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ABSTRACT This paper presents the solution to the security-constrained unit commitment (SCUC) problem
for hybrid voltage source converter (VSC) based multi-terminal DC/AC (VSC-MTDC/AC) power systems
with high penetration of wind generation. The formulated SCUC model presents a detailed representation
of the VSCs with two different VSC control strategies considered, constant DC voltage control (master-
slave control) and DC voltage droop control. In addition, Grid Code for wind farm connection is considered.
Benders decomposition is used to solve the formulated SCUC problem by decomposing it into a master
problem for solving unit commitment (UC) and hourly transmission security check subproblems. The final
SCUC solution provides an economic and secure operation and control strategy for the meshed MTDC/AC
system. Numerical tests illustrated the efficiency of the proposed SCUC model.

INDEX TERMS Wind power, security-constrained unit commitment (SCUC), multi-terminal HVDC
(MTDC), AC/DC system, voltage source converter (VSC), Benders decomposition.

I. INTRODUCTION
With the growing concerns about climate change, emissions
and environmental issues of competing energy sources, many
countries have made great progress in the development of
renewable sources of energy, including wind power, in order
to meet part of electricity power demand [1]. However, most
of the countries in different parts of the world will face
significant challenges to transfer large-scale wind power,
because the areas with plenty of wind resources are normally
far away from load centers. Voltage source converter (VSC)
based HVDC is one of the feasible solutions for delivering
large-scale remotewind power due to its advantages over both
traditional AC system and current source converter (CSC)
HVDC [2]. The control flexibility of the VSCs is perfectly
suited for constructing a multi-terminal HVDC (MTDC) sys-
tem thus providing a more rational and efficient solution for
the interconnection of wind farms positioning at different
locations [3]. In the recent Desertec project [4], European
Offshore Supergrid [5] and China Nan’ao MTDC project [6],
VSC-MTDC systems are deployed as the backbone receiving
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and supplying wind generation as well as supporting the
existing AC transmission systems.

An earlier work modelled the hybrid AC/DC systems in
the unit commitment (UC) problem to analyze the impact of
HVDC transmission systems on the economic operation of
AC transmission systems, without considering the security
constraints [7]. A bibliographical survey of UC problem is
presented in [8]. A convenient way to consider AC/DC sys-
tems in the security-constrained unit commitment (SCUC)
problem is to treat DC terminals as constant power injec-
tions in AC transmission system [9]–[11]. This, however,
has not considered the dependency of the AC power flow
on DC transmission variables. Authors of [12] presents
a SCUC model for current source converter (CSC) based
AC/DC system. Compared with the current source converter
based on high voltage direct current (CSC-HVDC) trans-
mission system, VSC-HVDC can control the active power
and reactive power independently and meeting the request
of power supply to passive networks. Previous publications
of [13], [14] present a mixed-integer second order cone
programming (MISOCP) for the hybrid AC-DC power sys-
tems. However, the impacts of different control modes of
VSC-MTDC have not been included in the study.
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VSC-MTDC systems’ control strategies, such as master
control [15] and DC voltage drop control [16], are highly
flexible. In both control modes, setting of the corresponding
control parameters may change the power flow not only in
the DC network, but also the connected AC system, thus
impacting the scheduling cost of the entire DC/AC system
in terms of the SCUC. FIGURE 1 presents a depiction of
operating process for a VSC-MTDC/AC system with wind
farms. At first, the dispatch center does the SCUC based
on the supply/demand bids and transmission data provided
by transmission companies (TRANSCOs). Then the dispatch
center will send hourly schedules to the AC system and
control strategies to wind farm companies and TRANSCOs.

FIGURE 1. Operating process of VSC-MTDC/AC systems with wind farms.

To the best knowledge of the authors, no study
has yet addressed the SCUC problem for the meshed
VSC-MTDC/AC systems with grid-connected wind gener-
ation. To fill the gap, this paper proposes a comprehensive
model of security-constrained UC for the VSC-MTDC/AC
system with high penetration of wind generation being
considered. A method to find the optimal UC solution is
presented. The rest of the paper is organized as follows.
Section II gives a brief description of the VSC-MTDC system
operation model. The SCUC formulation for DC/AC system
with grid-connected wind generation and the solution based
on Benders decomposition are presented in Section III. with
a test case study of the IEEE 14-bus power system is given in
Section IV. Section V is the conclusions of the paper.

