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Integration of Large-Scale Offshore Wind Energy
via VSC-HVDC in Day-Ahead Scheduling
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Abstract—This paper presents a security-constrained unit com-
mitment (SCUC) solution for the optimal integration of large-scale
offshore wind energy into a power grid. The solution consid-
ers a linear static state representation of multiterminal volt-
age source converter (VSC)-based high voltage direct current
(HVDC) network and effectively incorporates this model into
SCUC. The proposed algorithm consists of two major solution
components: 1) component implements a SCUC solution for the
inland power system; 2) component executes a scheduling of multi-
terminal VSC-based offshore HVDC power system. Auxiliary
problem principle technique is utilized to coordinate the power
injections/withdrawals at HVAC/DC grid interfaces, which are
obtained from both the inland and offshore scheduling compo-
nents. Numerical tests illustrate the effectiveness of the proposed
algorithm in the integration of large-scale offshore wind energy
into the power grid.

Index Terms—HVDC transmission system, offshore wind
energy, voltage source converter.

NOMENCLATURE

Indices:
i Index for thermal unit
j Index for VSC HVAC/DC interface
s Index for scenarios
t Index for time
w Index for offshore wind farm

Parameters:
Ds

t System load demand at time t for scenario s
DRi Operating ramping down rate limit of unit i
DRw Operating ramping down rate limit of wind farm w
M Number of DC buses
MSRi Maximum sustained rate (MW/min) of unit i
NG Number of units
NJ Number of VSC AC/DC interfaces
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NS Number of scenarios
NT Number of periods under study (24 hours)
NW Number of offshore wind farms
Pmax,i Upper limit of power generation of unit i
Pmin,i Lower limit of power generation of unit i
P s
max,wt Predicted generation output of offshore wind farm

unit w at time t for scenario s
Rkm Resistance of HVDC line k −m
SDCi Shutdown cost of unit i
SRt System spinning reserve requirement at time t
SUCi Startup cost of unit i
Toff,i Minimum Off time of unit i
Ton,i Minimum On time of unit i
URi Operating ramping up rate limit of unit i
URw Operating ramping up rate limit of wind farm i
ρs Probability of scenario s
Gsys Conductance matrix of HVDC network
KD AC bus to load demand incidence matrix
KJ AC bus to VSC HVAC/DC interface power inci-

dence matrix
KJ DC bus to VSC HVAC/DC interface power inci-

dence matrix
KP AC bus to unit generation incidence matrix
Kw DC bus to offshore wind power incidence matrix
PLac

max HVAC line capacity vector
PLdc

max HVDC line capacity vector
SFdc Shift factor matrix of HVDC network
SFac Shift factor matrix of HVAC network

Variables:
Fi(·) Generation cost function of unit i
Iit Commitment state of unit i at time t (binary, 1 means

unit i is On at time t, 0 means unit i is Off at time t)
P s
it Generation of unit i at time t for scenario s

P s
jt Power injection (+)/withdrawal (−) at HVAC inter-

face j at time t for scenario s
P

s

jt Power injection (+)/withdrawal (−) at HVDC inter-
face j at time t for scenario s.

P s
wt Generation of offshore wind farm w at time t for

scenario s
SRs

it Spinning reserve supply of unit i at time t for
scenario s

SUDit Startup/shutdown cost of unit i at time t
IInjdc,bus Vector of injected current at the DC bus

PInj
bus Vector of injected real power at DC bus

Vdc,bus Vector of DC bus voltage
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I. INTRODUCTION

T HE MANDATE for the electricity industry restructur-
ing in conjunction with adverse issues such as aging

infrastructure, global warming, and stressed transmission sys-
tems, requires the adoption of operation and planning schemes
that make economic sense, are reliable and environmentally
friendly. Such requirements are calling for rapid deployments
of offshore wind energy resources across load centers in the
United State and elsewhere. There are approximately seven
gigawatts (GW) of offshore wind installed worldwide by the
end of year 2014 [1].

The Mid-Atlantic region offers offshore wind potentials in
the relatively shallow waters of the outer continental shelf.
These shallow waters, which extend miles out to the sea, allow
for the development of large, distant wind farms, mitigating
visibility issues and allowing for greater energy capture from
stronger winds. One of the proposed offshore wind projects is
composed of more than 700 miles of HVDC circuits [2]. In
addition, there are thousands of MW of offshore wind energy
projects considered in the ISO New England system which
utilize HVDC transmission systems [3]. Meanwhile, another
example for the demonstration of controllability of HVDC
transmission systems in the United States is the Neptune HVDC
transmission Project which interconnects PJM and NYISO [4].
The HVDC transmission link allows the Long Island area of
NYISO to access diverse sources of low-cost electrical capac-
ity and energy supplied by PJM, as HVDC transmission flow
bypasses the congested bottleneck of Long Island imports.
Accordingly, expensive and less efficient reliability must-run
generation units are deemed less critical for supplying hourly
loads.

