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ABSTRACT Complementarities of geographically dispersed wind resources have been well recognized
and evaluated based on the statistics of wind data. This paper investigates the effect of spatiotemporal
complementarities of grid-connected offshore wind farms on operational cost and stability of meshed
DC/AC grids with VSC-based MTDC networks. The investigation is carried out for a real power system
in Jiangsu Province, China, and has used the real hourly wind data provided by the China Meteorological
Administration (CMA) in terms of the unit commitment (UC) as well as the probabilistic small-signal angular
stability. Several distributed offshore wind farms are interconnected via a VSC-basedMTDC network to send
power to the southern area in Jiangsu Province. Computational results of the UC and system probabilistic
stability demonstrate that significant saving of operational cost and stability improvement can be brought
about from the complementarities of geographically distributed offshore wind farms.

INDEX TERMS Wind power, complementarities, small-signal stability, unit commitment, MTDC, smooth-
ing effect, monte carlo simulation.

I. INTRODUCTION
Wind power poses significant challenges to the economic and
stable operation of power system. First, wind energy tends to
be geographically dispersed and far from load centers. Sec-
ond, electric output from wind generations is highly variable
due to the intermittent and fluctuant nature of wind. Hence,
integrating of wind power into power systems may cause
a series of new problems for power system economic and
stable operation. The focus of work presented in this paper
is to demonstrate the positive impact of utilizing spatiotem-
poral complementarities [1] of dispersed wind resources on
power system operation and stability. It is shown in the paper
that wind complementarities effectively smooth the stochastic
variations of wind power, which reduces the operational cost
of power system and enhances system stability.

The associate editor coordinating the review of this manuscript and
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The fact that geographically dispersed wind generation is
complementary has been well known for a while. For exam-
ple, as early as in 1979, Kahn [2] used statistical approaches
to evaluate the reliability of wind generators and concluded
that the reliability increases as a function of geographic dis-
persal of wind turbines. After that, a growing body of litera-
ture has carried out the examinations of complementarities
of dispersed wind resources. For example, authors of the
Occident studies [3]–[6] found improvement in the steadiness
of the available power and a decrease in the number of low-
or no-wind events [7], even when the interconnection of wind
resources over regions is as small as a few tens of kilometers
apart. Interconnecting wind generations for longer separation
distances yields less variability, which means fewer times of
the very low power and the highest power [8]. For instance,
a recent study [9] simulates wind power from 11 wind sites,
distributed over a 2,500 km extent along the U.S. east coast,
and found that power output from the entire set of generators
rarely reaches either low or full power, and power changes
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slowly when compared with each individual site. Based on
hourly wind speed data, authors of [10] and [11] found that
the variability of hour-to-hour energy production decreases
significantly when interconnecting dispersed wind farms in
China.

However, so far wind complementarities have been carried
out by use of the methods of mathematical statistics as briefly
reviewed above. No published work has explicitly examined
the complementarities of geographically dispersed wind gen-
eration under the operational environment of a real power
system. Part of the reasons are that up to now, wind generation
has been developed mainly in small scale and close to low or
middle voltage (LV or MV) networks for local consumption.
In this case, effect of spatiotemporal complementarities of
wind generation is not very obvious and crucial to the eco-
nomic operation and stability of the power system.

Effects on the power system economic and stable operation
brought about by wind power have been a rich area for
research. Main cost component of wind integration occurs
in the unit commitment (UC) time frame [12]. In [13]–[15],
a UC programwas adopted to determine wind power’s impact
on a thermal system operation. Those studies have made a
significant contribution to the formulation of the UC of power
systems involving wind power and provided valuable insight
into the influence of wind power on power system economic
operation. However, the focus of study on the UC has been
about handling wind power dispatch effectively. Rarely the
impact of different wind profiles on the UC has been noted
explicitly. In addition, to the best knowledge of authors,
no special study has examined in detail the impact of com-
plementarities of dispersed wind resources on the economic
operation of power systems in terms of the UC. As far as the
power system stability as affected by the variability of wind
generation is concerned, several previous studies [16]–[18]
indicate that with the increase of penetration level of grid-
connected wind generation, risk brought about by the random
fluctuation of wind power output to power system stable
operation increases significantly. However, none of those
studies have investigated in detail the stability of power sys-
tems as affected by the complementarities of geographically
dispersed wind generation.

