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a b s t r a c t

This paper presents both time-domain and frequency-domain simulated results of a novel marine hybrid
renewable-energy power generation/energy storage system (PG/ESS) feeding isolated loads through an
high-voltage direct current (HVDC) link. The studied marine PG subsystems comprise both offshore wind
turbines and Wells turbines to respectively capture wind energy and wave energy from marine wind and
ocean wave. In addition to wind-turbine generators (WTGs) and wave-energy turbine generators (WETGs)
employed in the studied system, diesel-engine generators (DEGs) and an aqua electrolyzer (AE) absorbing
eywords:
ave-energy turbine generators (WETGs)

qua electrolyzer (AE)
uel cells (FCs)
iesel-engine generators (DEGs)
ompressed air energy storage system

a part of generated energy from WTGs and WETGs to generate available hydrogen for fuel cells (FCs) are
also included in the PG subsystems. The ES subsystems consist of a flywheel energy storage system (FESS)
and a compressed air energy storage (CAES) system to balance the required energy in the hybrid PG/ESS.
It can be concluded from the simulation results that the proposed hybrid marine PG/ESS feeding isolated
loads can stably operate to achieve system power-frequency balance condition.
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lywheel energy storage system (FESS)

. Introduction

Marine renewable energy such as tidal current, offshore wind
nergy, wave energy, etc., will come to the market in a near future
n Europe. The commitment of most of the countries in Europe can
upply a large part of their energy to the loads from renewable-
nergy resources by 2010. The coupling of such intermittent sources
ith local energy storage systems is often necessary in order to

egulate the energy output flow between power generation systems
nd connected loads. Energy demand in isolated small islands is
teadily increasing and hence, it is very important to find some
ew schemes to meet the continually increasing demand of power

n isolated small islands. One of the solutions for these issues is to
ntegrate different forms of renewable energy.

A hybrid power generation/energy storage system (PG/ESS) may
ombine all different kinds of available renewable-energy associ-
ted with available energy storage units. The required power for

he connected loads can be effectively delivered and supplied by a
ybrid PG/ESS with appropriate control and effective coordination
mong various subsystems. Attractive locations for future large tur-
ines would be remote, such as offshore, where wind conditions can

∗ Corresponding authors. Tel.: +886 6 275 7575 62361; fax: +886 6 2763883.
E-mail address: n2893118@ccmail.ncku.edu.tw (D.-J. Lee).
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e improved and planning restrictions can be reduced. Due to envi-
onmental concerns and planning limitations, most high-capacity
ind farms are planned to install offshore. To transmit bulk gener-

ted power over long distances creates challenges for both system
perators and wind-farm developers. Currently, there are two alter-
ative methods for connecting remote wind farms to the grid, i.e.,
high-voltage direct current (HVDC) link and a high-voltage alter-
ating current (HVAC) line. The HVAC line is an economic solution

or medium-range wind farms (up to a few hundred megawatts)
ith transmission distances less than 50–75 km [1–3].

On the other hand, hydrogen has attracted more attention in
ecent years because of the lack of fossil fuel and environmental
ollution. Thus, aqua electrolyzer (AE) plants and fuel cells (FCs)
ave received increasing attention recently. The characteristics of
Cs are quite different from the ones of traditional thermal power
lants. FCs may generate electricity with the advantages of high
fficiency, low pollution, onsite installation, reusability of exhaust
eat and water, diversity of fuels, etc. [4–13].

The ESS plays an important role in a hybrid system to perform
oth functions of storing and releasing energy at an adequate time.

flywheel energy storage system (FESS) systematically stores an

lectric energy by means of kinetic energy through a rotating fly-
heel. The advantages of a FESS are high stored energy density,
igh power exchange with the system, high conversion efficiency
f 80–90%, and long-lived pollution-free design [14]. As in many

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:n2893118@ccmail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.08.037


L. Wang et al. / Journal of Power Sou

Nomenclature

�f system frequency deviation
K gain
Ps total power generation to the system
P∗

s command of average power absorbed by loads
Pt net power of WTGs and WETGs to the system
PT net total power of both WTGs and WETGs
T time constant
VA axial velocity of Wells turbine in m s−1