Voltage source converter based HVDC (VSC-HVDC) trans-
mission systems can address not only conventional network
issues but also the integration of large-scale renewable energy
sources with the grid [5]. The application of VSC-HVDC for
large-scale offshore wind energy integration has attracted many
attentions [6]–[12]. The operation and control strategies of
an offshore wind farm interconnected through HVDC system
were investigated in [6] which presented a three-level neutral
point clamped VSC system. Reference [7] proposed a steady-
state and transient management scheme for VSC-HVDC based
offshore wind power plant which aimed to fully utilize the
HVDC converters’ normal loading capabilities during steady-
state operation. Reference [8] simulated the isolated offshore
grid with the VSCs providing negative sequence current control
at all the terminals. Reference [9] investigated the application of
VSC along with the conventional line-commutated HVDC for
offshore wind energy integration. Reference [10] presented the
DC voltage control and power dispatch of VSC-HVDC based
offshore wind integration. In [11], [12], the optimum method
for the acquisition of offshore wind power were studied. Most
of the above works focus on the control and transient simu-
lation of VSC-HVDC based offshore wind energy integration.
However, the consideration of large-scale offshore wind energy
integration into power grid is necessary and would be of great
merits in this study topic.

One of the challenging issues in electricity market operations
is to integrate the abundant offshore wind energy resources

effectively into the stressed HVAC power grid. HVDC trans-
mission can play a significant role in facilitating the intercon-
nection of HVAC power grid with the offshore wind energy.
Various researchers have made significant contributions to
incorporating the operation of HVDC transmission links with
HVAC transmission systems. They applied numerical tech-
niques such as unified and sequential methods to solve the
power flow problems in integrated HVDC/AC transmission
systems [13], [14]. They modeled HVDC transmission sys-
tem in the optimal power flow problem [15]–[19]. They also
modeled VSC-HVDC transmission systems for power flow
studies [20]–[22]. Reference [20] solved the power flow prob-
lem for two terminal VSC-HVDC transmission systems, while
[21] proposed two mathematical models for multi-terminal
VSC-HVDC transmission links. Reference [22] included VSC-
HVDC transmission constraints, assuming that the total active
power injection to the VSC-HVDC transmission link would
represent power losses in the link, to manage the relations
between dc current and voltage. In addition, day-ahead ISO
markets consider the operation of HVDC transmission systems
using the security-constrained unit commitment (SCUC) which
will meet hourly system loads subject to transmission and secu-
rity constraints. Studies in [23], [24] solved the hourly SCUC
problem with HVAC and HVDC transmission networks.

A VSC system allows fast and reversible control of active
and reactive power. When there are a number of large wind
farms in a certain geographic region, multi-terminal VSC-based
HVDC transmission system might be a promising option. A
VSC-based HVDC transmission system is a viable interconnec-
tion for large-scale offshore wind farms as its flexible control
capability enables effective integration of offshore wind energy
into the HVAC power grid.

With the major development of the offshore wind farms, a
multi-terminal HVDC transmission system needs to intercon-
nect and manage a large number of offshore wind turbines and
inject the wind power to the inland HVAC power systems in a
secure and economic manner. Therefore, an individual offshore
HVDC system operator is needed to deal with the offshore
wind energy forecasting, the system operation and control, the
market participation and the reliability issues [25]–[27]. As the
offshore HVDC and the inland HVAC power systems are run by
independent operators and the operating condition of one sys-
tem must influence the operation of the other system through
their AC/DC interfaces, making a collaborative and optimal
operation between these two independent systems becomes an
issue. This paper proposes a new algorithm to integrate the
VSC-HVDC transmission system for introducing a significant
level of offshore wind energy into the HVAC power grid. The
proposed algorithm is to decompose the original day-ahead
scheduling problem of the entire AC/DC power system into two
major solution components that are solved by individual oper-
ators. As shown in Fig. 1, the inland HVAC component can
be executed by the AC grid operator (or traditional ISO) by
using a traditional SCUC solution while considering the off-
shore wind energy for balancing the supply. Meanwhile, the
offshore HVDC grid operator will schedule a multi-terminal
offshore VSC-HVDC power system in coordination with the
wind energy utilization of inland HVAC. Power exchanges
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Fig. 1. Flowchart of SCUC with offshore wind energy via VSC-HVDC.

between inland HVAC and offshore HVDC power systems
are iteratively coordinated until a feasible and optimal power
transfer is obtained. The major contributions of this paper in
terms of HVDC network modeling and the decomposition and
coordination solution are summarized as follows:

• HVDC Network Modeling: In a more conventional power
system operation for the offshore wind energy integra-
tion, the offshore HVDC grid was often modeled as
either a constant injection to the grid (can be regarded
as a negative load at AC/DC interface) or a point-to-
point connection (a two-terminal HVDC network is used).
However, the offshore HVDC model in this paper allows
flexible controls of the power through a VSC-based multi-
terminal HVDC system. In addition, in order to avoid the
non-convergence issue of a non-linear static VSC based
HVDC network model, the proposed algorithm uses a lin-
ear static VSC based offshore HVDC network model to
facilitate a higher penetration of large-scale offshore wind
energy into a stressed AC network system.