The focus of this paper is the investigation of wind com-
plementarities under the operational environment of a real
power system in China. The effect of wind complementar-
ities are examined in two aspects: (1) on cost saving of
power system operation with grid-connected wind in terms of
the UC; (2) on power system probabilistic stability improve-
ment as the result of smoothing function of complemen-
tarities to the stochastic drifting of operating point of the
power system caused by random variation of grid-connected
wind power. Available methods of the UC and probabilis-
tic stability assessment are adopted to obtain and compare
the estimation of operational cost and system probabilistic
stability of complementary and non-complementary cases.
The results confirm the benefits of wind complementarities
found previously from wind data manipulation by calculation

of operational cost and stability analysis of the real power
system.

In China, wind energy locates mainly in the remote western
and north-western areas as well as eastern coast. It is an
enormous challenge to transfer large-scale wind generation
from those areas though relatively weak national ac networks
to the load centers in the east and south of China. Hence it is
anticipated that majority of remote large-scale wind farms in
China will be connected to main ac network through HVDC
lines [19]. This will provide opportunity to develop a multi-
terminal DC (MTDC) network for long-distance transmission
of large-scale wind power in China, which itself has been
a very much hot topic of discussion recently for the large-
scale offshore wind power transmission in the North Sea.
The MTDC network for large-scale wind power transmission
provides the way to maximize the spatiotemporal comple-
mentarities of geographically dispersed wind generation.

Jiangsu Province in China has a long coastline where wind
energy resources are abundant. According to [20], the poten-
tial installed capacity is high at a height of 50 meters above
sea level in the shallow seas with a 5- to 25-meter water depth
along coast. Such plentiful wind power will be transmitted
with HVDC lines to the load centers into the Jiangsu power
grid (JPG). In this paper, the spatiotemporal complementar-
ities of geographically dispersed wind generation are evalu-
ated for JPG. The paper is organized as follows. Section II
builds the evaluation model of economic and stable operation
of meshed MTDC/AC system with the complementarities
of dispersed wind generation being considered. Section III
presents the real JP (Jiangsu Province) power system and
models the wind power based on real wind data collected.
Section IV gives the results of evaluation of effect of wind
complementarities on the economic operation and stability
of JPG respectively in terms of wind power UC and proba-
bilistic small-signal stability considering wind fluctuations.
Conclusions are Section V at the end of the paper.

II. EVALUATION MODEL OF WIND COMPLEMENTARITIES
A. OPERATIONAL COST OF MESHED MTDC/AC SYSTEM
IN TERMS OF UC AS AFFECTED BY THE WIND
COMPLEMENTARITIES
1) MODELING FORECAST UNCERTAINTIES
The dominant cost component of wind integration occurs in
the UC, which is to generate a most economic day-ahead
schedule of conventional power generation to meet load and
wind variations. A bibliographical survey of UC problem is
presented in [21]. The UC problem comes from two sources:
generation units’ outages and forecasting errors. As the pur-
pose of study in this paper is to obtain an estimation of
operational cost of wind integration in terms of the UC so as
to compare cases of complementary and no-complementary
wind generation, the work is focused on the latter, namely
forecast errors of wind power and load demand as it is in [19].
The dispatch interval and the horizon of day-ahead schedul-
ing are 1 h and 24 h, respectively. The effort is to examine
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the cost saving brought about by wind complementarities via
comparison of operational cost between complementary and
non-complementary cases rather than to enhance the preci-
sion of the UC, available methods proposed in the literature
are used to formulate the UC procedure adopted by this paper.

Hourly day-ahead forecast of load (. Ld_f,t .) and wind
power (Wd_f,t ) are modeled as equation (1) and (2), respec-
tively where PMean

L,t and PMean
W,t are expected load demand and

wind power, respectively. eL,t and eW,t are the forecast errors
of load and wind power, respectively.

Ld_f,t = PMean
L,t + eL,t (1)

Wd_f,t = PMean
W,t + eW,t (2)

where PMean
L,t and PMean

W,t are expected load demand and wind
power, respectively. eL,t and eW,t are the forecast errors of
load and wind power, respectively.
eL,t and eW,t [22] are all modeled as a zero-mean nor-

mally distributed random variation. The standard deviation
of eL,t (σL,t ) is considered as a percentage (2% in this work)
of the expected power load demand, a simplification as the
previous UC study [23]. The standard deviation of eW,t (σW,t )
normally increases with the prediction horizon increases,
decreases with the growing of the number of turbines within
a farm and the region diameter [24]. However, within the
same region the decreasing of σW,t due to the increase in
the number of wind turbines quickly reaches a saturation
level controlled by the region diameter [25]. For an ensemble
of wind farms in a region with a diameter of 140 km, the
standard deviation of wind power forecast error (σ tW,140km)
with a 24 hour horizon can be plotted as a function of the
normalized predicted wind power as equation (3)