VW wind speed of wind turbine in m s−1

Abbreviations or subscripts
AE quantities of aqua electrolyzer
CAES quantities of compressed air energy storage system
DEG quantities of diesel-engine generator
FC quantities of fuel cells
FESS quantities of flywheel energy storage system
HVAC quantities of high-voltage alternating current
HVDC quantities of high-voltage direct current
PG/ESS power generation/energy storage system
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WETG quantities of wave-energy turbine generator
WTG quantities of wind-turbine generator

ountries, the potentials of installing new hydro-storage plants
ith pumping facilities are limited and many other energy stor-

ge devices are far from being economic. A compressed air energy
torage (CAES) system may be an attractive investment opportu-
ity for such purposes [15]. The surplus power in a system can be
sed to compress air to store in a cavern as potential energy and
xpanded at times of peak demand in a turbine.

Combining the above-mentioned different renewable-energy
esources with different ES units and standby diesel-engine gen-
rators (DEGs) in a hybrid system, the generated electric energy
an be effective distributed and controlled to meet the energy
equirement of the connected loads. The generated intermittent
lectric energy from wind-turbine generators (WTGs) and wave-
nergy turbine generators (WETGs) can be used to resolve natural
as or water into hydrogen and oxygen using aqua electrolyzers.
he generated hydrogen can then be compressed, stored, and trans-
orted to FCs through pipelines [16]. The above hybrid PG/ESS with
TG–WETG–FC/FESS–BESS as well as DEGs and an AE has exhib-

ted several advantages to control electrical energy absorbed by the
onnected loads [16–24].

This paper is organized as follows. Section 2 describes the config-
ration and the employed models for the proposed hybrid PG/ESS
ith WTGs–WETGs–FCs/FESS–CAES as well as DEGs and an AE. Sec-

ion 3 presents block diagrams for two studied cases of the proposed
ybrid system. Sections 4 and 5 respectively analyze time-domain
imulated results of the two cases under various values of wind
peed and loading demand. Section 6 analyzes frequency-domain
imulated results of the two studied cases with and without the
VDC link. Specific conclusions are drawn in Section 7.

. Configuration of the proposed hybrid system

The configuration of the proposed hybrid marine renewable-
nergy PG/ESS is shown in Fig. 1. The PG subsystems comprise

ultiple WTGs, WETGs, FCs, and DEGs. The AE in Fig. 1 is employed

o convert a part of the generated energy from WTGs and WETGs
nto available hydrogen to offer the required fuel for the FCs. The ES
ubsystems include a compressed air energy storage system and a
ywheel energy storage system. Both CAES and FESS are connected

G
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o the load side and they are assumed to have enough capacity to
tore surplus energy generated by the PG subsystems. When the
oad demand increases, the CAES and the FESS can release enough
nergy to the connected loads within a very short time. The DEGs
re standby generators that may automatically start up and con-
ect to the system to deliver required power to the loads only when
he total generated power of the WTGs, the WETGs, and/or the FCs
s insufficient even if the CAES and/or the FESS may have enough
tored energy.

The net power generation Ps shown in Fig. 1 is determined by:
a) a part of the output power from the WTGs (PWTG) and the

ETGs (PWETG), (b) the output power of the DEGs (PDEG), (c) the
utput power of DC–AC converter connected to the FCs (PFC), (d)
he exchanged power of the FESS (PFESS), and (e) the exchanged
ower of the CAES (PCAES). The expression of Ps can be expressed
y

s = Pt + PDEG + PFC ± PFESS ± PCAES (1)

n which

t = Kn(PWTG + PWETG) = PHVDC − PAE (2)

s the net power generated from both WTGs and WETGs through
he HVDC link delivered to the system, PHVDC is the output power
f a HVDC link, and Kn is the ratio of Pt to (PWTG + PWETG). Eq. (2)
escribes that the PAE is obtained from a part of the total output
ower of both WTGs and WETGs using a controlled switch in front
f the AE. The value of PAE is not equal to PFC since PFC depends on
everal factors such as utilization factor, partial pressure of hydro-
en and oxygen, flow rate of hydrogen, etc.

