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Abstract

This study aims to evaluate the power-system stability and the mitigation of fluctuations in a hybrid wind/wave
power-generation system (HWWPGS) under different operating and disturbance conditions. This evaluation is
performed by employing a vanadium redox flow battery-based energy storage system (VRFB-ESS) as proposed.
The measurement results obtained from a laboratory-scale HWWPGS platform integrated with the VRFB-ESS,
operating under specific conditions, are used to develop the laboratory-scale simulation model. The capacity rating
of this laboratory-scale simulation model is then enlarged to develop an MW-scale power-system model of the
HWWPGS. Both operating characteristics and power-system stability of the MW-scale HWWPGS power system
model are evaluated through frequency-domain analysis (based on eigenvalue) and time-domain analysis (based on
nonlinear-model simulations) under various operating conditions and disturbance conditions. The simulation results
demonstrate that the fluctuations and stability of the studied HWWPGS under different operating and disturbance

conditions can be effectively smoothed and stabilized by the proposed VRFB-ESS.

Keywords: vanadium redox flow battery, energy-storage system, hybrid wind/wave power-generation system,
laboratory-scale platform, power-system model

1. Introduction

Recently, offshore wind energy has become one of the most important renewable energy sources (RESs) to generate large
electric power in European countries since such large electric power can be effectively generated from available offshore wind
energy around the North Sea. With similar ocean space and electrical infrastructure, a hybrid wind/wave system also develops

a novel strategy to harvest and capture energy from available RESs.

Rahman et al. [1] proposed a novel wind/wave hybrid ocean energy technology (HOET) connected to an offshore
substation but without considering any ESS. This paper refers to the configuration of [1] to employ the VRFB-ESS to achieve

both stability improvement and smooth fluctuations of the studied HWWPGS.

Rasool et al. [2] presented a wind/wave hybrid energy system (WWHES) using multiple permanent magnet linear
generators and a doubly-fed induction generator (DFIG) for the wave and wind energy conversion system, respectively. This
paper refers to the configuration of [2] to establish the HWWPGS joined with the VRFB-ESS to capture wind energy and wave

energy.
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Rasool et al. [3] proposed a novel hybrid offshore wind/wave energy conversion system (HOW-WECS) to supply stable
power to the customers of remote communities. This paper refers to the configuration of [3] to establish the HWWPGS with

the VRFB-ESS to achieve stability improvement.

Rasool et al. [4] showed a HOW-WECS with novel active power and reactive power control architecture using a DFIG
and a linear generator to effectively capture wind energy and wave energy, respectively. This paper refers to the configuration

of [4] to establish the HWWPGS for effectively harvesting wind energy and wave energy.

Gao et al. [5] presented a comprehensive review of the electrical systems to implement wind/wave energy conversion
systems. This paper also refers to the configuration of [5] to establish the HWWPGS for effectively integrating wind energy

and wave energy.

Latif et al. [6] proposed a novel double-stage controller for load frequency control to evaluate the dynamics in an
independent hybrid maritime microgrid (MG). This paper refers to the control system of [6] by using the proposed VRFB-ESS
to achieve power-flow control of the studied HWWPGS.

Jahangir et al. [7] compared both techno-economic and environmental analyses between a hybrid PV/WT/Pelamis/battery
system and a hybrid PV/WT/battery system at seven different locations in the world to confirm that the former was able to
yield more economic efficiency than the latter. This paper refers to the configuration of [7] to establish the studied HWWPGS
joined with the proposed VRFB-ESS.

Sattar et al. [8] presented both dynamic and transient characteristics of a battery energy storage system (BESS) connected
to the output terminals of a wind energy conversion system to smoothen short-term output-power fluctuations. This paper

refers to the BESS in [8] to study VRFB-ESS on both smooth fluctuations and stability improvement of the HWWPGS.

Rasool et al. [9] proposed a novel multifilter-based dynamic power-sharing control devised for a hybrid energy-storage
system (HESS) integrated with a WECS. This paper refers to the control system and the HESS in [9] and uses the proposed

VRFB-ESS with a suitable control system to achieve both smooth fluctuations and stability improvement of the HWWPGS.