• Decomposition and Coordination Solution: Different
from a sequential solution which solves both the
HVAC and HVDC systems using Benders decomposition
methodology, an augmented Lagrangian relaxation based
auxiliary problem principle (APP) technique is applied
to simultaneously coordinate the day-ahead scheduling of
both the inland HVAC and offshore HVDC power sys-
tems, while considering the offshore wind uncertainties
using stochastic programming technique. The proposed
decomposition and coordination strategy can find optimal
operating points of the independent inland HVAC and off-
shore HVDC power systems. In addition, the proposed
strategy is a procedure in which each independent inland
HVAC or offshore HVDC system operator only deals
with its own information/data and schedules for its own
area and interfaces with the other systems. Consequently,
only a limited amount of information/data is exchanged
among the different AC and DC grid operators, and
these operators do not need to exchange all the system
information, which might be commercially sensitive with
each other.

The rest of the paper is organized as follows. Section II
introduces a linear static state representation of multi-terminal
VSC-HVDC network. A stochastic SCUC model with inte-
gration of offshore wind energy via VSC-HVDC system is

presented in Section III. The proposed decomposition strategy
and solution method are discussed in Section IV. The effec-
tiveness of the proposed algorithm is shown using a 6-bus
testing system and a modified IEEE 118-bus power system in
Section V. The conclusions are drawn in Section VI.

II. VSC-HVDC LINEAR STATIC STATE MODEL

The HVDC transmission system for the offshore wind energy
integration consists of at least two converters (i.e., rectifiers
and inverters) and undersea cables that link the converters.
A bi-directional VSC system is controlled by a PWM index
operating in three-phase balanced conditions. It is connected
to HVAC terminal through a transformer. The transformer is
assumed to be lossless. Such converters are linked through
HVDC cables to establish a VSC-HVDC network. In this
section, a linear static state model of VSC-HVDC transmission
system is introduced to accelerate the scheduling decision. In
this reduced model, the incoming real power at the AC side
of converter is equal to the outgoing real power at the DC
side of converter because the power loss caused by the con-
verter may be neglected in high voltage/energy applications.
As a result, the converter can be approximately modeled as a
junction point between HVAC and HVDC power systems. In
order to represent the power flow through HVDC network, a
concept of shift factor is used to assess the impact of injected
real power from the HVAC side of converter on the real power
flow through the HVDC network. The shift factor of HVDC
network is formulated as follows (all equations are in per
unit):

Equation (1) represents that in a HVDC network, the injected
real power at a DC bus is equal to the product of DC bus voltage
and injected current at the DC bus.

P Inj
bus = Vdc,busI

Inj
dc,bus (1)

Equation (2) is the nodal current-voltage equation of the
HVDC network in the matrix form.

IInjdc,bus = GsysVdc,bus (2)

According to equations (1) and (2), we get[
PInj

bus

Vdc,bus

]
= GsysVdc,bus (3)

Assume 1.0 per unit for all Vdc,bus at the right hand side of
the above equation to get

PInj
bus = GsysVdc,bus (4)

Thus,

Vdc,bus = X ·PInj
bus (5)

where, X = G−1
sys.

For the voltage at the DC bus b, we have

Vdc,b =

M∑
j=2

XbjP
Inj
j ∀b = 2, 3, . . . ., M (6)
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For the HVDC current through line k −m

Ikm = Pkm/Vdc,k = (Vdc,k − Vdc,m)/Rkm (7)

If we assume Vdc,k = 1.0 p.u., the flow on HVDC line k −
m is calculated by (8) where SF dc

km,j = Xkj −XmjRkm is the
shift factor of HVDC network which represents the sensitivity
of the real power flow on the DC line k −m to the injected real
power at the DC bus j.