To precisely simulate the dynamic behaviors of practical WTGs,
ETGs, DEGs, FCs, AE, CAES, FESS, etc., high-order mathemati-

al models with nonlinearity should be employed. However, these
igh-order models may include associated power conditioners and
ontrollers. For large-scale power system simulations, simplified
odels or transfer functions are generally employed. Hence, the

ower losses and associated controllers of the PG and ES subsys-
ems shown in Fig. 1 are not considered in this paper.

To simplify descriptions for the employed models of the sub-
ystems shown in Fig. 1, the wind-speed model, characteristics of

TG’s output power, and transfer functions of an AE and a FESS can
e referred to [26]. Other employed models are depicted as below.

.1. Characteristic of WETG’s output power [12,13]

The output power in W of the studied WETG is determined by

wav = kWells · Ct(V2
A + V2

P ) (3)

here kWells is the torque coefficient, Ct is the turbine torque coef-
cient, VA is the axial velocity of air through turbine, and VP is
eripheral velocity of turbine-blade of a typical Wells turbine for
ave energy conversion system.

.2. Transfer functions of various PG subsystems

The transfer functions of each studied WTG, WETG, FC, and DEG
hown in Fig 1 are respectively represented by a first-order lag as
elow.

WTGk (s) = KWTG

1 + sTWTG
= �PWTGk

�PW
, k = 1,2, . . . , n (4)
WETGk (s) = KWETG

1 + sTWETG
= �PWETGk

�PA
, k = 1,2, . . . , n (5)

FCk (s) = KFC

1 + sTFC
= �PFCk
�PAE

, k = 1,2, . . . , n (6)
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loads. The employed parameters of the studied PG/ESS are listed
in Table 1. The model parameters are determined by the cited
papers [1,12,13,16,22,23,26] and the stability reference book [25].
These parameters have also considered practical operating condi-
tions and characteristics of different subsystems. When the model

Table 1
Parameters of the studied hybrid marine PG/ESS
Fig. 1. Configuration of the

DEGk (s) = KDEG

1 + sTDEG
= �PDEGk

�f
, k = 1,2, . . . , n (7)

here PW is mechanical input power of a WTG, PA is mechani-
al input power of a WETG, and n is the number of generator or
quipment.

.3. Transfer functions of a CAES and an HVDC link

ES subsystems also play an important role to effectively supply
nsufficient energy of PG subsystems within a very short time to

aintain system stability. A CAES stores the energy in the form
f kinetic energy and it has the ability to store surplus energy
uring off-peak periods and quickly release energy during peak

oads [22,23,25]. The transfer function of the CAES in Fig. 1 can be
xpressed as a first-order lag as follows.

CAES(s) = KCAES

1 + sTCAES
= �PCAES

�f
(8)

The transfer function of the HVDC link shown in Fig. 1 can also
e represented by a first-order lag as below [1].

HVDC(s) = KHVDC

1 + sTHVDC
= �PHVDC

(�PWTG +�PWETG)
(9)

.4. Power deviation and system frequency variation

To maintain a stable operation of an autonomous system, the
otal power generation must be effectively controlled to meet the

otal power demand of the connected loads. This power-control
trategy is determined by the difference between power-demand
eference P∗

s and total power generation Ps as follows.

Pe = P∗
s − Ps (10)

K
K
K
K

ed marine hybrid PG/ESS.

Since system frequency is changed with net power variation, the
ystem frequency variation�f is calculated by

f = �Pe

Ksys
= P∗

s − Ps

Ksys
(11)

here Ksys is system-frequency characteristic constant of the
ybrid PG/ESS. The transfer function for system frequency variation
o per-unit power deviation can be expressed by

sys(s) = �f

�Pe
= 1
Ksys(1 + sTsys)

= 1
D+Ms (12)

here M and D are respectively the equivalent inertia constant and
amping constant of the hybrid PG/ESS [16,26].