Huang and Mu [10] proposed an improved interdigital flow field design to improve the overall performance of a VRFB-
ESS connected to MGs to effectively conquer the problems of randomness, intermittentness, and uncontrollability at the output
powers of wind energy, PV energy, and other RESs. This paper refers to the VRFB-ESS in [10] to achieve both smooth

fluctuations and stability improvement for the studied HWWPGS.

Wang et al. [11] proposed a VRFB-ESS connected to the output terminals of a wind farm through a bidirectional AC/DC
converter with its control strategy to improve the power quality and stability of the wind farm. This paper refers to the

configuration of [11] for establishing the studied HWWPGS.

Ma et al. [12] proposed a control scheme using a shared BESS to undertake the obligations of primary frequency response
for multiple wind and PV power plants to provide commercial automatic generation control services. This paper refers to the

configuration of [12] by establishing the HWWPGS joined with the proposed VRFB-ESS for power-flow control.

Wang et al. [13] presented the configuration of a WT system integrated with a VRFB-ESS supplying DC loads. The step-
changed power absorbed by the DC load and the random output active power of the WTS were simultaneously compensated
by the output power of the proposed VRFB-ESS. This paper refers to the configuration of [13] to establish the HWWPGS

joined with the proposed VRFB-ESS to smoothen power fluctuations.

Wang et al. [14] presented comparative experimental measured results and computer-simulated outcomes of a VRFB-
ESS under different charging and discharging conditions. This paper refers to the equivalent-circuit model of the VRFB-ESS
in [14] and combines the models of both HWWPGS and VRFB-ESS to achieve power-system stability improvement and

smooth fluctuations.
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The contributions of this paper are (a) a laboratory-scale platform for power integration of a VRFB-ESS into an
HWWPGS is proposed and established, (b) the measured results of the laboratory-scale platform are employed to carefully
compare with the simulated ones obtained from the laboratory-scale platform’s simulation model, (c) the simulation model for
power integration of a VRFB-ESS into an HWWPGS is extended to be an MW-scale power-system model of the HWWPGS
for evaluating power-system stability using both frequency-domain approaches based on eigenvalue analysis under different

operating conditions and time-domain approach based on nonlinear-model simulations under various disturbance conditions.

The structure of this paper is organized as below. Section 2 introduces the configuration of the laboratory-scale platform
and the associated employed mathematical models of the studied HWWPGS. Both field-measured steady-state results and
computer simulation steady-state results of the laboratory-scale platform under the selected operating condition are compared
in Section 3. Section 4 shows the frequency-domain results of the MW-scale power-system model of the HWWPGS using
eigenvalues analysis. Time-domain analyzed results of the MW-scale power-system model of the HWWPGS are depicted in

Section 5. Finally, important specific conclusions of this paper are drawn in Section 6.

2. Configuration of Laboratory-Scale Platform and Employed Mathematical Models

A laboratory-scale platform for power integration of a VRFB-based ESS into an HWWPGS is proposed in this paper and
the associated configuration of the laboratory-scale platform is shown in Fig. 1. In Fig. 1, a three-phase permanent-magnet
synchronous generator (PMSG) rated at 2 kW driven by an induction motor (IM) rated at 5.5 kW controlled by a frequency
converter is employed to simulate the operational characteristics of the studied wind PGS. A three-phase linear permanent-
magnet generator (LPMG) rated at 2 kW driven by a linear permanent-magnet motor (LPMM) rated at 3 kW is utilized to
simulate the operational performance of the studied wave PGS. The three-phase AC outputs of the wind PMSG and the wave
LPMG are rectified to be the DC-link voltage of 48 V through individual three-phase bridge rectifiers with the DC/DC
converters. In addition to connecting the VRFB-ESS rated at 500 W to achieve energy-storage (charging the VRFB-ESS) or
energy-release (discharging from the VRFB-ESS) functions through a bidirectional DC/DC converter, the 48-V DC link also
supplies power to an AC load through a DC/AC voltage-source inverter (VSI) under various loading conditions of the

HWWPGS integrated with the VRFB-ESS.

