When the converter is operated in Buck mode, the transfer function
of the system can be obtained from the above approach as shown in (16)
below.
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3. Control strategy of the system

In this paper, a bidirectional converter is employed as the voltage
converter for the energy storage system. As shown in Fig. 4, when Q; of
the converter turns on and Q» turns off, it is a Buck converter circuit and
the bus voltage flows into the energy storage unit. When Q, of the
converter is turned on and Q; is turned off, the circuit topology is a Boost
converter circuit and the energy storage units provide energy to the DC
bus. The operating mode of the bidirectional converter is determined by
the bus voltage value. When the bus voltage is greater than the reference
voltage value, the bidirectional converter operates in Buck mode; The
bidirectional converter operates in Boost mode if the bus voltage is less
than the reference. Therefore, the controllers of Buck and Boost circuits
are required to be designed separately.

3.1. Constant voltage controller design

In this paper, a single LSRG generator is applied and the rated speed v
of the motor is 1 m/s. The current pulsation frequency f generated by the
LSRG is shown in (17).

f=3v/t a7

where 7 is the motor’s pole pitch of 12 mm. When the LSRG is generating
power at an expected speed, the current pulsation frequency is 250 Hz,
and the resulting voltage fluctuation frequency is also 250 Hz.

Fig. 6 (a) and (b) show the output current and output voltage for a
single phase of the LSRG, respectively. The phase inductance L is linearly
related to the mover position as shown in Fig. 5. It can be seen that the
output current and voltage of the LSRG fluctuate more than 25% of the
stable value.

As shown in Fig. 7, a dual-loop voltage controller is applied to the
control system. The current of the SC is adopted as a reference input to
control the inner loop, and the input reference for the control outer loop
is the bus voltage. Combined with the small-signal model of the system
shown in (15), the parameter design principle of the inner-loop is that
the cutoff frequency is less than one-fifth of the switching frequency of
the system. Therefore, the cut-off frequency and the phase angle margin
of the current inner loop are chosen to be 2 kHz and 60°, respectively.
The cut-off frequency of the system voltage loop is also not higher than
one-fifth of the current loop cut-off frequency. In order to suppress the
voltage fluctuation generated by the switched reluctance generator, the
voltage loop cutoff frequency is set to 200 Hz and the phase angle
margin is 60°, respectively. In Fig. 7, Uy is the reference voltage of the
DC bus; Uy, is the voltage setting value of DC bus; Gy, is the transfer
function between inductive current and bus voltage; Giq is the transfer
function between duty cycle of control signal and inductive current; U,
and I are the voltage of SCs and the current of filter inductance,
respectively.

The principle of the selection of the controller parameters in Boost
mode is the same as that in Buck mode. However, when the SC voltage is
low, an excessive output current is required to match the power to be
compensated with the bus voltage. When the inductor current in the
converter is enabled, the high output current will cause a huge voltage
spike in the inductor. This will result in poor system stability and can
aggravate the energy imbalance between the energy storage units. The
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Fig. 14. Result of conventional droop control, (a) Bus voltage; (b) Current of SC; (c) Power of load.

voltage controller output of this system is limited to 6 A and the voltages
of SCs should be more than 5 V.

3.2. Droop factor design

As shown in Fig. 8, a constant droop factor K is employed in the
droop control algorithm and the droop factor determines stability and
the dynamic performance.

When the converter is operating in Boost mode, Fig. 9 (a) shows the
root trajectory of the system as the droop factor increases from 0 to 5. It
can be seen that the dominant pole of the system is always located in the
left half-plane of the S domain. As the value of K increases, the farther
the dominant pole is from the imaginary axis, the more stable the system
is. The amplitude and frequency curve of the system is shown in Fig. 9
(b) below. As the value of K increases, the amplitude curve in the low
frequency region of the system falls, thus causing the steady-state per-
formance of the system to deteriorate.