. Case studied of the proposed hybrid PG/ESS

This section presents two studied cases for evaluating perfor-
ance of the proposed marine hybrid PG/ESS. The WTGs and
ETGs in each case are random renewable sources to combine
ith the DEGs, the AE, the FCs, the FESS, and/or the CAES in Fig. 1.

ower converters of the studied PG/ESS can properly operated with
arious PG and ES subsystems to perform required energy conver-
ion. The DEGs can automatically start up to connect to the system
n order to balance the power-demand variation of the connected
WTG = 1.0 and TWTG = 1.5 s KWETG = 1.0 and TWETG = 1.3 s
AE = 1/500 and TAE = 0.5 s KDEG = 1/300 and TDEG = 2 s
FC = 1/100 and TFC = 4 s KCAES = −1/100 and TCAES = 0.1 s
n = 0.6, M = 0.2, and D = 0.012 KFESS = −1/100 and TFESS = 0.1 s

KHVDC = 1/200 and THVDC = 0.7 s
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Fig. 2. Block diagram of the studied Case 1.

arameters are initially selected, they must be substituted into the
eveloped mathematical model through both frequency-domain
ests and time-domain tests. After the tests can meet the fundamen-
al stability-analysis requirements, the adequate model parameters
an be employed for system simulations. The block diagrams for the
wo studied cases are shown in Figs. 2 and 3 [16] and are described
n the following two subsections, respectively.

.1. Case 1

Fig. 2 shows the block diagram of Case 1. This case assumes
hat both WTGs and WETGs are connected to the system and they
re operated together to respectively generate power PWTG and
WETG. A part of generated power from both WTGs and WETGs, i.e.,
1 − Kn)(PWTG + PWETG), is delivered to the AE to produce available
ydrogen for the FCs. The FCs can generate DC power that is con-
erted to an AC power PFC using the DC–AC power inverter in Fig. 1.
he PFC is combined with PDEG and Pt to supply average power to
he connected loads. The surplus (insufficient) power of the studied
ybrid system is properly stored in (released from) FESS and CAES
hrough associated power converters. The net power generation of
his case can be expressed by

s = PHVDC − PAE + PDEG + PFC ± PFESS ± PCAES (13)
.2. Case 2

Fig. 3 shows the block diagram of Case 2. This case assumes that
he WTGs and the WETGs are respectively connected to the system
t different times while the AE and the FCs are removed from the

Fig. 3. Block diagram of the studied Case 2.

(

(

rces 185 (2008) 1284–1292 1287

ystem. The power respectively generated by the WTGs (PWTG) and
he WETGs (PWETG) is combined with PDEG to supply required power
emand of the connected loads. The surplus (insufficient) power
f the studied hybrid system is properly stored in (released from)
ESS and CAES through associated power converters. The net power
eneration of this case can be expressed by

s = PHVDC + PDEG ± PFESS ± PCAES (14)

In these two cases, the average wind speed VW of WTG is set
o be around 7.5–15 m s−1 and the axial velocity VA of air through

ETGs is set to be ±5 m s−1. The total demand power absorbed
y the connected loads in the two studied cases is assumed to be
∗
s = 1.0 pu under normal operating condition. To deeply examine
he effects of power-demand variation of connected loads and prac-
ical variable wind speeds of WTGs on dynamic performance of the
tudied hybrid PG/ESS, sudden drop and sudden rise of P∗

s and VW
re properly applied to the studied system at specified times.

. Time-domain simulation results of Case 1

In this section, time-domain simulated responses of the studied
arine hybrid PG/ESS under Case 1 are carried out. All quantities

hown in the plots of this section are in per-unit value. Fig. 4 shows
he time-domain simulated responses of Case 1. The dotted lines
nd solid lines shown in Fig. 4 are for the studied PG/ESS with an
VDC link and an HVAC line, respectively. The simulation results
nder different time intervals are respectively analyzed as below.