PMSG-side
DC/DC
converter

PMSG bridge ;

DC/AC
inverter

DC48V

PMSG-side Bidirectional Vanadium
LPMG bridge i DC/DC DC/DC ; redox flow
Recg converter converter  5attery battery

LPMM LPMG

Ean

Fig. 1 Lab-scale VRFB-ESS integration in HWWPGS

The field measurement results of the laboratory-scale platform are first utilized to adjust and correct the parameters of the
simulation models of the studied laboratory-scale platform. Subsequently, the capacities of the wind PGS, the wave PGS, and

the VRFB-ESS are enlarged to 1 MW, 0.5 MW, and 100 kW/kWh, respectively, to establish the required MW-scale power-
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system model of the studied HWWPGS. The simulation results also demonstrate that the proposed MW-scale power-system
model of the studied HWWPGS can operate under different scenarios, validating the feasibility and effectiveness of the

HWWPGS integrated with the VRFB-ESS.

This section presents the mathematical models for various subsystems in the studied HWWPGS discussed in this paper.
The model for the PMSG-based wind PGS, the model for the LPMG-based wave PGS, the model for the VRFB-ESS, and their
associated control blocks for the converters/inverters are briefly discussed. All models, except for the DC components, are
established in a d-g axis reference frame. Since only three-phase balanced conditions are considered in this paper, the zero-

axis (or 0-axis) component can be properly neglected.

2.1. Model of the proposed VRFB-ESS with its bidirectional DC/DC converter [13-14]

The fundamental architecture of the proposed VRFB-ESS is shown in Fig. 2. It consists of a main cell stack (Labeled as
“Cell Stack”), two electrolyte tanks (“Electrolyte Tank #1” and “Electrolyte Tank #2”), two circulation pumps (“Pump #1”
and “Pump #27), and two heat exchangers (“Heat Exchanger #1” and “Heat Exchanger #2” in Fig. 2). As shown in Fig. 2,
“Pump #1” draws electrolyte from “Electrolyte Tank #1,” while “Pump #2” draws electrolyte from “Electrolyte Tank #2,”
each corresponding to the Cathode and Anode, respectively. The reacted electrolyte flows through both “Heat Exchanger #1”

and “Heat Exchanger #2,” and then returns to “Electrolyte Tank #1” and “Electrolyte Tank #2”, respectively.

Heat exchanger #1 Heat exchanger #2
V4 / Vs Cell stack V,/ Vs
Electrolyte Electrolyte
tank #1 tank #2
Cathode Anode
+ _
Pump #1 Pump #2

Fig. 2 Fundamental architecture of the proposed VRFB-ESS

Fig. 3 illustrates the employed equivalent-circuit model of the studied VRFB-ESS, including both equivalent internal
losses and equivalent parasitic losses. In this model, Vvrrp and Ivgrrp represent the output voltage and output current of the

VRFB-ESS, respectively.
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Fig. 3 Equivalent-circuit model of the employed VRFB-ESS
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The parasitic loss is depicted by a parallel connection of the equivalent resistance Ry, (used for controller purposes) and
the dependent current source .., (utilized for the circulating pumps). The dependent voltage source Vi, along with its output
current Iy, characterizes the equivalent voltage of the cell stack. Additionally, C... denotes the equivalent capacitance of the
electrode, R,., is employed to represent equivalent reaction loss, and R,.s represents an equivalent resistive loss. The VRFB-

ESS cell voltage can be expressed by:

V. =E,+ 2RT In SoC
“ F 1-SoC

(1
where Ej is the balance potential (in V) of individual cells, R is the universal gas constant (R = 8.314510 J/kmole), F is the
Faraday constant (F = 96,485 C/mole), T is the temperature (K) of the electrolyte in the stack or the stake temperature, and

SOC is the state of charge of the VRFB-ESS.

The bidirectional DC/DC converter used for the energy exchange between the VRFB-ESS and the DC link, as shown in
Fig. 4, comprises an energy-storage inductor Ls and two power semiconductor switches S; and S», which operate
complementarily. This configuration enables bidirectional power flow between the VRFB-ESS and the DC link. When the
bidirectional DC/DC converter is in the buck mode of operation, S acts as a switch, S» acts as a diode, and power flows from

the DC link to the VRFB-ESS.
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+

VREBH Virrs 5 '|E}
. .