II. VSC-MTDC SYSTEM MODEL
A. VOLTAGE SOURCE CONVERTER MODEL
FIGURE. 2 shows a typical VSC-DC system connected to an
AC bus through a transformer. The AC filter is installed on
the AC side of DC terminal, in order to eliminate harmonics
generated by the DC system.

A converter, either a rectifier or an inverter, can bemodeled
as [17]:

Psi = −U2
siGti + UsiUfi

[
Gti cos

(
δsi − δfi

)
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(
δsi − δfi

)]
Qsi = U2
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(
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)
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(
δsi − δfi

)]
(1)

FIGURE 2. Schematic diagram of a VSC-DC system.
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where Gti + jBti = 1/Zti is the admittance of the converter
buses, Gci+ jBci = 1/Zci is the admittance of phase reactors.
Reactive power of lossless AC filter is expressed by

Qfi = −U2
fiBfi (5)

Since the AC filter could be eliminated if the modular
multilevel converter (MMC) is used [18], in this paper the
transformer and the phase reactor will be lumped together,
thus to simplify the equations above.
The converter losses are taken into consideration in the

model by a generalized equation [17] as follows:

Plossi = ai + bi · Ici + ci · I2ci (6)

where Ici =
√
P2ci + Q

2
ci/Uci is for per unit system.

The active/reactive power flow balance at the AC filter bus
should be satisfied as

Pcfi − Pfsi = 0 ∀i ∈ NDC (7)

Qcfi − Qfsi − Qfi = 0 ∀i ∈ NDC (8)
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B. CONTROL MODES OF THE MTDC TRANSMISSION
SYSTEM
1) MASTER-SLAVE CONTROL MODE
By using the master-slave control mode, one converter con-
trols the DC bus voltage around a constant value and the other
VSCs operate at constant power control mode.

2) DC VOLTAGE DROOP CONTROL
In this mode, the VSCs work independently to contribute to
the balance of total power together with the slack bus. The ith
VSC controls the DC voltage around a set value. By adjusting
the DC current with the slope of Ri to balance the DC power
at the same time. One possible case for this control mode is
presented in FIGURE. 3. [19] is a good reference for more
details for this control strategy.

FIGURE 3. DC voltage droop control characteristic.

C. POWER EQUATIONS OF THE VSC-MTDC
TRANSMISSION SYSTEM
The active power balance equation of the converter can be
formulated as

Plossi + Pci + Pdci = 0 (9)

where Pdci and Pci is the active power injected by the con-
verter into the DC and AC side, respectively. Pdci can be
written as

Pdci = UdciIdci ∀i ∈ NDC (10)

whereUdci and Idci is the voltage and DC network bus current
injection, respectively. The relationship ofUdci and Idci can be
expressed by

Idci =
nDC∑
j=1

Ydcij
(
Udci − Udcj

)
∀i ∈ NDC (11)

where Ydcij is the element of bus admittance matrix YDC of
the DC network.

D. OPERATION CONSTRAINTS OF THE VSC-MTDC
SYSTEM [14]
The following constraints are formulated to ensure the steady
state operating point of the converter to satisfy the corre-
sponding PQ capacity limit [20], thus to keep the safe opera-
tion of the VSC-MTDC. Equation (12) is the constraint of the

IGBT transistor current, Equation (13) is the DC cable current
limit, Equation (14) is the constraint of the DC voltage level.

−Icimax ≤ Ici ≤ Icimax (12)

−Idcmax ≤ Idcij ≤ Idcmax (13)

Udcimin ≤ Udci ≤ Udcimax (14)

where Icimax is the maximum converter current limit, Idcij is
the current flow of the DC bus, Idcmax is the current rating
of the DC cable, Udcimin

/
Udcimax is the minimum/maximal

limit of the DC voltage respectively.