σ tW,140km =
1
50
IW +

1
5
PMean
W,t (3)

where IW is the installed wind power capacity.
When the region diameter (. d . km) (it was observed that

the dependency from the number of sites within each region
was not significant) changes, the standard deviation of eW,t
(σ d

W,t ) is expressed by equation (4)

σ d
W,t = µσ

t
W,140km (4)

where µ varies with the change of d , referring to [24], [26].
Wind power in UC is modeled as negative load demand

Lnetd_f,t = Ld_f,t −Wd_f,t = LMean
net,t + enet,t (5)

In which, Lnetd_f,t is the day-ahead forecast net load, LMean
net,t is

the expected net load, enet,t is the forecast error of net load.
As there is no correlation between wind power and load

forecast errors [27], the standard deviation (σnet,t ) is got
by (6)

σnet,t =

√
(σ d

W,t )
2 + (σL,t )2 (6)

Based on the probabilistic rule described in [28], power
reserve requirements (Rres,t ) used to deal with forecasting

uncertainties in this paper can be given as

Rres,t = εσnet,t (7)

Here ε = 3, which means 99.74% of variations are
covered [28].

2) MATHEMATICAL FORMULATION OF UC PROBLEM
The objective of UC is to minimize the operation cost of
power system as expressed in equations (8)-(10). Equation (9)
is the generation cost function, which is accurately modeled
by a set of piecewise blocks as introduced in [29]. As in [30],
a two-segment startup cost function is applied as shown
in (10).

Obj = Min
T∑
t=1

Ng∑
i=1

[
CCi,t (P

g
i,t )+ CS

g
i,t

]
(8)

CCi,t (P
g
i,t ) = ai + bi × (Pgi,t )+ ci × (Pgi,t )

2 (9)

CSgi,t =

{
si,tHSCi if Uoff

i,t <CSTi
si,tCSCi if Uoff

i,t ≥ CSTi
(10)

where

Ng Number of generation units
T Number of hours in the scheduling period
CCi,t Generation cost function of unit i
CSgi,t Startup cost function of unit i

Power output from unit i
ai, bi, ci Coefficients of the cost function of unit i
si,t A binary variable for start-up status of unit i
HSCi Hot start-up cost
CSCi Cold start-up cost
Uoff
i,t Number of hours the unit was turned off

CSTi Threshold value of hours for hot and cold start

The objective function is subject to the following
constraints:

a: GENERATION CONSTRAINTS
Equation (11) is the minimum and maximum power output
constraints. Equation (12) presents the ramp rate limits of
generation. The minimum up time constraints of unit i are
presented by equations (13)-(15). The minimum down time
constraints of a unit are expressed by equations (16)-(18).
Gi in equation (13) and Li in equation (16) can be mathe-
matically expressed as equation (19) and (20), respectively.

ui,tPMin
g,i

≤ Pgi,t ≤ ui,tP
Max
g,i (11)

−60× RRgi
≤ Pgi,t − P

g
i,t−1 ≤ 60× RRgi (12)

Gi∑
t=1

(1− ui,t )

= 0 (13)
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t+T on
i −1∑
s=t

ui,s

≥ T on
i (ui,t − ui,t−1) ∀t = Gi + 1, · · · ,T − T on

i + 1

(14)
T∑
s=t

[
ui,s − (ui,t − ui,t−1)

]
≥ 0 ∀t = T − T on

i + 2, · · · ,T (15)
Li∑
t=1

(1− ui,t )

= 0 (16)
t+T off

i −1∑
s=t

(1− ui,s)

≥ T off
i (ui,t−1 − ui,t )∀t = Li + 1, · · · ,T − T off

i + 1 (17)
T∑
s=t

[
1− ui,s − (ui,t−1 − ui,t )

]
≥ 0 ∀t = T − T off

i + 2, · · · ,T (18)

Gi
= Min

[
T , (T on

i − T
on
i,0 )ui,0

]
(19)

Li

= Min
[
T , (T off

i − T
off
i,0 )(1− ui,0)

]
(20)

where

PMin
g,i Lower boundary of power output of unit i

PMax
g,i Upper boundary of power output of unit i

RRgi Power ramp rate of unit i
ui,t A binary variable for the committed status of unit i
Gi Initial periods during which unit i must be online
T on
i Minimum online time of unit i
T on
i,0 The periods during which unit i has been online

prior to the first period of the time span
ui,0 Initial commitment state of unit i.
Li Initial periods during which unit i must be offline
T off
i Minimum offline time of unit i
T off
i,0 Periods during which unit i has been offline

prior to the first period of the time span

b: SECURITY CONSTRAINTS OF MESHED MTDC/AC
NETWORKS
Fig.1 depicts a general configuration of a hybrid AC/MTDC
networks. Security constraints should be imposed on the
whole MTDC/AC gird. On AC grid side, ignoring the
line losses a DC power flow model [31] as expressed in
Equation (21) is applied to ensure the supply-demand bal-
ance. Equation (22) ensures that the AC lines are not over
loaded. OnMTDC grid side, Equation (23) without consider-
ing the DC line losses ensures the power flow balance of
MTDC network. Equation (24) presents the constraints of
converter DC voltage level. Equation (25) ensures that the

FIGURE 1. Configuration of hybrid AC/VSC-MTDC system.