The poor stability of the control system can be caused by the droop
control factor with a small value. However, a high value of the droop
factor can lead to a large drop in bus voltage and a poor dynamic per-
formance of the system. As shown in Fig. 9 (a), the larger value of K, the
closed-loop pole of the system deviates from the imaginary axis, the
better stability and rapidity of the control system can be guaranteed. In
addition, the larger value of K, the smaller value of low frequency band,
the larger steady-state error of the closed-loop system and the lower the
steady-state accuracy of the system can be obtained. When K = 1, the
amplitude of low-frequency curve is 0. When K = 0.5, the low-frequency
amplitude of the system is greater than 5 dB, and the control system has
good steady-state accuracy and stability. In order to suppress the pul-
sation generated by the LSRG generation, the droop factor of the bidi-
rectional converter operating in Boost mode is set to 0.5. Similarly, it is
deduced that the droop factor of the bidirectional converter operating in

Buck mode is set to 0.5.
The relationship between the output voltage and current can be
characterized as follows,

Vo = Vet —KI, (18)

3.3. Adaptive voltage compensation controller

In order to solve the problem of bus voltage drops and energy
imbalance in the conventional droop control, an adaptive voltage
compensation control is introduced into the droop control loop. In the
Buck and Boost modes, the control block diagram of the system is shown
in Fig. 10. The control system is introduced with the adaptive voltage
compensation scheme based on a double closed-loop PI controller and
the adaptive control algorithm employs the bus voltage as the threshold
of the voltage compensation algorithm. The value of the adaptive
voltage compensation factor is then applied at the beginning of each
control cycle, according to the direction and the trend of the voltage
deviation. In this case, the value of the voltage compensation factor for
each energy storage unit is reset according to the output current value of
the SC, whenever the fluctuation value of the bus voltage is less than the
algorithm turn-on threshold of the system. The voltage compensation
factor is configured to avoid the fluctuation when the bus voltage sta-
bilizes, and the compensation factor can further reduce bus voltage
fluctuation. The algorithm proposed in this paper can fully take into
account the bus voltage drop value. In addition, the voltage of the en-
ergy storage unit is introduced into the algorithm. Therefore, higher
voltage of the SCs will enable more current on charging and discharging
of the SCs.

Since the open-loop transfer function of Boost mode contains a zero
point in the right half-plane of S, the stability and dynamic performance
is worse compared to that from the Buck mode. Therefore, this paper
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Fig. 15. Result of adaptive voltage compensation droop control, (a) Bus voltage; (b) Current of SC; (c) Power of load; (d) Voltage compensation factor.

focuses on the droop control with adaptive voltage compensation in
Boost mode. When the bus voltage value drops under the threshold of
the set value, the factor of adaptive voltage compensation is calculated
by the following equation (19) and the flow chart of the control system is
shown in Fig. 11.

du > 0;
i=i+6{
u > 0;
du < 0;
i=i—6{
u<0; 19)
i = i; (else)

The turn-on threshold voltage is U,, and the offset of the voltage
compensation factor is §. u is expressed as the amount of deviation of the
bus voltage, i.e, Ure - Up, and du stands for the derivative of u.

3.4. Parameter selection of the adaptive voltage compensator

The effect of the compensation controller is limited by two new
impact factor algorithms to the turn-on threshold and the offset of the
voltage compensation factor.

In order to verify the influence of threshold voltage on bus voltage,
four comparative simulations of threshold voltage are constructed in this
paper. The result from Fig. 12 demonstrates that, the large threshold
voltage improves the steady-state accuracy of bus voltage. However, a
high threshold voltage may cause false switching of the converter
operating mode. Therefore, the threshold voltage of 23.6 V is selected in
this paper.