Pkm = (Vdc,k − Vdc,m) / Rkm

=
1

Rkm

⎛
⎝ M∑

j=2

XkjP
Inj
j −

M∑
j=2

XmjP
Inj
j

⎞
⎠

=
M∑
j=2

(
Xkj −Xmj

Rkm

)
P Inj
j

=
M∑
j=2

SF dc
km,jP

Inj
j (8)

III. STOCHASTIC SCUC PROBLEM FORMULA

In general, scenario-based stochastic SCUC model is widely
used by power system operators to deal with the uncertainties
in power systems. Mathematically, a stochastic SCUC problem
with the integration of offshore wind energy via VSC-HVDC
system is modeled as a mixed-integer linear programming
(MILP) problem. We summarize the pertinent assumptions as
follows,

• Without loss of generality in this paper, only thermal units
are modeled in SCUC. The proposed model can be eas-
ily extended to handle other types of generating units like
combined-cycle and pumped storage units.

• The inland transmission network is formulated in terms
of the dc power flow model which is commonly utilized
in SCUC.

• The VSC converter can generate reactive power or suffi-
cient levels of reactive power is available in the power grid
to maintain its terminal voltages within their permissible
limits.

• The offshore wind farm is modeled as an aggregator in the
proposed scheduling study. The detailed control model of
individual offshore wind turbines and their connections
inside the wind farm is neglected in this study.

• The proposed model is using as much wind energy as
possible for economic and security purposes and relies
on conventional generators for providing the required
ancillary services.

Accordingly, the objective of stochastic SCUC problem is
to minimize the expected operating cost for all given scenarios
over the entire studied time horizon (9).

Min

NT∑
t=1

NG∑
i=1

[
SUDit +

NS∑
s=0

ρsFi (P
s
it, Iit)

]
(9)

The prevailing constraints considered in the proposed
stochastic SCUC problem include the following three groups
of constraints:

1. Inland HVAC Power System Constraints Include:
1.1 Unit generating capacity constraints (10).

Pmin,iIit ≤ P s
it ≤ Pmax,iIit ∀i, ∀t,∀s (10)

1.2 Unit start up and/or shut down costs (11).

SUDit ≥ (Iit − Ii(t−1))SUCi

SUDit ≥ (Ii(t−1) − Iit)SDCi ∀i, ∀t, ∀s
(11)

1.3 Unit minimum On (12) and Off (13) time limits,
which respectively indicate (a) if a unit is initially
in operation/down for less than its minimum On/Off
time, it has to stay On/Off for the remaining required
hours; (b) a unit has to stay On/Off for at least
the minimum On/Off time hours; otherwise, (c) a
unit cannot change its status for the ending period
which is not long enough for minimum On/Off time
requirements.

t+Ton,i−1∑
τ=t

Iiτ ≥ Ton,i(Iit − Ii(t−1))

∀i, ∀t = 1, . . . , NT − Ton,i + 1 (12)
NT∑
τ=t

[Iiτ − (Iit − Ii(t−1))] ≥ 0

∀i, ∀t = NT − Ton,i + 2, . . . , NT

t+Toff,i−1∑
τ=t

(1− Iiτ ) ≥ Toff,i(Ii(t−1) − Iit)

∀i, ∀t = 1, . . . , NT − Toff,i + 1 (13)
NT∑
τ=t

[1− Iiτ − (Ii(t−1) − Iit)] ≥ 0

∀i, ∀t = NT − Toff,i + 2, . . . , NT

1.4 Unit ramping up (14) and down (15) limits, which
can represent (a) a unit cannot increase/decrease its
output more than a maximum increment/decrement
and (b) the output of a unit right after it is started up
and right before it is shutdown, should be forced to
be no more than its startup/shutdown power.

P s
it − P s

i(t−1) ≤ URi[1− (Iit − Ii(t−1))]

+ Pmin,i(Iit − Ii(t−1))

+ Pmax,i(1− Iit) ∀i, ∀t,∀s (14)

P s
i(t−1) − P s

it ≤ DRi[1− (Ii(t−1) − Iit)]

+ Pmin,i(Ii(t−1) − Iit)

+ Pmax,i(1− Ii(t−1)) ∀i, ∀t,∀s (15)

1.5 Unit spinning reserves (16).

P s
it + SRs

it = Pmax,i ∀i, ∀t,∀s
0 ≤ SRs

it ≤ 10MSRiIit ∀i, ∀t,∀s (16)
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1.6 The permissible generation adjustment limits
between base case (s = 0) and other scenarios (17).∣∣P s=0

it − P s
it

∣∣ ≤ Δi ∀i, ∀t,∀s (17)

1.7 The system power balance in the inland HVAC
transmission system (18) considers variables P s

jt,
which are power injection (+)/withdrawal (−) at
HVAC interface of VSC.

NG∑
i=1

P s
it +

NJ∑
j=1

P s
jt = Ds

t ∀t,∀s (18)

1.8 System spinning reserve requirements (19).

NG∑
i=1

SRs
it ≥ SRt ∀t,∀s (19)

1.9 The shift factor based power flow constraints of the
inland HVAC transmission network (20) for both
base case and contingency.