Fig. 4 DC/DC converter for VRFB-ESS energy exchange

Conversely, when the bidirectional DC/DC converter is in the boost mode of operation, S> acts as a switch, S acts as a
diode, and the power flows from the VRFB-ESS to the DC link. For simplicity, it is assumed that the detailed switching
manners of two power switches, Si and S, are properly neglected. Thus, the bidirectional DC/DC converter can be simulated
using its dynamic average-value model. Figs. 5(a) and 5(b) depict the dynamic average-value models of the bidirectional

DC/DC converter under the boost mode of operation and the buck mode of operation, respectively.

i IyRFB DC i iyRFB DC
IEF,B Rs Ls s s Rs Lg e
—ATIT —— AT
+ + + +
(1-Ds)Vpc (1-Ds)irzrs DsVpc Dysiyrrs

Virrs <i-> <T> Cpc —— Vpc Vvrrs <i-> <T> Cpc —— Vpe

(a) Boost mode (b) Buck mode

Fig. 5 Dynamic average-value model of the employed bidirectional DC/DC converter

The associated dynamic equations of the employed bidirectional DC/DC converter in the boost mode and the buck mode

of operation are given below.
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(a) Boost mode:

(L) pliygrs) = —Rglygrg + Vigrg — (1 — Dy )VDC (2)

lyrrp_pC = (I_DS)iVRFB 3)
(b) Buck mode:

(L) p(iygey) = =Rglyppp + Vires — DsVpe “)

lyres_pc = Dslygrs (5)

where Ls and Rs are the equivalent inductance and the equivalent parasite resistance of the energy-storage inductor, respectively;
ivrre_pc 1s current at the DC-link side; and Ds is the duty ratio of the two power semiconductor switches of the bidirectional

DC/DC converter.

2.2. Model of the PMSG-based wind PGS with its AC/DC VSC [15-16]

Wind turbine VSC

— DC link
PMSG °
Viv +

Fig. 6 Wind PMSG schematic with AC/DC VSC

Fig. 6 shows the schematic diagram of the studied PMSG-based wind PGS. The rotor of the wind PMSG is directly
coupled to the WT while the stator windings of the wind PMSG are fed to the DC link through an AC/DC VSC. The mechanical
power extracted by the WT can be expressed by:

P, =Lp zR2VIC, (4,.5,) ©)

w 2 bw'" w

where p, is the air density (in kg/m?), R, is the length of the turbine blade (in m), V,, is the wind speed (in m/s), and Cpy (Aw, Bw)
is the dimensionless power coefficient of the WT. The power coefficient is a function of the tip speed ratio 1., = R@, / V.,

(where w; is the turbine blade’s angular speed in rad/s) and the blade pitch angle f3,, in degrees as follows.

pr (ﬂw’ﬁw) = Cl [02 /F_ CZﬁw _C4 (ﬁw)g - Cé]exp (_C7 /F) (7)

1 1

—C
— = +
F ﬂ‘w +C8ﬁw /6:

9
+1 (®)

where ci-c9 are the constant coefficients. The mathematical model of the studied wind PMSG in a dg-axis reference frame

fixed on the rotor of the PMSG can be written as:
(Lipg [@,) Py ) =—Rpgiy ¢+ Op LypGl, 6 —Vas 6 9)

(Lype /@) Py 6)=—Rpgly ¢ = @pcLipgias 6 —Ves 6 T Prc¥pu (10)

where vy ¢ and vy ¢ (iss_c and ig ) are the d-axis and g-axis stator-winding terminal voltages (stator-winding currents),
respectively; Lspg and Lypc are the d-axis and g-axis synchronous inductances, respectively; Rp¢ is the stator-winding resistance;
weu 1s the flux linkage established by a permanent magnet; wpc is the angular speed of the wind PMSG; p is the differential

operator for the time variable ¢ (i.e., p = d / df); and wy is the base angular frequency in rad/s.
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Fig. 7 depicts the control block diagram of the AC/DC VSC for the wind PMSG. The primary goal of this converter is to
enable the wind PMSG to convert the maximum available wind power. To achieve this goal, the optimal torque control strategy
can be employed for the wind PMSG’s VSC. In this scheme, the torque of the wind PMSG is regulated to the optimum torque,

which can be determined by measuring the rotor speed of the wind PMSG as follows.