The turn-on threshold voltage of U, cannot be a very big value,
otherwise it will cause the bus voltage to fluctuate around the threshold.
With a smaller U,, the compensator cannot be effectively utilized. In

order to ensure that the proposed algorithm is suitable for all LSRG
power generation systems, the selection of U, is discussed as follows.
The choice of U, depends on the accuracy of the supply voltage required
by the load. Since the fluctuation from the supply voltage of the common
DC load should not exceed 5%, U, should be greater than the voltage
value after 5% of the bus voltage drop, i.e., U, should be greater than
22.8 V. When the fluctuation value of the bus voltage is set below 1% of
the reference voltage, the compensation controller does not function, so
U, should be less than 23.76 V, and the selection range of U, is thus
22.8-23.76 V. When the steady-state accuracy of the bus voltage is
required to be increased, the variation range of § can be limited as U, is
fixed, in order to ensure the working state of the energy storage con-
verter is not influced by the change from U,,.

When u > 0, the first-order derivative of the bus voltage is increasing;
When du > 0, the second-order derivative of the bus voltage is
increasing. § is set as the change in voltage compensation factor per unit
time. In order to verify the influence of 6 on bus voltage, four compar-
ative simulations of § are set up in this paper. The result can be found in
Fig. 13 and it can be concluded that a large § value increases the over-
shoot of the system. Therefore, § is selected as 0.001.

In order to ensure that the proposed algorithm is suitable for all LSRG
power generation systems, the selection of § is investigated. The choice
of § values requires to consider the response speed and stability of the
system simultaneously. Since the rated voltage of the SC is 10 V, the
maximum variation of the output of the compensation controller is 10
times of 5. The sampling frequency of the compensation controller is 1
kHz. When the compensation controller is introduced, the bus voltage
fluctuation needs to be compensated to be within 5% of the reference
voltage for 0.1 s. First, the maximum deviation of the bus voltage is
calculated according to the rated output current of the energy storage
unit, and then the compensation value of the bus voltage can calculated.
The continuous increasing or decreasing range of the compensation
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coefficient value within 0.1 s should be bigger than the compensation
value of the bus voltage, in order to determine the lower limit of 5. The
bigger the value of § is, the faster the dynamic response of the system
will be. However, a bigger § value will cause a large single output
fluctuation of the compensation controller, thus affecting the stability of
the system. Therefore, the maximum value of & should be selected to
improve the response speed of the system, and at the same time, the
change value of the single compensation coefficient should be less than
1% of the bus voltage.

4. Analysis of simulation and experimental results
4.1. Simulation comparison and result analysis

The initial conditions of simulation are: the power of LSRG is 0 W,
the initial voltage of SC is 100 V, and the load variates from 20 Q to 10 Q
at 1 s. A comparison of conventional droop and the proposed control
strategy with the adaptive voltage compensation results is shown in
Figs. 14 and 15, respectively. As shown in Fig. 14, before 1 s, the rated
power of load is 4500 W and the actual power is 3800 W. At this time, SC
discharge current is 38 A, the bus voltage drops to 281 V, and the bus
voltage deviation is greater than 5% of the reference value. After 1 s, the
rated power of the load increases to 9000 W and the actual power is
6500 W. At this time, SC discharge current increases to 66 A, the bus
voltage drop to 268 V, and the bus voltage deviation is higher than
16.7% of the reference value, which can not supply power to the load
sufficiently.

As shown in Fig. 15, the rated power of load is 4500 W and the actual
power is 4500 W. The discharge current of SC is 45 A and the voltage
compensation factor is 0.22. The bus voltage is 298 V, and the bus
voltage deviation does not exceed 1% of the reference voltage. After 1 s,
the bus voltage decreases with the increase of the load power. The

1 1.5 2

Time (s)
(c)

Fig. 16. Result of conventional droop control, (a) Bus voltage; (b) Current of SC; (c) Power of SC, load and LSRG.

10

increase of the compensation factor compensates the bus voltage to 295
V, and thus the bus voltage deviation does not exceed 2% of the refer-
ence value.

Compared with the traditional droop control, the proposed algo-
rithm compensates for the decrease of bus voltage and shortens the
regulation time when the load power increases, and the steady-state
accuracy of bus voltage is improved by 14.8%, which can provide sta-
ble power to the load.