E. GRID CODE FOR WIND FARM CONNECTION
Grid|Code for wind farm connection needs to be considered
in the formation of the UC problem. In this paper, the Grid
Code in the UK is applied. Requested by the Grid Code,
a wind farm should control the reactive power at the connect
point. A reactive power capacity of 0.95 power factor lagging
to 0.95 leading should be available at the connection point.
Hence, such requirements can be represented by the follow-
ing constraints:

Qscapi ≥ αPsi (15)

Usimin ≤ Usi ≤ Usimax (16)

where Qscapi =
√
S2si − P

2
si is the reactive capacity ruled by

the Grid Code, α = 0.3287 is the coefficient corresponds to
the power factor 0.95, Ssi is the MVA rating of the ith con-
verter, Usi is the AC voltage magnitude of the ith converter,
Usimin = 0.94, Usimax = 1.06.

III. SCUC FOR VSC-MTDC/AC SYSTEM WITH WIND
POWER
A. FORMULATION OF THE SCUC WITH VARIOUS
CONSTRAINTS
The SCUC is generalized in Equation (17) where f (x) con-
sists of production cost, starting up and shutting down costs
of individual generation unit for the study horizon [21]:

Min f (x)

S.t. g1 (x) ≤ b1

ge1 (x) = be1 (17)

where the vector x represents the optimization variables,
which are composed of on/off status of generation units,
startup and shutdown indicators and AC/DC transmission
system control variables. The sets of inequality constraints
g1 (x) ≤ b1 and equality constraints ge1 (x) = be1 repre-
sents the UC constraints such as:

(1) Power balance of the entire VSC-MTDC/AC system.
(2) VSC-MTDC/AC power flow equations with wind

power being considered.
(3) Ramping up/down limits of the generations in the AC

grid.
(4) Minimum on/off time limits of the generations of the

AC grid.
(5) Capacity limits of the generating units in in the grid.

VOLUME 10, 2022 14031



Z. Jiang et al.: Security-Constrained Unit Commitment for Hybrid VSC-MTDC/AC Power Systems

(6) VSC-MTDC/AC network security constraints includ-
ing the AC/DC transmission flow and bus voltage
limits, as well as the limits to the IGBT transistors,
converter current, voltage and power of the VSCs,
as well as the Grid Code for wind farm connection.

(7) The upper and lower bounds of the MTDC opti-
mization variables composed of linear inequality
constraints.

(8) Wind power constraints by considering wind power
curtailment:

0 ≤ Pwind,t ≤ Pmean
wind,t (18)

where Pwind,t and Pmean
wind,t is the expected value and the

accommodated wind power, respectively.
(9) Constraints of system reserve requirements (RR)

for handling uncertainties in the UC problem. The
method of sizing the RR is described in the following
subsection.

(10) Time limited corrective controls, such as permissible
real power adjustments, for handling contingencies.

B. SPINNING RESERVE REQUIREMENTS FOR HANDLING
UNCERTAINTIES IN THE UC PROBLE
Scenario-based stochastic programming and the RR are two
of the most common methods to handle uncertainties in the
UC problem. Since the former approach needs many scenar-
ios to represent the stochastic nature of uncertainties, the RR
approach is adopted in this paper to handle the randomness
of wind generation.

Compared with the deterministic criteria, stochastic cri-
teria based on the probabilistic confidence level to meet
the forecasted net demand is more flexible and eco-
nomic. In order to represent the stochastic constraints, the
chance-constrained stochastic formulation of the spinning
RR is given by Equation (19). The deterministic equivalent
of Equation (19) can be formulated as Equation (20):

Pr o

(
N∑
i=1

uitPmax
i ≥ NDft

)
= 1− αλ (19)

N∑
i=1

uitPmax
i ≥ NDmean

t + λσND,t (20)

where Pmax
i is the upper boundary of power output of unit

i, 1 − αλ is the associated confidence level, uit is a binary
variable for the committed status of unit i, NDmean

t is the
mean value of net load and NDft is the forecasted net demand,
respectively. Here λ = 3, which means 99.74% of variations
are covered [22]. NDmean

t can be calculated based on the
expected hourly wind power Pmean

wind,t and load demand PDmean
t

as follows:

NDmean
t = PDmean

t − Pmean
wind,t (21)

The standard deviation of the forecast error of net load, σND,t
can be calculated by the following equation:

σND,t =

√
σ 2
PD,t + σ

2
wind,t (22)

where σPD,t is the standard deviation of load forecast errors
which are normally distributed random variables, σwind,t is
the standard deviation of wind power forecast errors.