−PLac
max ≤ SFac

(KPP
s +KJP

s
J −KDD) ≤ PLac

max (20)

2. Offshore HVDC Power System Constraints Include:
2.1 Generation limits of dispatchable wind units (21).

As the additional wind energy integration into the
power grid is considered, the wind energy is treated
as a power generation source rather than a nega-
tive load. Meanwhile, advanced control strategies
for wind turbines (pitch and yaw controls) are mak-
ing it possible to rapidly and continuously adjust the
wind turbine output. The maximum level of active
offshore wind farm generation, Pmax,w, is limited
to the wind energy forecast.

0 ≤ P s
wt ≤ P s

max,wt ∀w, ∀t,∀s (21)

2.2 Wind farm ramp rate would limit the wind energy
dispatch when there is a rapid change in wind speed
(22).

−DRw ≤ P s
wt − P s

w(t−1) ≤ URw ∀w, ∀t,∀s
(22)

2.3 The system power balance in the offshore HVDC
transmission system (23) considering variables P̄ s

jt,
which are power injection (+)/withdrawal (−) at
HVDC interface of VSC.

NW∑
w=1

P s
wt +

NJ∑
j=1

P̄ s
jt = 0 ∀t,∀s (23)

2.4 The shift factor based power flow constraints of the
offshore HVDC network (24).

−PLdc
max ≤ SFdc(KwPs

w +KJP̄
s
J) ≤ PLdc

max

(24)

3. VSC AC/DC Interface Constraints Include:
3.1 Power balance at HVAC/DC interface of VSC (25).

P s
jt + P̄ s

jt = 0 ∀j, ∀t,∀s (25)

3.2 Both power injection (+)/withdrawal (−) variables
P s
jt and P̄ s

jt, are limited to the rated power of VSC
by (26) and (27), respectively.

−Pmax,j ≤ P s
jt ≤ Pmax,j ∀j, ∀t,∀s (26)

−Pmax,j ≤ P̄ s
jt ≤ Pmax,j ∀j, ∀t,∀s (27)

Apparently, the above inland HVAC and offshore HVDC
power system constraints are linked by coupling con-
straints (25).

IV. DECOMPOSITION STRATEGY AND SOLUTION METHOD

In this section, a new decomposition strategy is presented
to decompose the original stochastic SCUC problem into two
independent solution components: one for inland HVAC power
system, the other for offshore HVDC power system. And, these
two solution components are solved in a parallel manner using
the proposed solution method.

A. Relax Coupling Constraints

In order to eliminate the coupling constraints (25), aug-
mented Lagrangian method is adopted to relax them by adding
first-order and second-order penalty functions into the objective
function (9). Accordingly, the objective function of correspond-
ing Lagrangian relaxation problem is written as,

Min L =

NT∑
t=1

NG∑
i=1

[
SUDit +

NS∑
s=0

ρsFi (P
s
it, Iit)

]

+

NT∑
t=1

NJ∑
j=1

NS∑
s=0

[
λs
jt

(
P s
jt + P̄ s

jt

)
+

csjt
2

∥∥P s
jt + P̄ s

jt

∥∥2]

(28)

where the first item is the expected operating cost and the
second item is the penalty function for the relaxed coupling
constraint (25); λ and c are the penalty multipliers associ-
ated with first-order and second-order terms, respectively. The
penalty multipliers will be updated during the iterative solution
process. After relaxing coupling constraints by penalty multi-
pliers, the remaining two groups of constraints (inland HVAC
and offshore HVDC power system constraints) become sepa-
rable and decomposable. However, the Lagrangian relaxation
function (28) is still unable to be decomposed because of the
coupling terms introduced by the second order penalty function
in (28).

B. Decompose Objective Function

In order to remove coupling terms from the objective func-
tion (28), APP method is adopted to replace (28) with its
auxiliary problem (29), in which coupling terms are substituted
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by independent terms with the help of iterative results from
previous iterations.

Min L =

NT∑
t=1

NG∑
i=1

[
SUDit +

NS∑
s=0

ρsFi (P
s
it, Iit)

]

+
NT∑
t=1

NJ∑
j=1

NS∑
s=0

⎡
⎣ λs

jt

(
P s
jt + P̄ s

jt

)
+ csjt

(
P s
jt

2 + P
s

jt

2
)

−csjt

(
P

s,(k−1)
jt − P̄

s,(k−1)
jt

) (
P s
jt − P̄ s

jt

)
⎤
⎦

(29)

where P
s,(k−1)
jt and P̄

s,(k−1)
jt are the results obtained from the

previous iteration k − 1, which can be treated as constant in the
current iteration k. As a result, decoupled auxiliary objective
function can be obtained by reorganizing the decoupled auxil-
iary problem (29) with their corresponding constraints groups,
which will be formulated in the next section.