1) Base case: When 0 s < t < 50 s, VW is around 7.5 m s−1 and VA
is around ±5 m s−1. The total average powers generated from
WTGs and WETGs are: PWTG is less than 0.5 pu and PWETG is
about 0.3 pu. A part of (PWTG + PWETG) is sent to the AE to gen-
erate PFC of about 0.2 pu. Since WTGs and WETGs generate low
power, DEGs automatically start up and connect to the system
at t = 0 s so as to supply PDEG of around 0.5 pu to compensate
the load demand. No surplus energy can be stored in CAES and
FESS due to low PG condition but �f is varied slightly higher
than zero.

2) Sudden load drop: When 50 s < t < 100 s, VW is still around
7.5 m s−1 but Ps suddenly drops from 1.0 to 0.5 pu at t = 50 s.
Accordingly, PDEG also drops from around 0.5 to 0.05 pu and�f
is varied slightly higher than zero.

3) Sudden load rise: When 100 s < t < 200 s, VW is around 7.5 m s−1

but Ps suddenly rises from 0.5 to 1.0 pu at t = 100 s. The responses
are similar to the ones when 0 s < t < 50 s since the studied
PG/ESS returns back to the same operating conditions of the
base case.

4) Sudden drop of wind speed: When 200 s < t < 300 s, VW suddenly
drops to close to the cut-in speed of WTG at t = 200 s and PWTG
decreases to around 0 pu but PWETG is still around 0.3 pu. Since
Ps is still kept at 1.0 pu, DEGs start up to generate PDEG of around
0.7 pu. No surplus power can be stored in CAES and FESS and,
hence, both PFESS and PCAES are equal to zero. It is seen that�f is
very close to zero since the total generated power just matches
the required power demand of the connected loads.

5) Performance comparison of using HVDC and HVAC: When
0 s < t < 300 s, the power of PWTG and PWETG are delivered to the
connected load through an HVDC link. Since the power loss of
an HVDC link is lower than the one of an HVAC line and, hence,

the DEGs generate less power to the system when the HVDC
link is in service. When 50 s < t < 100 s, both PFESS and PCAES can
store less energy. It is obviously seen from Fig. 4 that the quan-
tities of PT, PAE, PCELL, and�f for the system with the HVDC link
are higher than the ones for the system with an HVAC line.
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Fig. 4. Time-domain simulation results of Case 1.

. Time-domain simulation results of Case 2

The WTGs and WETGs in this case are respectively connected to
he hybrid system at different specified times. To clearly compare
he impact of the capacity of the WTGs on dynamic performance of
he studied hybrid PG/ESS, this section is divided into four subsec-
ions. Fig. 5 (Fig. 6) shows the simulated results of the studied hybrid
ystem containing WTGs (WETGs) only. The simulated results of
he studied hybrid system with (without) both WTGs and WETGs
onnected to the system are shown in Fig. 7 (Fig. 8).

.1. System with WTGs only

This subsection assumes only WTGs are connected to the sys-
em. The simulation results shown in Fig. 5 are analyzed as below.

1) Base case: When 0 s < t < 50 s, VW is around 15 m s−1 and PWTG

is around 0.5 pu but PWTG = 0. The total generated power from
WTGs is evidently not enough to supply the required load
demand and, hence, DEGs start up and connect to the system
at t = 0 s. The DEGs generate PDEG of about 0.5 pu to combine
with PWTG to meet the load demand. Approximate zero powers

(

ig. 5. Time-domain simulation results of Case 2 when only WTGs are connected to
he system.

of PFESS and PCAES are released from FESS and CAES, respec-
tively. Since the total generated power is close to the total load
demand,�f is slightly higher than zero.

2) Sudden load drop: When 50 s < t < 100 s, Ps drops from 1.0 to
0.5 pu at t = 50 s and PDEG also drops to around 0.1 pu to meet
the load demand. The surplus powers stored in FESS (PFESS)
and CAES (PCAES) are around 0.01 and 0.05 pu, respectively. The
system frequency deviation�f is slightly higher than zero.