T

opt

=K,, 0 (11)

where K, is the constant determined by the characteristics of the WT. In Fig. 7, the torque of the wind PMSG is controlled
via its g-axis stator-winding current (iys g). To minimize the power loss in the wind PMSG, the reference value of the d-axis

current is set to be zero, i.e., ids_Grer= 0.

lds Gref —> Kpy + — Vas_6

- +
las G wpgLapg
wpgLqrc

Tref = Topt 1 K; —
Ypm LS i
+
wpcYpM

Fig. 7 Control block diagram of the employed AC/DC VSC of the wind PMSG

2.3. Model of the LPMG-based wave PGS with its AC/DC VSC [17]

The wave PGS consists of a LPMG driven by an AWS. The AWS is characterized as a point absorber-type wave energy
converter since it is relatively small in size compared to typical wavelengths. The LPMG-based wave PGS is completely
submerged, operating based on the changes in water pressure below the sea surface caused by passing waves. Fig. 8 shows the

schematic diagram of the fundamental operation of the studied LPMG-based wave PGS.

Wave crest

Wave trough

Floater

~

@ LPMG

Fixed
cylinder

Seabed
Fig. 8 Schematic diagram of the fundamental operation of an LPMG-based WAS
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FWT,,_,
B I
1

ﬁs§ [——15

VAV AV AV AV AV A GV A AV AV 4 BV 4 &V &b &V 4
Fig. 9 Schematic diagram of the equivalent mass-spring-damper model of the studied AWS

The AWS comprises an air-filled cylindrical chamber consisting of a movable upper part, called the floater, and a lower
part fixed to the seabed. The mechanical dynamics of the studied LPMG-based AWS, as shown in Fig. 9, can be modeled
using a mass-spring-damper system. Thus, the mechanical dynamics of the AWS can be described by the following motion

equation.

p(2)=u, (12)
(mt)p(uz):Fwave _IBSZ_ﬁDuz_FLG (13)
where z and u. are the distance and the speed of the floater, respectively; m; is the total combining mass of the floater, the
LPMG’s translator, the water above the AWS that has to be accelerated, and various parts moving with the floater; Fyyav. is the

driving force acting on the floater from the waves; F¢ is the force acting on the floater from the LPMG; and fs and fp are the

spring constant and damping coefficient of the AWS, respectively.

The moving part of the wave LPMG, which is called the translator, reciprocates in the LPMG. Both the speed and direction
of the translator’s motion change continuously. The wave LPMG model is established based on the dg-axis reference frame

that is fixed to the translator. The d-axis and g-axis voltage equations of the LPMG can be written by

Varg = ~Riglag = OW 6 + PWa) (14)
Ve = Riglyue = OVWaue+PW,6) (15)

where varg and vy are the d-axis and g-axis terminal voltages, respectively; R ¢ is stator-winding resistance; iy ¢ and iz are

the d-axis and g-axis stator-winding currents, respectively; ¥y, and ¥, are the d-axis and g-axis stator flux linkages,

respectively; and w, = mu, /Ty, where 7.6 is the pole pitch of the LPMG. The stator flux linkages of the wave LPMG can

be expressed by
Ve = Lucluc T Ve (16)
Ve = _LqLquLG (17)
in which
Vi = Lnargluic (18)
Ve = Luc + Loac (19)

Vi = L+ LquG (20)
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where W6 is the flux linkage produced by the permanent magnet of the wave LPMG; Ly and Ly are the d-axis and g-axis
synchronous inductances, respectively; Li g is the stator-winding leakage inductance; Liarc and Lygic are the d-axis and g-axis

mutual inductances, respectively; and /,..¢ is the equivalent magnetizing current of the permanent magnet.