DC lines are not over loaded. A V-I control method [19]
is used by the MTDC converters and the DC power can be
calculated using equations (26). In the case of a VI - droop,
the power injected into DC bus can be written as
equation (27). Equation (28) presents the power limitations of
the DC converters. Equation (29) gives the spinning reserve
constraint.

Pge,t − Le,t + Psm,t

=

1
Xef∑
f

(θf ,t − θe,t ) (21)

−PMax
ef

≤
1
Xef

(θe − θf ) ≤ PMax
ef (22)

Pdcm,t

=

1
Rmn∑
n

(Udcn,t − Udcm,t ) (23)

Umin
dc

≤ Udc,t ≤ Umax
dc (24)

−PMax
mn

≤
1
Rmn

(Udcm,t − Udcn,t ) ≤ PMax
mn (25)

Pdcm,t

=

{
−Psm,t V-I droop bus
Pwm,t Wind power injection bus

(26)

Pdcm,t
= km(Udcm,t − Udcm,0) (27)

−PMax
con

≤ Pdcm,t ≤ PMax
con (28)

Ng∑
i=1

(
ui,t × PMax

g,i

)
+ LMean

net,t

≥ Rres,t (29)

where

Pge,t Total power generated by all the units at
AC bus e

Le,t Load demand at AC bus e
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Psm,t Power injected into bus AC bus e from
MTDC grid

θe,t Power angle at AC bus e
θf ,t Power angle at AC bus f
Xef Reactance of the AC line connecting bus e

and f
PMax
ef Capacity of the AC line connecting

bus e and f
Pwm,t Accommodated wind power at DC bus m
Rmn Resistance of DC line connecting

bus m and n
Umax
dc Maximal limit of DC voltage

Umin
dc Minimal limit of DC voltage

Udc,t Voltage of DC bus
Pdcm,t Power injected into DC bus
PMax
mn Capacity of the DC line connecting bus m

and n
km V-I droop, defined as 1Idc/1Udc
Udcm,0 Initial voltage of DC bus
PMax
con Power limitation of DC converter

c: WIND POWER CONSTRAINT
Wind power curtailment may occur due to the network con-
straints, hence in this paper wind power curtailment is con-
sidered. In this case, the power injected into DC bus can be
written as equation II-B

0 ≤ Pdcm,t ≤ PMean
dcm,t (30)

where PMean
dcm,t is the expected wind power at the DC bus.

3) UC SOLUTION
The UC problem is model as a linear mixed integer prob-
lem in a GAMS environment [32] and the CPLEX solver is
applied to solve it. Fig.2 shows the computational flowchart
of the simulation method which uses the rolling planning

FIGURE 2. Flowchart of the simulation method.

technique [33] to quantify the influence of the complemen-
tary effect of dispersed wind resources.

B. PROBABILISTIC SMALL SIGNAL ANGULAR STABILITY
OF MESHED MTDC/AC SYSTEM AS AFFECTED BY THE
WIND COMPLEMENTARITIES
Power system small-signal angular stability is affected by
the stochastic fluctuations of grid-connectedwind generation.
For a power system being considered stable deterministically,
there may still exist certain probability that the system can
lose stability as the result of random variations of wind
power output [34]. The risk brought about by the stochastic
fluctuations of grid-connected wind can be assessed by the
probabilistic stability of power systems. Random variations
of wind penetration lead to the stochastic drifting of power
system operating points which changes mode positions of
power systems. The sensitivity of the eigenvalue against wind
power can be used to assess how the wind power affects the
mode position.

Wind complementarities smooth the fluctuations of wind
generation which may result in less stochastic drifting of
power system operating points. Thus utilization of wind com-
plementarities may improve the probabilistic small-signal
stability of a power system as compared to the case of non-
complementarities. This benefit of wind complementarities
to the stable operation of power systems is evaluated in this
paper. The focus of study here is the evaluation of effect of
wind complementarities on power system stability by com-
paring complementary and non-complementary wind gen-
eration rather than accurate assessment or enhancement of
system stability. Hence a simple one-order excitation system
has been employed for all the synchronous generators. Exam-
ination of PSS design and assignment onto HVDC stations
are not considered. However, in the study, full dynamicmodel
of generators, DFIG and rotor-side converter controller are
used (parameters are given in Appendix A).