Normally, σPD,t is considered as a percentage of the
expected power load demand [23], taken to be 2% in this
paper. Wind power forecast errors are also considered to be
normally distributed random variables. σwind,t depends heav-
ily on the forecasting horizon and the expected wind power
value. For a 24-h forecasting horizon, it can be represented
by the following equation [24]:

σwind,t = (α ·
Pmean
wind,t

Pinstalled
+ β)σw,t (23)

where the standard deviation of normalised wind power fore-
cast error is expressed as a function of forecast horizon, σw,t ,
and the coefficients α and β are borrowed from [24].

C. SOLUTION OF THE SCUC FOR THE VSC-MTDC/AC
SYSTEM
The Benders decomposition is applied to solve the SCUC
for the VSC-MTDC/AC transmission systems as depicted in
FIGURE. 4. The master problem, the UC, is modeled as a
linear mixed integer problem (MIP) in the GAMS environ-
ment [25], and the CPLEX solver is used to solve the MIP.
The solution provides the status and the dispatching active
power of each generation unit, as well as the accommodated
wind power. The SCUC sub-problem considers mismatches
of inequality constraints except the power balance constraint
formulated in the master problem. The sub-problem is devel-
oped from [26] and it is solved based on the Primal-Dural
Interior Point (PDIP) algorithm by adding constraints of the
MTDC system to the available open source Matlab toolbox,
Matpower [27]. The sub-problem generates Benders cuts or
updates the power losses of the whole system for the next UC
iteration if themismatch exists. The interactive procedurewill
not stop until all mismatches are removed.

FIGURE 4. SCUC with VSC-MTDC/AC systems.

D. THE SCUC SUB-PROBLEM
The objective function of the sub-problem is:

Min w =
NB∑
b=1

(MP1b+MP2b +MQ1b+MQ2b) (24)

where NB is the number of AC buses, MP1b,MP2b and
MQ1b,MQ2b are slack variables vectors of mismatched
active power and reactive power at bus b respectively in the
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equality constraint: A ·1P
A ·1Q

0

 = [J]Xt +

 P1
Q1
0

−
 P2
Q2
0

=
 dP0
dQ0
dK0

 (25)

where1P and1Q is the incremental active/reactive vectors,
dP0 and dQ0 the initial AC bus active/reactive mismatch
vectors, dK0 the mismatch vector of other equations of the
DC/AC system, respectively, A is the bus-unit incidence
matrix, J the Jacobian matrix, which is given in Appendix A.
The vector of decision variables at a certain operating point t
for the sub-problem is

XT
t = [θ ,U,PG,QG, θ f, θc,Uf,Uc,Udc,URef

dc ,P
Ref
s ,QRef

s ,

URef
s ] (26)

XT
t = [θ ,U,PG,QG, θ f, θc,Uf,Uc,Udc,QRef

s ,URef
s ,R]

(27)

where

θ Bus voltage angel state variable vector
U Bus voltage magnitudes state variable vector
PG Active power generation control vector
QG Reactive power generation control vector
Uf Filter bus voltage magnitude state variable vector
Uc Converter bus voltage magnitude state variable

vector
θ f Filter bus voltage angle state variable vector
θc Converter bus voltage angle state vector
Udc Bus voltage state variable vector
QRef

s Scheduled reactive power reference control vector
vector

URef
s Scheduled AC bus voltage reference control

vector

Note that Equation (26) is for the VSC-MTDC system
by applying master-slave control mode with URef

dc and PRef
s

being the scheduled DC bus voltage control vector and active
power reference control vector of the converters respectively.
Equation (27) is for the DC voltage droop control mode with
R being the slope control vector. In the sub-problem, all
generating units except those at the slack bus should satisfy
Equation (28):