3) Sudden load rise: When 100 s < t < 200 s, Ps suddenly rises from
0.5 to 1.0 pu at t = 100 s and PDEG also rises to around 0.5 pu to
meet the load demand. The powers released from FESS (PFESS)
and CAES (PCAES) are still close to zero and�f is slightly higher
than zero.

4) Sudden drop of wind speed: When 200 s < t < 300 s, VW drops to
a low speed at t = 200 s and PWTG drops to close to 0.1 pu. To
meet the required load demand, DEGs increase the total output
power PDEG to around 0.9 pu. No surplus power can be stored in

FESS and CAES. Since the load demand can be supplied by the
total generated power,�f is close to zero.

5) Performance comparison of using HVDC and HVAC: When
0 s < t < 300 s, PWTG is delivered to the connected loads through
an HVDC link. The power flowing through the HVDC link is
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ig. 6. Time-domain simulation results of Case 2 when only WETGs are connected
o the system.

higher than the one through the HVAC line. Comparing with
the HVAC line, the power flowing through the HVDC link may
have less power loss. Hence, the DEGs may supply less power
(PDEG) to the system. When 50 s < t < 100 s, FESS and CAES can
store more energy from the system with the HVDC link than the
one with the HVAC line. It is obviously seen from Fig. 5 that the
quantities of PT and �f for the system with the HVDC link are
higher than the ones for the system with an HVAC line.

.2. System with WETGs only

This subsection assumes only the WETGs are connected to the
ystem. The time-domain simulation results shown in Fig. 6 are
nalyzed as below.

1) Base case: When 0 s < t < 50 s, VA is set to ±5 m s−1 and PWETG is
around 0.3 pu but PWTG = 0 pu. The total generated power from
WETGs is obviously not enough to supply the required load
demand and, hence, DEGs start up and connect to the system

at t = 0 s. The DEGs generate PDEG of about 0.7 pu to combine
with PWETG to meet the load demand. Approximate zero powers
of PFESS and PCAES are released from FESS and CAES, respec-
tively. Since the total generated power is close to the total load
demand,�f is slightly higher than zero.

5

o
s

ig. 7. Time-domain simulation results of Case 2 when both WETGs and WETGs are
imultaneously connected to the system.

2) Sudden load drop: When 50 s < t < 100 s, Ps drops from 1.0 to
0.5 pu at t = 50 s and PDEG also drops to around 0.2 pu to meet
the load demand. The system may store less surplus energy in
FESS and CAES and�f is slightly higher than zero.

3) Sudden load rise: When 100 s < t < 300 s, Ps suddenly rises from
0.5 to 1.0 pu at t = 100 s and PDEG also rises to around 0.7 pu to
meet the load demand. The powers released from FESS (PFESS)
and CAES (PCAES) are still close to zero. Again, �f is slightly
higher than zero.

4) Performance comparison of using HVDC and HVAC: Since the
power flowing through the HVDC link is higher than the one
of the HVAC line, the HVDC link may have less power loss and
the DEGs may generate less power to the system. It is obviously
seen from Fig. 6 that the quantities of PT, PFESS, PCAES, and�f for
the system with the HVDC link are higher than the ones for the
system with an HVAC line.
.3. System with both WTGs and WETGs

This subsection assumes both WTGs and WETGs are simultane-
usly connected to the system. The time-domain simulation results
hown in Fig. 7 are analyzed as below.
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ig. 8. Time-domain simulation results of Case 2 when both WETGs and WETGs are
isconnected from the system.

1) Base case: When 0 s < t < 50 s, VW is around 15 m s−1, PWTG is less
than 0.5 pu, and PWETG is about 0.3 pu. Since the low power is
generated by both WTGs and WETGs, DEGs automatically start
up and connect to the system at t = 0 s to supply PDEG of around
0.25 pu. No surplus energy can be stored in CAES and FESS and
�f is varied slightly higher than zero.