A procedure of applying Monte Carlo simulation to assess
the effect of grid-connected wind generation on AC power
system probabilistic small-signal rotor angle stability is pro-
posed in [35]. The probability density function (PDF) of the
real part of critical oscillation mode of a power system is
calculated firstly. Then probabilistic small-signal angular sta-
bility of the power system can be computed. TheMonte Carlo
simulation procedures of probabilistic small signal stability
analysis for meshedMTDC/AC system adopted by this paper
are given in Fig.3.

III. TEST REAL POWER SYSTEM AND MODELING WIND
POWER BASED ON REAL WIND DATA
A. REAL TEST POWER SYSTEM
The test power system used in this paper is the power trans-
mission system in Jiangsu Province (JSP), China. The HV
(500 kV) JSP power grids are illustrated in Fig.4. The system
has 160 synchronous generators and 45 buses. The generation
capacity of the system is 66.6k MW and the annual peak
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TABLE 1. Generation data.

FIGURE 3. Flowchart of Monte Carlo for probabilistic small signal stability
analysis.

load is 64.7kMW. Details of generation of some key gener-
ators for the UC simulation are presented in Table 1. Wind
resources along the eastern coastline of Jiangsu Province are
redundant which has been identified as one of the main sites
to develop large-scale offshore wind generation in China.
Shandong Province is the neighbor province in the north
of Jiangsu where rich offshore wind resources are avail-
able. This paper studies how system economic operation
of JPG (Jiangsu Province Grid) is affected by the wind
complementarities of dispersed wind generation in terms of
the UC, when large-scale offshore wind farms are fully devel-
oped at southeastern (WF1) and northeastern (WF2) area
along the coastline of Jiangsu Province as well as at the sea
along the coastline of Shandong Province (WF3) as shown
in Fig.4.

In order to investigate the benefits brought about by wind
complementarities, wind power transmission over the sea
water through voltage source converter (VSC) based HVDC
technology is considered and combined wind power output
is achieved through a multi-terminal DC (MTDC) network
as shown in Fig.4. Load center in Jiangsu Province locates at

FIGURE 4. Configuration of JPG.

the southern area ofYangzi River. Hence in the study, offshore
wind power is considered to be sent to the 500kV buses of the
highlighted areas in the south of Yangzi River as shown in
Fig.4. The meshed MTDC/AC network is depicted in Fig.5.

The models of meshed MTDC/AC system and wind
power generator for small signal stability analysis are given
in Appendix A.

B. MODELING WIND POWER BASED ON REAL
WIND DATA
As in [10], [11], this paper uses the real wind speed at the
height of 10m provided by China Meteorological Admin-
istration (CMA) to simulate electric power from the wind
farm at a given site. The available hourly wind data are
from Oct.1 2009 to Sept.31 2010. Offshore wind speed at
the measurement height are adjusted to the hub-height by
using the logarithmic law [36] as given in equation (31) with

VOLUME 10, 2022 22561



J. Zhou et al.: Economic and Stable Operation of Meshed MTDC/AC Grid

FIGURE 5. Network of meshed MTDC/AC system.

a roughness length L0 = 0.0002 m, which varies little for
different sea areas and is recommended as an average value
for calm and open seas [37].

Some observed wind data from onshore sites near the sea
are transformed into the inferred offshore data by using the
following equation IV

Vhub = Vsea

(
In(Hhub)− In(L0)
In(H0)− In(L0)

)
(31)

Vsea = 1.62+ 1.17Vland (32)

where Vhub is the wind speed at the hub heightHhub,H0 is the
measurement reference height, 10 m in this paper, Vland is the
measured onshore wind speed.

The power-curve can be used to simulate electric power
output P of a single wind turbine. This curve maps the
hub-height wind speed to turbine power, i.e. P = f (Vhub),
which is supplied by themanufacturer. Varied power curve for
different wind turbines and wind farms may have smoothing
effect on power output. However, the sensitivity of studies on
the hourly complementary impact of wind recourses to wind
turbine type is only a few percent [9], [38]. Hence only one
wind turbine type, A Chinese mainstream 3MWwind turbine
type, Sinovel SL 3000/90, is assumed to be installed in every
wind farm. The normal parameters for this wind turbine type
are given in Appendix B.