By substituting Egs. (17) and (18) into Egs. (14) and (15), the mathematical equations used to simulate the dynamic

behaviors of the studied wave LPMG can be expressed as follows.

(L) Pliy) =—Rygiye + 0, LqLG iqLG “Vire (21)
(L) Plye) =—Rigiyc = OLyclyc = Ve T OWc (22)

Finally, the force of the wave LPMG acting on the floater can be expressed by

3z
Fig=

= 27 |:(LdLG - LqLG )idLG iqLG - l//mLquLG ] (23)
pLG

Fig. 10 depicts the control block diagrams of the studied VSC for the wave LPMG. The purpose of this converter is to
enable the wave PGS to extract maximum power from waves while minimizing power loss in the wave LPMG. The power
loss in the wave LPMG and the active power converted from the wave can be independently controlled by the d-axis and g-

axis currents (iqzc and iy ) of the wave LPMG, respectively.

. + K:
LG ref Ky +—2 Vare
s
lare . * @zLare
lgLG * > szqLG
i + KiZ
qLG_ref Ko + e qLG

wzlmeG
Fig. 10 Control block diagrams of the studied AC/DC VSC of the wave LPMG

The current control of the AC/DC VSC utilizes a proportional-integral (PI) controller to adjust the d-axis and g-axis
currents of the wave LPMG to their reference values (izrc_ror and izic_rs), respectively. The reference value for the d-axis
current is set to zero (i.e., izrg_rs = 0) to minimize power losses in the wave LPMG. To maximum power extraction from the
wave, the reference value for the g-axis current is determined by the measured speed of the floater of the AWS, as shown in
the following equation.

_ ZTpLGﬁDuz

i = pLGTDTe 24
qLG _ref 37[1//",[_6 ( )

2.4. Model of the employed DC/AC VSI [15-17]

Fig. 11 shows the control block diagram of the employed DC/AC VSI. The purpose of this DC/AC VSI is to maintain the
DC-link voltage Vpc at its reference value Vpc . and control its output power factor at unity. Hence, the reference value iy s

is set to zero. The DC-link voltage Vpc and its reference value Vpc . are measured, and the reference value for the current
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iar_ref 1s determined through the PI controller to decouple the current components into their active and imaginary parts. The d-

axis is aligned with the voltage phasor at the common coupling point, and the output AC voltage of the VSI can be controlled

by the DC-link voltage.

Vapcc
Vbe_ref ldl_ref
+ P s + g
VDC lar (l)‘.Ll
lqr weLy
. K;
+
Vapcc

Fig. 11 Control block diagram of the employed DC/AC VSI

3. Comparative Field Measured Results and Computer Simulation Results of the Laboratory-

Scale Platform

Fig. 12 shows the comparative steady-state field measured results and computer simulation results of the electrical
quantities of the laboratory-scale platform for the studied HWWPGS shown in Fig. 1. The plots from Fig. 12(a) to Fig. 12(g)
represent the output voltage of the wind PMSG, the output current of the wind PMSG, the output voltage of the wave LPMG,
the output current of the wave LPMG, the DC-link voltage, the output voltage of the DC/AC VSI, and the voltage of the
VRFB-ESS, respectively. The plots in the left column correspond to the steady-state field measured results, while those in the

right column correspond to the computer simulation results.

] MHH\"””\'\ '\\\'\Iy [
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B M M| || ” I MHM \‘h

HI‘ LR TR sy \Iu 'll MH\ ‘;‘ ! Ja\

' 1 " L L 1
[ 0.5 1 1.5 2 25 3
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(a) Output voltage of the wind PMSG

(Current: 1 A/div., Time: 7.35 s/div.) s A
(b) The output current of the wind PMSG

Fig. 12 Comparison: field measurements vs. simulation results for HWWPGS (Fig. 1)
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Table 1 provides a summary of the field-measured results and the computer simulation results for the seven electrical
quantities, along with the frequency of the wind PMSG as shown in Fig. 12, as well as their corresponding errors. It can be
observed from Fig. 12 and Table 1 that the current of the wave LPMG exhibits the largest error of 8.2%, while other errors
remain below 4.1%. Hence, it can be concluded that the developed mathematical model for the laboratory-scale platform is
suitable for establishing an MW-scale power-system model of the HWWPGS combined with the proposed VRFB-ESS in the

next section.