2) Sudden load drop: When 50 s < t < 100 s, VW is still around
7.5 m s−1 but Ps suddenly drops from 1.0 to 0.5 pu at t = 50 s.
Accordingly, PDEG also drops from around 0.25 to 0 pu. Surplus
energy can be stored in FESS and CAES and both powers are
around 0.2 pu. The �f slightly rises above zero due to sudden
load drop.

3) Sudden load rise: When 100 s < t < 200 s, VW is still around
7.5 m s−1 but Ps suddenly rises from 0.5 to 1.0 pu at t = 100 s.
The responses are similar to the ones for 0 s < t < 50 s since the
studied system returns back to the same operating points of the
base case.
4) Sudden drop of wind speed: When 200 s < t < 300 s, VW sud-
denly drops to a low wind level at t = 200 s and PWTG decreases
to 0.1 pu but PWETG is still around 0.3 pu. Since Ps is still
kept at 1.0 pu, DEGs start up to generate PDEG of around

w
m
w
m
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0.6 pu. No surplus power can be stored in CAES and FESS and,
hence, both PFESS and PCAES are equal to zero. The variation
of �f is very close to zero since the total generated power
just matches the required power demand of the connected
loads.

5) Performance comparison of using HVDC and HVAC: When
0 s < t < 300 s, both PWTG and PWETG are delivered to the con-
nected loads through the HVDC link. Since the power loss of
the HVDC link is lower than the one of the HVAC line, the DEGs
may deliver less power to system. When 50 s < t < 100 s, both
FESS and CAES can store more energy for the system with the
HVDC link than the one with the HVAC line. It is obviously seen
from Fig. 7 that the quantities of PT, PFESS, PCAES, and�f for the
system with the HVDC link are higher than the ones for the
system with an HVAC line.

.4. System without WTGs and WETGs

This subsection assumes that the WTGs and WETGs are both dis-
onnected from the system and the time-domain simulation results
re shown in Fig. 8.

When 0 s < t < 300 s, the power generated by the WTGs or the
ETGs is identically zero. The DEGs automatically start up and

onnect to the system at t = 0 s to supply PDEG of about 0.8 pu to
eet load demand. The PDEG also drops from around 0.8 to 0.3 pu

ue to a sudden drop of Ps at t = 50 s. Both energy storage systems
an release about 0.2 pu to the connected loads to compensate the
nsufficient of power generation. The system frequency deviation

f is varied slightly lower than zero since total power generation
s small.

. Frequency-domain simulation results

To further validate the analyzed time-domain simulated results,
his section determines frequency-domain characteristics of the
tudied PG/ESS using eigenvalues and participation factors. These
nalyzed results are very useful to check small-signal stability of
he studied hybrid PG/ESS under steady-state operation. According
o the linearized state-space system equations derived in Section 2,
he system eigenvalues of the studied system can be solved by the
ollowing equation:

et(�[I] − [A]) = 0 (15)

here det(·) denotes the determinant operation of ‘·’,� is one of the
ystem eigenvalues, [A] is the system matrix, and [I] is an identity
atrix having the same dimensions as [A].
A participation matrix [P] can be employed to identify the rela-

ionship between the selected state variables and the calculated
igenvalues of the studied system. The participation matrix com-
ines both right and left eigenvectors of [A] as a measure to analyze
he association between state variables and eigenvalues. The par-
icipation matrix [P] is expressed by

P] = [ p1 p2 · · · pn ] (16)

n which

i =

⎡
⎢⎢⎣

p1i
p2i
...
p

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

�1 i1
�2i i2

...
�  

⎤
⎥⎥⎦ (17)
here�ki is the element on the kth row and ith column of the modal
atrix [˚] and it is also the kth entry of the right eigenvector �i
hile ki is the element on the ith row and kth column of the modal
atrix [� ] and it is also the kth entry of the left eigenvector � i.
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Table 2
Eigenvalues (rad s−1) of the studied hybrid PG/ESS