Atmospheric turbulence may have a certain effect on the
power output from wind farms. The WAsP model [39] used
for the velocity deficit in offshore wind farm is given as
follows

Uwake = Ufree

[
1−

(
1−

√
1− CT

)( D
D+ 2kwakeXd

)2
]
(33)

where CT is the thrust coefficient, X is the downstream dis-
tance from the turbine, D is the rotor diameter of the turbine,
Ufrees is the free-streamwind speed, and kwake is a wake decay
constant, of which the suggested value is 0.05 for offshore
wind farm [40].

IV. TEST RESULTS
A. UC OF MESHED MTDC/AC SYSTEM AS AFFECTED
BY THE WIND COMPLEMENTARITIES
In order to demonstrate and compare, the following possible
scenarios of offshore wind power supply are considered in the
test Jiangsu power system
(1) WF1: only the offshore wind farm in the southern sea

along the coastline of Jiangsu Province supplies power
to the load in the south of Yangzi River.

(2) WF2: only the offshore wind farm in the northern sea
along the coastline of Jiangsu Province supplies power
to the load in the south of Yangzi River.

(3) WF1+WF2: two wind farms along the coastline of
Jiangsu Province send power to the load in the south
of Yangzi River through the MTDC network.

(4) WF1+WF2+WF3: three wind farms along the coast-
line of Jiangsu and Shandong Province send power
to the load in the south of Yangzi River through the
MTDC network.

For the UC simulation total wind power (P5) received by
the hub A (see fig.5) are transmitted to the four AC buses in
proportion to their amount load demands (in this work, n1 :
n2 : n3 : n4 = 3 : 2 : 5 : 3) by adjusting km of DC converters,
of which the derivation is shown in Appendix C. Note that
within scenario (3) and (4), installed wind capacity at each
site is same.

At first, one week wind power profiles and the highest
weekly load power for JPG are considered. The selected
weekly capacity factor of all profiles is taken as 0.264, which
means that the average production of each wind farm is
26.4% of their installed capacity. Table 2 shows the simu-
lation results when the wind penetration level is 30%. Two
cases are considered: 1) without MTDC transmission limits,
MTDC system has the ability to transmit all the produced
wind power. In such case wind power curtailment just occur
due to the limits of AC system; 2) with MTDC transmission
limits, the capacity of MTDC line connecting hub A and B
(see Fig.5) is set to be 65% of wind installed capacity. In this
case both the constraints of AC and DC system may effect
wind power curtailment.

Results in Table 2 shows that different wind profiles have
different impact on the UC, even when wind facilities are in
a relative small region. Interconnecting dispersed wind farms
could reduce operational cost and wind power curtailments.
During low load periods, wind power curtailment may occur
to ensure that sufficient generation units are online to guar-
antee adequate Rres,t to accommodate net load fluctuation.
In such case, the higher wind power is, the more curtailed
wind power is. Interconnecting dispersed wind farms could
reduce the possibility of very-high wind output events, which
is concluded by previous research. In addition, single wind
farm hourly power fluctuates faster. In such case it needs
higher ramping capabilities of AC system, which will also
influence the on-or-off states of generation units, especially
in low load periods. When interconnecting dispersed wind
farms, power fluctuates slowly and less Rres,t is needed to
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TABLE 2. Weekly operational cost when the wind penetration is 30%.

accommodate net load due to higher forecast precision. Fur-
thermore, there are fewer hours when power generation is at
high level when interconnecting dispersed wind farms.

Fig.6 shows wind curtailment when not taking the con-
straints of DC system into consideration. From Fig.6, it can
be see that when the transmission capacity of MTDC is set
to 65% of total generated wind power, more wind power
curtailment may occur, when compared with no-MTDC-limit
scenario. In other words, lower DC line capacity means
more wind curtailment. However, when considering wind
complementary effect, a certain wind power discard may
bring significant investment saving of DC lines. Hence in
practice, it is wise to allow a certain wind power curtailment
to save the cost to raise transmission capacity of long-distance
DC lines and power transmission efficiency, especially when
interconnecting dispersed wind farms to supply power to load
center. To study the optimization of MTDC network structure
by considering transmission line capacity and sites of wind
farms to maximize the economic benefits brought about by
the complementary effect of dispersed wind farms, it needs
to carry out simulation over a long period of time. Our paper
just provides a new way to investigate the economic effect of
meshedMTDC/AC transmission systems to include the effect
of wind complementarities.