C. Formulate Independent Solution Components

By associating decoupled objective functions with their cor-
responding constraints groups, the original stochastic SCUC
problem (9)–(27) is decomposed into the following two indi-
vidual solution components.

1) Inland HVAC SCUC Solution Component: The inland
HVAC SCUC solution is composed of the objective function
(30), and constraints (10)–(20), and (26).

Min
NT∑
t=1

NG∑
i=1

[
SUDit +

NS∑
s=0

ρsFi (P
s
it, Iit)

]

+

NT∑
t=1

NJ∑
j=1

NS∑
s=0

[
csjtP

s
jt

2+
(
λs
jt−csjtP

s,(k−1)
jt +csjtP̄

s,(k−1)
jt

)
P s
jt

]
(30)

The first item in (30) is the expected operating cost and
the second item is the penalty function with respect to the
inland HVAC SCUC variables. Existing decomposition algo-
rithms can be applied to solve this problem. Reference [28] used
Lagrangian relaxation algorithm to coordinate unit commitment
decisions between base case and scenarios. Reference [29]
applied Benders decomposition method to a two-stage SCUC
problem, which makes unit commitment decision at the first
stage and considers a dispatch at the second stage to mitigate
uncertainty.

2) Offshore HVDC Scheduling Solution Component: The
offshore HVDC scheduling solution has the objective function
(31) subject to constraints (21)–(24) and (27).

Min

NT∑
t=1

NJ∑
j=1

NS∑
s=0

[
csjt

¯P s
jt

2

+
(
λs
jt+csjtP

s,(k−1)
jt −csjtP̄

s,(k−1)
jt

)
P̄ s
jt

]
(31)

In (31), the penalty function with respect to the offshore
HVDC scheduling variables is formulated. Existing optimiza-
tion methods, either quadratic programming or linear program-
ming, can be utilized to solve this problem.

Fig. 2. Flowchart of the proposed parallel solution approach.

3) Parallel Solution Procedure: According to the discus-
sions above, two individual solution components: inland HVAC
and offshore HVDC scheduling solutions, can be executed
simultaneously. Fig. 2 shows the proposed parallel solution
procedure which is discussed below:

Step 1: Set the iteration index k = 0, and choose initial val-
ues for all the coupling variables z̄0 (including P s

jt

and P̄ s
jt) and Lagrangian multipliers λ and c.

Step 2: Set the loop iteration index k = k + 1, solve the
HVAC and HVDC scheduling problems in parallel,
and obtain optimal results z̄k of current iteration.

Step 3: Check the following necessary-consistency (32) and
sufficiency (33) stopping criteria. If both of them are
satisfied, then stop and set the optimal solution z̄∗

equal to z̄k; otherwise, go to Step 4.
Necessary-consistency condition:∥∥z̄k − z̄k−1

∥∥ ≤ ε1,
∥∥∥P s,k

jt + P̄ s,k
jt

∥∥∥ ≤ ε2 (32)

Sufficiency condition:∥∥∥∥L(z̄k)− L(z̄k−1)

L(z̄k)

∥∥∥∥ ≤ ε3 (33)

where L(z̄k) is optimal result of (28) in iteration k.
Step 4: Update Lagrangian multipliers using (34) and (35),

set k = k + 1, and go to Step 2.

λs,k+1
jt = λs,k

jt + cs,kjt (P s,k
jt + P̄ s,k

jt ) (34)

cs,k+1
jt = βcs,kjt (35)

where the coefficient β is set to be equal or larger
than one in order to obtain a converged optimal
results [30].

In the above solution steps, there are two penalty multipli-
ers λ and c for first order and second order penalty terms,



FU et al.: INTEGRATION OF LARGE-SCALE OFFSHORE WIND ENERGY VIA VSC-HVDC 541

TABLE I
GENERATOR DATA

Fig. 3. A 6-bus power system with a three-terminal VSC-HVDC network.

respectively. The first order penalty term is similar to the classic
Lagrangian relaxation method. Because discrete variables exist
in the optimization problem, the function may not be differen-
tiable at all points. For this reason, a sub-gradient algorithm
is used for updating first order multiplier λ as equation (34).
The second order penalty term is quadratic penalty function
which is similar to penalty method. The multiplier c should
be an increasing positive number. Thus, the equation (35) is
adopted with an updating parameter β > 1 [27]. In addition,
because the sub-gradient updating scheme of λ would estimate
towards to the optimal value of Lagrangian multiplier, which
makes the selection of initial value λ less important (flat start in
the paper) compared with other parameters. However, the selec-
tion of c and β are more important in the solution procedure. In
general, a smaller c would lead to a slower convergence with
smaller duality gap, while a larger c would get a larger duality
gap (sometime non-converged result) with faster convergence.
Moreover, an acceptable selection of c and β would be relative
stable for a specific power system.