Case 1 Case 2

With HVDC Without HVDC With HVDC Without HVDC

�1 −13.782 �1 −13.784 �1 −13.784 �1 −13.784
�2 −7.2629 �2 −7.2629 �2 −7.2629 �2 −7.2629
�3 −0.5529 �3 −0.5529 �3 −0.5529 �3 −0.5529
�4 −10.0 �4 −10.0 �4 −10.0 �4 −10.0
�5 −0.25 �5 −0.25 �5 −1.4286 �5 −0.6667
�
�
�
�

u
C
(

w
c
e

a
i

T
t
t
a
1
i
t
o
P
l

c
�
e
[
t
2
i
t
s
H

7

d
e
i
w
w
s
g
e
W
W
l
s
e
m

o
W
t

6 −5.0 �6 −5.0
7 −1.4286 �7 −0.6667
8 −0.6667 �8 −0.50
9 −0.5

The calculated participation matrices for the studied PG/ESS
nder Case 1 with the HVDC link, Case 1 without the HVDC link,
ase 2 with the HVDC link, and Case 2 without the HVDC link using
16) and (17) are respectively listed as below.

(18)

(19)

(20)

(21)
Table 2 lists the eigenvalues of the studied PG/ESS with and
ithout the HVDC link under the two studied cases. From the

omparative results listed in Table 2, it is found that all system
igenvalues are located on the left half side of the complex plane

q
v
t
f
i

�6 −0.6667 �6 −0.5
�7 −0.5

nd, hence, the studied system is stable when a small disturbance
s applied.

It is found from the eigenvalues listed in the first column of
able 2 that Case 1 with HVDC has an eigenvalue of �7 = −1.4286
hat corresponds to the state variable PHVDC. The element of 1.0 at
he 3rd row and the 7th column listed in the matrix [P] of Eq. (18)
lso confirm this point. The eigenvalue of �5 = −0.25 listed in Case
of Table 2 corresponds to the state variable PFC and this mode

s one of the system eigenvalues closest to the imaginary axis of
he complex plane. This is due to the fact that the time constant
f the FC TFC = 4 s that is the longest time constant in the studied
G/ESS under Case 1 regardless of the employment of the HVDC
ink.

It can also be determined from the eigenvalues listed in the third
olumn of Table 2 that Case 2 with HVDC has an eigenvalue of
5 = −1.4286 that also corresponds to the state variable PHVDC. The
lement of 1.0 at the 3rd row and the 5th column listed in the matrix
P] of Eq. (20) also confirm this point. The eigenvalue of �7 = −0.5 in
he third column and �6 = −0.5 in the fourth column listed in Case
of Table 2 correspond to the state variable PWETG and this mode

s one of the system eigenvalues closest to the imaginary axis of
he complex plane. This mode can affect the response time of the
tudied PG/ESS under Case 2 regardless of the employment of the
VDC link.

. Conclusions

This paper has presented both time-domain and frequency-
omain simulations for the analysis of a hybrid marine renewable-
nergy power generation/energy storage system connected to
solated loads through an HVDC link. The studied system contains

ind-turbine generators, diesel-engine generators, fuel cells, and
ave-energy turbine generators, a compressed air energy storage

ystem, and a flywheel energy storage system. The required hydro-
en for FCs is by means of an aqua electrolyzer whose required
lectric energy is supplied by a part of the generated power from

TGs and WETGs. The employed transfer functions for the WTGs,
ETGs, DEGs, FCs, AE, FESS, and CAES are represented by first-order

ag to simplify the tasks of system simulations. The models for wind
peed, mechanical power of WTG, and wave height are also prop-
rly selected to simulate the important performance of the studied
arine hybrid PG/ESS.
It can be concluded from the time-domain simulation results

f the two studied cases that the power generation from WTGs,
ETGs, DEGs, and FCs with FESS and CAES can effectively meet

he sudden variations of the load power demand. The system fre-

uency deviation can also be properly controlled to be within a
ery small range. In addition, the use the HVDC link can effec-
ively reduce power transmission loss and decrease the use of
ossil for DEGs. Frequency-domain characteristics of the stud-
ed PG/ESS using eigenvalues, and participation factors have
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lso been carried out to validate the stability of the studied
G/ESS under the two studied cases with and without the HVDC
ink.
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