When the output power of LSRG is higher than that of the load
power, the excess energy is stored in the energy storage equipment. The
initial conditions of simulation are: LSRG output power changes from
6000 W to 8000 W in 1 s, the SC initial voltage is 100 V, and the load is
40 Q. A comparison of the conventional droop and proposed control
strategy with the adaptive voltage compensation results is shown in
Figs. 16 and 17, respectively.

As shown in Fig. 16, the rated power of load before 1 s is 2250 W and
the actual power is 2400 W, the charging current of SC is 36 A, the bus
voltage is 318 V, and the bus voltage deviation is 6% higher than the
reference value. After 1 s, the generation power increases, the SC
charging current increases to 48 A, the bus voltage is 325 V, and the bus
voltage deviation is 8% higher than the reference value.

As shown in Fig. 17, the bus voltage before 1 s is 301 V, and the bus
voltage deviation does not exceed 1% of the reference voltage. The SC
charging current is 36 A and the compensation factor is 0.24. After 1 s, as
the generation power increases, the charging current of SC increases, the
compensation factor increases from 0.24 to 0.28, and the bus voltage
reaches a stable state of 309 V within 0.3 s.

In the charging simulation of energy storage system, when the output
power of generation system is 8000 W, the regulation time of the pro-
posed algorithm is reduced and the steady-state accuracy of bus voltage
is improved by 6.3%.
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Fig. 17. Result of adaptive voltage compensation droop control, (a) Bus voltage; (b) Current of SC; (c) Power of SC, load, LSRG; (d) Voltage compensation factor.
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Fig. 18. Physical diagram of the energy storage system.

4.2. Experimental setup The SC bank is employed as the energy storage device, the bidirectional

converter is responsible for energy transmission energy between the SC

This section investigates the performance comparison of the pro- and DC bus. The main parameters of the bidirectional converter and SC
posed droop control algorithm with adaptive voltage compensation to are shown in Table 2.

the conventional droop control algorithm in terms of anti-disturbance
capability and energy equalization. As shown in Fig. 18, the hardware
in loop controller (Speedgoat®) is adopted in this experiment, where the
sampling rate is 10 kHz and the control frequency is 2 kHz, respectively.

4.3. Experimental results
The operation mode of the wave power generation and energy

11
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Table 2
Wave power generation system parameters.
Parameters Symbol Value
Output power P, 0-50 W
Output voltage Vo 24V
ON-state resistance of MOSFET 'ps 4.8mohm
ON-state resistance of diode Ty 1mohm
Filter inductor L 1mH
Filter capacitor C 680uF
Nominal switching frequency fow 20 kHz
SC(Super Capacitor) Csc 18F
ESR of SC Tes 5mohm
Voltage of SC Ve 6v
29
~ 28
>
N
[5) [
& 27
<
=
© [
g 26
%) A ANAAA
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m 25}
24
23 i i I 1
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system is shown as follows. When the wave energy generator provides
sufficient input power, the load is powered by renewable energy sources
while the energy storage system operates in the charging mode. During
the charging process, the energy storage system is charged at the
maximum input voltage in order to quickly reach a fully charged state.
When the energy storage system is fully charged, it disconnects and
waits to enter the discharging state. When the output power of the wave
energy generator is not enough to supply the load, the energy storage
system switches to the discharging mode. During the discharging pro-
cess, the uiltimate goal is to ensure that the power from both SoC of each
energy storage unit and the output power is balanced.

Casel: Since the wave energy power systems is reauired to supply
energy to the load, the power generated should be more than the power
consumed by the load. At this time, the energy storage unit is charging

Current of SC (A)
[\S]

0 1 2 3 4 5
Time (s)

(b)

Fig. 19. (a) Bus voltage; (b) Current of SC under the conventional droop control.
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Fig. 20. (a) Bus voltage; (b) Current of SC; (c) Voltage compensation factor under the proposed droop control.

12



X.S. Jiang et al.

9.
— (]
— (D

81 »—SC.';

Voltage of SC (V)
N

Time (s)

Fig. 21. SC voltage for conventional droop control.

and the output voltage of the wave energy generator is greater than 24
V. One of the more severe operating conditions is the charging of the
energy storage unit under no load when the wave energy generation
system starts to work. Because there is no load to consume the power at
this time, and the initial voltage of the energy storage unit is 0 V, the
charging current is high and the stability of the system is poor. In this
paper, the output voltage of the wave energy generator is set to 28 V, and
the experimental platform is configured to a single energy storage unit.