V. CASE STUDIES

In this section, a 6-bus system and a modified IEEE 118- bus
system with offshore wind energy are studied to validate the
effectiveness of the proposed algorithm. We set the convergence
thresholds at ε1 = ε2 = 0.1 MW and ε3 = 0.01% for all case
studies, which are solved using ILOG

CPLEX 12.5’s MIP solver on a 3.4 GHz personal computer.

A. 6-Bus Testing System

Fig. 3 illustrates a 6-bus power system with a three-terminal
VSC-based HVDC network. The capacity of the offshore wind
farm at AC bus 1 is 100 MW. The data for AC units, and inland
HVAC and offshore HVDC branches are listed in Tables I and
II, respectively. The 24-hour load and wind energy forecasts
are listed in Table III and further illustrated in Fig. 4. The

TABLE II
INLAND HVAC AND OFFSHORE HVDC BRANCH DATA

TABLE III
FORECASTED HOURLY LOAD DEMANDS AND WIND ENERGY (MW)

load distributions at buses 3, 4 and 5 are 40%, 40%, and 20%,
respectively.

The penalty multipliers are set as λ = 0, c = 2 for all
penalty functions, and the updating parameter for second order
multipliers is β = 1.01. The following two cases are studied.

Case A.1: Base case without offshore wind energy uncer-
tainty.

In this case, a deterministic SCUC is considered in the pro-
posed algorithm. As a result, a converged result is obtained after
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Fig. 4. Illustration of forecasted hourly load demands and wind energy.

TABLE IV
HOURLY SCHEDULING OF THE 6-BUS POWER SYSTEM (MW)

21 iterations with a total operating cost of $114,200. The cal-
culation time is 7.3 seconds. The hourly scheduling and the
network flows of the 6-bus power system are listed in Tables IV
and V, respectively, which offer the following two observations:

1) Bi-directional operation of VSC to bypass the congested
inland HVAC transmission network: During off-peak load
hours 1-8, the inland HVAC transmission network pro-
vides sufficient flow capacity to transfer the total wind
energy to loads 1-3 through the HVAC/DC interfaces. In
addition, during high-load and low-wind hours of 9-24,
when inland HVAC transmission lines 2-3 (150 MW) and
5-6 (100 MW) are congested, the wind energy uses the
multi-terminal HVDC transmission system to supply the
load through HVAC/DC interfaces. Therefore, the multi-
terminal grid interfaces provide a sufficient flexibility for
the of wind energy integration. Among the listed hours of
9-24, the worst transmission bottleneck occurs during the
peak-load and off-peak wind energy hours of 12-23. At

TABLE V
HOURLY NETWORK FLOWS OF THE 6-BUS POWER SYSTEM (MW)

Fig. 5. The HVAC/DC power flow at hour 16.

this time, the additional dispatch of G1 is blocked because
the HVAC lines 2-3 and 5-6 are congested. Therefore, the
VSC located at the HVAC/DC interface (2)-2 in Fig. 5
operates as rectifier to mitigate the HVAC congestion.
Fig. 5 illustrates the power flow at hour 16, when the
247.35 MW supplied by inland HVAC is the largest flow
through the HVAC/DC network.

2) Wind energy can be curtailed due to the limited ramp
rate of inland AC generators. In our study, the scheduled
wind energy at hour 8 is 39.93 MW (rather than 70.1 MW
as forecasted). The wind energy is smaller because G1
and G2 generate more at hour 8 in order to satisfy the
ramp rate constraints and supply loads at hours 9. The
dispatch of G1 and G2 at hours 8 and 9 are constrained
by respective ramp rate limits of 30 MW and 15 MW.
Consequently, 30.17 MW of wind power is curtailed at
hour 8 as AC generators supply more, which shows that
wind curtailments can overcome operation constraints
even though the wind energy is cheaper.
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Fig. 6. An IEEE 118-bus power system with the integration of offshore wind
energy through VSC-HVDC transmission network.