Table 1 Comparison of field measured results, computer simulation, and error results for HWWPGS electrical quantities

Field measured results | Computer simulations | Error (%)

Vemsc (V) 101.2 100.0 1.2
Ipmsc (A) 0.83 0.81 3.75
frusc (Hz) 57.1 59.5 4.03
Vipma (V) 41.8 40.2 3.98
ILpmac (A) 2.11 1.95 8.2
Vbc (V) 47.8 48.0 1.11
Vivv (A) 107.8 110.0 2.0
Jfivv (Hz) 58.9 60.0 1.83

4. Frequency-domain Analysis of the MW-Scale Power-System Model of the Studied HWWPGS
[15-17]

In the previous section, the field measurement results of the laboratory-scale platform for the studied HWWPGS were
used to adjust and correct the parameters of the simulation model for that configuration. However, it’s important to note that
the capacity rating of the laboratory-scale platform falls within the kW range. In this section, the capacities of the wind PGS,
the wave PGS, and the VRFB-ESS shown in Fig. 1 are properly enlarged to be 1 MW, 0.5 MW, and 100 kW/kWh, respectively,
to establish the required MW-scale power-system model for the studied HWWPGS.

The nominal operating conditions for this MW-scale power-system model were properly selected: wind speed V,, of 11
m/s for the wind PGS, the peak wave force Fa. of 0.5 kN, the wave period T of 12 s for the wave PGS, and the AC load of

0.5 p.u. connected to the output terminals of the DC/AC VSI. This section will use eigenvalues and root-loci plots to evaluate
the stability of the studied MW-scale power-system model of the studied HWWPGS under the nominal operating conditions

and different wind speeds of the wind PGS.

Table 2 Comparison of eigenvalues in MW-scale power-system model for HWWPGS with/without VRFB-ESS

Eigenvalues without VRFB-ESS Eigenvalues with VRFB-ESS
Aip AWS-LPMG of -33.9356 £j317.4194 Ao AWS-LPMG of -36.0444 £ j316.7731
- 0 - - (0) .
A3z the wave PGS -688.5591 % ;299.9147 Aza the wave PGS -689.0253 +j299.7209
Asg -1337.416, -0.2265 Asg -1337.417, -0.2265
No.10 WT and PMSG -5.2927 + j14.0646 Ao.10 WT and PMSG -6.3437 £ 13.5514
an an
A2 of the wind PGS -968.6324, -968.3104 Ai112 of the wind PGS -966.0377, -968.3104
A13.14 -201.3692, -0.7989 Ai3,14 -201.3926, -0.7989
A -484.3754 + j211.262 A -484.5246 +210.92
15,16 DC/AC Inverter 84.375 J 625 15,16 DC/AC Inverter 84,5246 J 0.9286
A17,18 -495.8906 * j233.4511 A17,18 -496.3371 +j233.2684
Ay DC link -0.4515418 Ao DC link -1.5997138
A1 AC load -0.5£3162.2776 A2021 AC load -1.3184 +;3165.4166
A3 -497.0584, -204.3407
A2s2s VREB-ESS -9.79784, -9.71672

Table 2 lists the comparative eigenvalues of the studied MW-scale power-system model for the studied HWWPGS with
and without the proposed VRFB-ESS under nominal operating conditions. Table 2 shows that when the proposed VRFB-ESS

is added to the studied system, the DC link and the load DC/DC converter modes can have larger influences while the modes
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of the wind PGS and wave PGS have smaller influences. Moreover, most modes of the studied system in Table 2 move away
from the imaginary axis of the complex plane when the proposed VRFB-ESS is in service. Fig. 13 shows the root-loci plots of
some important modes of the studied MW-scale power-system model for the studied HWWPGS when the wind speed of the
wind PGS increases from 3 m/s to 15 m/s. It can be seen from Fig. 13 that only the modes of the wave PGS (A2 and As4)
move leftward while other modes move leftward first and then move rightward when the wind speed increases. However, all
the modes of the studied MW-scale power-system model of the studied HWWPGS can maintain stable operation under widely

varied wind speeds.
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Fig. 13 Root-loci plots for dominant modes of MW-scale power system with wind speed variation