As shown in Fig. 19, under the conventional droop control, the bus
voltage is greater than 25 V at th current of 2 A to 3 A. During the initial
power-up, the bus voltage and the charging current of the energy storage
unit fluctuated sharply, and the bus voltage stabilized at 1.52 s. At this
time, the bus voltage fluctuation of the system decreases, and the
charging current of the system gradually decreases as the SoC of the SC
increases, therefore the voltage deviation due to the droop factor
gradually decreases. The bus voltage converges to the reference value.

As shown in Fig. 20, the droop control strategy with the adaptive
voltage compensation adjusts the voltage compensation coefficients
through the primary and secondary differential information of the bus
voltage. At 0.68 s, the fluctuation value of bus voltage is less than 5%
and the system tends to reach a steady state. Since the voltage feedback
factor changes with the fluctuation of the bus voltage, the bus voltage
will fluctuate around 24 V after 0.68 s, and the adjustment time is
reduced by 55.26%. When the voltage feedback factor stabilizes, the bus
voltage and the charging current of the energy storage unit also

— S ]

Voltage of SC (V)

0 . . . .
0 10 20 30 40

Time (s)
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approach to a steady state. At this time, the bus voltage fluctuation value
of the system is less than 2%, which can provide a stable operating
voltage for the load. Compared with the conventional droop control, the
steady-state accuracy and regulation time of the system are substantially
improved.

Case2: The LSRGs based wave energy generation system can improve
the capacity of the energy storage system if more energy storage units
are connected. However, the SoC of each energy storage unit is different,
which will cause the overall energy storage system to work less effi-
ciently, so energy equalization is required for each of the storage unit. In
this paper, three energy storage units are designed to supply power to
30 W load under different initial voltage values. The capacity of three SC
is 18F, the rated voltage is 10 V, and the initial voltages are 8, 7.5 and 7
V respectively.

As shown in Fig. 21, the energy from the storage units cannot be
balanced under the conventional droop control. This is because the
droop factor acts as a virtual resistance, which eliminates the influence
of the line resistance, and thus the three SC will be powered with the
same current. In contrast, the proposed adaptive voltage compensation
controller introduces the terminal voltage of the SC, so that the SC with
higher voltage generates more current. As shown in Fig. 22, the SC with
the initial voltage of 8 V has the highest output current and the SC with
voltage of 7 V has the lowest output current. The voltage of the SC
gradually decreases and the output current gradually increases. At 40s,
the terminal voltage difference of three SCs is less than 0.1 V, which can
be regarded as the energy storage unit to achieve energy balance.

5. Conclusion and discussion

The control chanlleges in the wave power generation and storage
system of LSRG can be summarized as: (1) the large voltage drop due to
low voltage and high current, and (2) the difficulty to achieve the power
balance in the storage units. This paper proposes a novel droop control
strategy with the adaptive voltage compensation. The proposed adapted
control method can achieve power distribution according to the capacity
of energy storage units with fast system response. In addition, increasing
the bus voltage can decrease deviation and improve the self-recovery
ability of the system when any interference is encountered, thus
enhancing power supply quality. The algorithm proposed in this paper
can improve the steady-state accuracy and regulation response time
compared with the conventional droop control, under the low voltage
and high current environment. The steady-state accuracy of the bus
voltage based on the proposed adaptive voltage compensation control

—SCl1

Current of SC (A)

0 . . . .
0 10 20 30 40

Time (s)

Fig. 22. SC voltage of adaptive voltage compensation droop control strategy.
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strategy is improved and the adjustment time is reduced simultaneously.
The SoC of the energy storage units can reach the balance state when the
SoCs of the three energy storage units differ by 5%. The effectiveness
and superiority of the proposed control method are verified
experimentally.
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