For each scenario, the UC for every month was carried out
by using the rolling algorithm illustrated in the above section
and yearly operational cost was computed. Table 3 gives the
results of operational cost in different scenarios of offshore
wind connections when the level of wind penetration is 30%.
From Table 3 it can be seen that making use of comple-
mentarities of offshore wind generation at different locations
(WF1+WF2+WF3) can bring about yearly operation saving
1.226 × 109 RMB (as compared with WF1+WF2), 1.45 ×
109 RMB (as compared with WF1) and 1.526 × 109 RMB
(as compared with WF2) respectively. If the level of wind
penetration reaches 30%, total yearly operational saving from
making use of wind complementarities (WF1+WF2+WF3)
will be 2.504× 109 RMB or 2.88× 109 as compared to WF1
orWF2 only. Note that wind farms within each scenario share

FIGURE 6. Curtailed against accommodated wind power when MTDC
constraints are considered with wind power penetration level at 30%.

TABLE 3. Yearly operational cost when the wind penetration is 20%.

wind capacity equally. Note that the capacity factors of these
wind farms are 0.342, 0.338 and 0.351, respectively.

Fig.7 shows the yearly operational cost of the system plot-
ted against different levels of wind power penetration. It can
be seen from Fig.7 that

(1) When the offshore wind farm in one area supplies
wind power to Jiangsu Province (WF1 or WF2 alone),
the operational cost decreases more slowly with the
increase of penetration level of wind power. The trend
of decrease approaches even saturation when the pene-
tration level is over 35%.

(2) Complementarities of two offshore wind farms bring
down the yearly operational cost (WF1+WF2). The
higher the penetration level of wind power, the more
the yearly operational cost is saved.
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FIGURE 7. Operational cost versus wind power penetration level.

(3) The best scenario is when the offshore wind in Shan-
dong is brought in (WF1+WF2+WF3). Significant
yearly operational cost can be saved from the comple-
mentarities of offshore wind farms. The decrease speed
of operational cost does not reduce evidently even
when the penetration level of wind power reaches 50%.

B. PROBABILISTIC SMALL SIGNAL ANGULAR STABILITY
OF MESHED MTDC/AC SYSTEM AS AFFECTED BY THE
WIND COMPLEMENTARITIES
It is well-known that the spatiotemporal complementari-
ties of geographically distributed wind generation have the
effect of smoothing the random variations of wind power
output. Hence it is highly possible that the complementar-
ities may reduce the risk from the stochastic fluctuations
of grid-connected wind generation on power system small-
signal angular stability. This aspect of benefit of comple-
mentarities of wind generation has been examined in the test
power system of Jiangsu Province and is presented as follows.

The Monte Carlo simulation has been used to calculate the
PDF of the critical oscillation mode of the test power system.
Results given below were obtained when the level of wind
penetration is 20%.

1) TEST SYSTEM OPERATES UNDER A NORMAL LOADING
CONDITION
Under a normal loading condition, it was identified that
the critical oscillation mode of the test power system is
λcritical = −0.1981 ± j3.9422 from the deterministic small-
signal stability analysis. Hence deterministically, the system
is stable and the mode is well damped with a damping ratio
of 5.02%.

For different possible scenarios of offshore wind farm
connections, the PDFs of the damping ratio of the critical
oscillation mode of the test power system were calculated by
use of Monte Carlo simulation and displayed in Fig.8. From
Fig.8 it can be seen that although power output from WF1 or
WF2 exhibits dramatically power ups and downs, wind com-
plementarities (WF1+WF2+WF3) has made the real part of
the critical oscillation mode more locate in the middle, more

FIGURE 8. PDF of damping ratio of system critical oscillation mode for
different scenarios of offshore wind power supply (A): (a) WF1 only;
(b) WF2 only; (c) WF1+WF2; (d) WF1+WF2+WF3.

analogue to the PDF of a normal distribution. This means
that the spatiotemporal complementarities of geographically
dispersed wind sites can reduce the probability of very low or
high power events sharply, which is the anticipated feature of
smoothing effect of the spatiotemporal complementarities.

From the PDFs displayed in Fig.8, probability that the
critical oscillation mode of the test power system is well
damped (damping ratio ≥ 5.0%) was computed and is given
in Table 4. From the results in Table 4 is can be seen that the
spatiotemporal complementarities of combined wind power
supply (WF1+WF2+WF3) indeed give the best chance that
the critical oscillation mode is well damped.

TABLE 4. Probability of damping ratio of critical oscillation mode ≥ 10%.

The distribution of the PDFs of damping ratio of system
is quite similar to that of wind turbine mechanical power.
There exist two distinct concentrations of probability masses
in the distribution forWF1 andWF2: the left one corresponds
to the situation that the wind farm is cut off; the right one
corresponds to situation that wind turbine generates rated
power. However, when connecting geographically dispersed
wind generations, the PDFs of damping ratio have changed:
both the left and right distributions decrease. This is because
the number of zero- or full-wind events decreases due to
the complementarities of dispersed wind generation, thus the
aggregate power rarely reaches the rated power or zero power.
For WF1+WF2+WF3, probability masses concentrates in
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the middle range, and the PDFs for it are similar to a normal
distribution.