5. Time-Domain Analysis of the MW-Scale Power-System Model of the Studied HWWPGS [15-
17]
Fig. 14 shows the dynamic responses of the studied MW-scale power-system model of the studied HWWPGS when the

wind speed of the wind PGS is varied. The initial conditions of the studied MW-scale power-system model of the studied

HWWPGS at t = 0 s are the peak wave force Fya. of 0.5 kN and the wave period T of 12 s for the wave PGS, the absorbed
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power of 0.5 p.u. for the AC load, and the wind speed V,, of 11 m/s for the wind PGS. When a wind speed disturbance is
applied to the studied wind PGS the wind speed gradually increases from 11 m/s to 15 m/s. When ¢ = 15 s, the wind speed
drops to as low as 10 m/s. When 7 = 30 s, the wind speed decreases again and then drops to 7 m/s at ¢ = 40 s. Finally, the wind

speed increases to 10 m/s.
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Fig. 14 Dynamic responses of MW-scale power system to wind speed variations
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Fig. 14 Dynamic responses of MW-scale power system to wind speed variations (continued)

It can be found in Figs. 14(a)-14(d) that the voltage and the active power of the wind PGS are changed with the variations
of the wind speed when the constant AC load is connected to the studied HWWPGS. It is worth noting that the output active
power of the wind PGS is limited to 1.0 p.u. (as marked by a red frame) at certain time intervals as shown in Fig. 14(d). It is

due to the activation of the pitch angle control system of the WT blades when the wind speed is higher than the rated wind
speed of the WT.

Figs. 14(e)-14(h) shows that the output quantities of the wave PGS are not affected by the variations of the wind speed.
Fig. 14(i) shows the comparative DC-link voltage of the studied MW-scale power-system model of the studied HWWPGS
with and without the proposed VRFB-ESS when the wind speed of the wind PGS varies. When the proposed VRFB-ESS is
not included in the studied HWWPGS, the maximum and minimum values of the DC-link voltage can be found around
1200.015 V and 1199.97 V, respectively. However, when the proposed VRFB-ESS is in service, the DC-link voltage

approaches an ideal constant voltage of 1200 V regardless of wind speed changes.

Fig. 14(j) shows the dynamic responses of both reference active power and output active power of the VRFB-ESS of the
studied MW-scale power-system model of the studied HWWPGS. Due to the capacity of the employed VRFB-ESS, the output
active power of the VRFB-ESS cannot exactly follow the variations of the reference active power when the total surplus active
power of the HWWPGS is higher than the rated capacity of the VRFB-ESS. Hence, the waveform of the reference active

power shown in Fig. 14(j) is clamped to a certain level (as marked by a red frame) during some time intervals.

6. Conclusions

In this study, the laboratory-scale platform has been proposed to integrate the VRFB-ESS into the HWWPGS. The wind
PGS is based on the WT-PMSG configuration with its AC/DC power converter, and the wave PGS is based on the AWS-
LPMG set with its AC/DC power converter. Field-measured results of the established laboratory-scale platform for the studied
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HWWPGS have been obtained for comparison with the simulation outcomes of its simulation model under a steady-state
operating condition. Using the obtained simulation model, the capacity rating has been appropriately extended to create an
MW-scale power-system model for the studied HWWPGS to evaluate its power-system stability. Both Frequency-domain
analysis (based on eigenvalue) and time-domain analysis (based on nonlinear-model simulations) under various operating and

disturbance conditions have been achieved.

The findings indicate that all the modes of the studied MW-scale HWWPGS power-system model can maintain stable
operation under widely varied operating conditions. Dynamic responses of the MW-scale power-system model for the
HWWPGS under varying wind speeds have also been performed. The simulation results of the MW-scale HWWPGS power-
system model lead to the conclusion that the fluctuations of the HWWPGS under various operating and disturbance conditions

can be effectively smoothed and stabilized by the proposed VRFB-ESS.
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