Case A.2: Stochastic study considering three wind scenarios.
Three wind scenarios (base case plus scenarios 1&2) are

considered in order to test the performance of the proposed
algorithm. The probability of three wind scenarios are assumed
as 98% (base case), 1% (scenario 1) and 1% (scenario 2). A
convergence is obtained after 34 iterations with a total oper-
ating cost of $117,310. The calculation time is 7.9 seconds.
The scheduling results in this case show that the offshore wind
energy uncertainty affects the dispatch of inland AC genera-
tors. In scenario 1, the wind energy at hour 22 is 12 MW,
instead of 36.08 MW as expected in the base case. In this sce-
nario, the inland AC generators G1 and G2 provide 158 MW
and 48.67 MW, respectively, to pick up loads at hour 22.
Considering their respective generation adjustment allowance
of 16 MW and 10 MW for scenarios, these two AC genera-
tors have a new operating point for the base case. At hour 22
in the base case, the G1 dispatch is lowered from 152.02 MW
(in Case A.1) to 143.92 MW while that of G2 is increased from
30.57 MW (in Case A.1) to 38.68 MW. Thus, in scenario 1 with
12 MW of wind energy at hour 22, G1 and G2 can success-
fully transit from the base case (143.92 MW and 38.68 MW)
to the new operating point (158 MW and 48.67 MW) with-
out violating individual adjustment allowances of 16 MW and
10 MW.

B. Modified IEEE 118-Bus Power System With Offshore Wind
Energy Integration

In this subsection, the offshore wind energy integration is
studied using a modified IEEE 118-bus power system [31] with
10 critical transmission lines contingencies. Uncertain wind
power generation profiles are scaled based on the actual wind
generation data [32]. In this study, 4 wind hubs with individual
capacity of 100 MW are considered. The wind energy hubs are
linked to the HVAC power system at adjacent substations using
VSC-HVDC transmission network. Fig. 6 shows the intercon-
nection with 7 HVDC lines and 8 VSCs. The inland HVAC
buses 59,61,99 and 110 are connected to offshore HVDC buses
1,3,5, and 7, respectively.

The penalty multipliers are set as λ = 0, c = 1.5 and the
updating parameter for second order multipliers is β = 1.26.

Fig. 7. Power Exchange at HVAC/DC interface at hour 10.

Fig. 8. Comparison of the number of committed generating units between
deterministic and stochastic cases.

In order to demonstrate the effectiveness of the proposed
algorithm, both deterministic and stochastic studies are imple-
mented as follows.

Case B.1: A deterministic case without consideration of
wind uncertainty is studied. In this case, there are four groups
of HVAC/DC interface variables, P 0

jt and P̄ 0
jt. Those inter-

face values are converged after 20 iterations with a CPU time
of 12 minutes. As an example, the convergence performance
of the interface (1)-59 values at hour 10 obtained from both
the inland HVAC and offshore HVDC scheduling problems
is illustrated in Fig. 7. The total operating cost of the pro-
posed HVAC/DC parallel solution is of $1,621,400 which is
acceptable (only 0.23% increase, compared with the centralized
solution of $1,617,600).

Case B.2: A stochastic SCUC problem with 11 wind scenar-
ios is studied in this case. The probability of base case is 95%,
and the probability of other 10 scenarios are set equally, 0.5%
for each. For 11 scenarios, there are 44 groups of interface vari-
ables (4 interfaces × 11 scenarios) between the inland HVAC
and offshore HVDC power systems. The proposed algorithm
converges after 21 iterations with a CPU time of 40 minutes. In
general, due to the uncertainty of offshore wind energy, more
generating units should be committed. As shown in Fig. 8, for
most hours, the number of committed generating units in this
case is more than that in Case B.1 without wind energy uncer-
tainty. Consequently, a higher operating cost of $1,627,300 is
resulted (compared with $1,621,400 in Case B.1).
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Fig. 9. Power mismatches at HVAC/DC interfaces.

In order to illustrate the convergence performance of the pro-
posed algorithm, a power mismatch between the inland HVAC
and offshore HVDC schedules is defined as ΔPj = Pj + P̄j .
In Fig. 9, the total number of power mismatches is 1,056
(24 hours × 44 group interfaces). In Fig. 9(a), the power mis-
match is large at the first iteration. In Fig. 9(b), the largest
power mismatch is reduced to 2.45 MW after 10 iterations. In
Fig. 9(c), power mismatches converge at the 21th iteration with
the largest mismatch at 0.075 MW.

VI. CONCLUSION

The proposed algorithm simultaneously coordinates the
scheduling of inland HVAC with offshore HVDC for offering
a secure and economic integration of large-scale offshore wind

energy. The proposed multi-terminal HVDC grid interface pro-
vides a more flexible wind energy injection to the HVAC
power grid. In addition, the multi-terminal VSC-HVDC net-
work can mitigate inland HVAC network congestion. The
proposed decomposition and coordination algorithm could be
used to,

• Identify how inland units are affected by the integration
of offshore wind energy;

• Evaluate the impact of offshore wind on the market
efficiency and economics;

• Identify proper locations for interconnecting offshore
wind with inland transmission systems;

• Analyze various planning options for utilizing offshore
wind energy portfolios.
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