2) TEST POWER SYSTEM OPERATES AT A STRESSED
LOADING CONDITION
At a stressed loading condition, the critical oscillation mode
of the test power system is λcritical = −0.0122 ± j3.9168.
Deterministically, the system is stable, though very close to
the static stability limit. Fig.9 shows the computational results
of PDFs of the damping ratio of the critical oscillation mode.
From the PDFs, probabilistic small-signal stability of the
test power system was computed and results are presented
in Table 5.

From the results in Table 5 it is can be seen that though the
system is considered stable deterministically, there exists the
risk that the system becomes unstable. This risk is reduced
by the spatiotemporal complementarities of combined wind
power supply (WF1+WF2+WF3), as the probability of sys-
tem being stable increases when power output from different
offshore wind farms is combined.

FIGURE 9. PDF of damping ratio of system critical oscillation mode for
different scenarios of offshore wind power supply (B): (a) WF1 only;
(b) WF2 only; (c) WF1+WF2; (d) WF1+WF2+WF3.

TABLE 5. Probabilistic stability of the test power system.

V. CONCLUSION
It has been known that the spatiotemporal complementarities
of geographically dispersed wind can have the smoothing

effect on wind power output. This paper investigates the
complementary effect of geographically distributed wind
generation on power system economic and stable operation.
The investigation was carried out in a real power system in
China in terms of the unit commitment (UC) as well as the
probabilistic small-signal angular stability. Real wind data
provided by the ChinaMeteorological Administration (CMA)
were used in the UC and assessment of system probabilistic
stability. Three offshore wind farms at different sites are
combined to send wind power to the southern area in Jiangsu
Province, China, via a multi-terminal DC (MTDC) network.
Computational results of the UC and system probabilistic
stability demonstrate that significant saving of operational
cost of Jiangsu power system and reduction of probability of
system instability can be brought about by the spatiotempo-
ral complementarities of geographically distributed offshore
wind farms. To the best knowledge of authors, it is the
first time that the work presented in the paper has provided
evidence of benefits of making use of spatiotemporal com-
plementarities of wind generation to power system operation
and stability.

APPENDIX A
THE PARAMETERS OF SMALL SIGNAL STABILITY
ANALYSIS
A small signal stability analysis model of AC test system
in [41] is used in this paper. The parameters of the excitation
system model of synchronous generators are

KA = 7.4, TA = 0.1s, Vmax = 10.0, Vmin = −10.0.

VSC-HVDC network data in p.u. are

R15 = 0.0006, R25 = 0.0006, R35 = 0.0006, R45 = 0.0006,

R56 = 0.0012, R67 = 0.0006, R68 = 0.0006, R69 = 0.0006.

The VSC-converter model in [42] is applied for the con-
verters and the loss of the converters is neglected. The param-
eters in p.u. are

Rc = 0.0001, Xc = 0.1643.

The DFIG model in [43] is used for wind farms and the
parameters in p.u. are

D = 0.0, H = 1.7s, Xs = 0.29, Xr = 0.29,

Xm = 2.6, Rs = 0.0, Rr = 0.0013.

The DFIG rotor-side converter controller in [16] is
employed, in which KP = 30,KQ = 30.

APPENDIX B
THE PARAMETERS OF WIND TURBINE
The parameters for the wind turbine used in this paper are:

Nominal power: 3000 kW, Rotor diameter: 90 m,
Nominal wind speed: 13 m/s, Maximum wind

speed: 25 m/s,
Hub height: 90 m, cut in wind speed: 3.5 m/s,
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APPENDIX C
DERIVATION OF V-I DROOP TO DIVIDE WIND POWER
In this paper, V-I droop Character of four converters are given
in Fig. 10 and the steady-state DC equivalent circuit is shown
in Fig. 11.

Assuming the proportion of wind power accommodated at
four GSVSCs is n1 : n2 : n3 : n4, then

Vdc2 − Vdc1 = R1Idc1 − R2Idc2 (34)

Vdc2 − Vdc1 =
Idc2
k2
−
Idc1
k1

(35)

n1
n2
=

P1
P2
≈
Idc1
Idc2

(36)

Through above three equations

k2 =
1

n1
n2
(R1+ 1/k1)− R2

(37)

Likewise,

k3 =
1

n1
n3
(R1+ 1/k1)− R3

(38)

k4 =
1

n1
n4
(R1+ 1/k1)− R4

(39)

FIGURE 10. V-I characteristics for GSVSCs.

FIGURE 11. Steady-state DC equivalent circuit of the
four-receiving-terminals.
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