1P = 0 π (28)

If the positive w equals to 0, power losses provided by the
sub-problem solution are updated for the master problem.
Otherwise, a mismatch Benders cut will be added to the
master problem for the next iterative solution:

w+π
(
PG − P̂G

)
+ ψupQmax

(
u− û

)
+ψdnQmax

(
u− û

)
≤ 0 (29)

where π , ψup, ψdn are the Lagrange multiplier vectors for
constraints (28) and (30), u is the binary variable vector of
the generation status (where 1 indicates the generation unit
is committed), P̂G and û are the optimization results in the

FIGURE 5. Modified IEEE 14-bus system with VSC-MTDC connected wind
farms.

FIGURE 6. Power flow between DC bus 3 and 4.

current iteration, 1Qmin and 1Qmax are the lower and upper
limit vectors for incremental unit reactive power, respectively.

1Qmin ≤ 1Q ≤ 1Qmax ψup, ψdn (30)

IV. CASE STUDY
FIGURE.5 shows the modified IEEE 14-bus power system.
Two wind farms with a capacity of 70 MW/each are con-
nected to bus 3 and bus 7 through a four-terminal HVDC
network. Bus 1 is selected as the slack bus for the AC net-
work. Parameters of this hybrid VSC-MTDC/AC system are
given in Appendix B. Two wind power profiles considered
in this study are provided in Appendix C. Spinning RR are
calculated by using the methods presented in Section III B.

A. MASTER CONTROL MODE
The following cases are studied when the MTDC system
adopts the master control mode:
Case1: Based on the method proposed in [12], the SCUC of

the AC system without the grid-interconnected wind
generation is carried out. This is the base case for the
comparison with the SCUC proposed in this paper.

Case2: The SCUC for the meshed VSC-MTDC/AC system
is carried out by use of the proposed method in this
paper without the limits of the DC-side variables i.e.,
the lower and upper limits, being imposed. But both
maximum andminimum power flow limits of the DC
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lines connecting DC bus 3 and 4 are taken to be 0 and
the hourly forecasted wind power is assumed to be 0.
This case is used to compare with Case1, to verify
the correctness of the model proposed.

Case3: The SCUC is carried out by the method proposed in
this paper. Various control references for the MTDC
are given in Table 1.

Case4: Same to Case3 but both maximum and minimum
power flow limits of the DC lines connecting DC
bus 3 and 4 are taken to be 0. This case is for the
comparison of the meshed MTDC system with the
point-to-point HVDC system.

Case5: Same to Case3 but wind power curtailment is not
allowed. This case is used to study the impacts of
wind power curtailment when using the proposed
method.

TABLE 1. MTDC parameters of Case 3.

The Grid Code is considered in all the above cases.
The SCUC results are presented in Table 2-Table 3 and
FIGURE. 6, from which it can be seen that

(1) Case1 and Case2 gives exactly same results. This ver-
ifies that the proposed SCUC method for the meshed
MTDC/AC system is correct.

(2) The SCUC method proposed in this paper can be con-
veniently applied to investigate the impact of HVDC
system on the UC problem.

(3) The UC cost with the wind farms being connected
by the MTDC network (Case3) is less than that with
the wind farms being connected by the point-to-point
HVDC system. This is because the control flexibil-
ity of the MTDC system enables it to coordinate
the injected power flow between two grid-connected
points of wind power (AC bus3 and bus7)

(4) In case5, during periods of strong wind in both wind
farms, generated power cannot be fully delivered
though two lines (DC Line 1 and Line 3). There-
fore, wind curtailment should be considered in the
SCUC for the meshed MTDC/AC systems to ensure
the secure of the entire system.

B. DC VOLTAGE DROOP CONTROL
In the test, terminals 3 and 4 are set as constant power control
with setting hourly PRefs as the corresponding forecasted wind

TABLE 2. Results of SCUC for different cases.

TABLE 3. Wind curtailment for Case 3 and Case 4.

TABLE 4. SCUC results for voltage drop control.

TABLE 5. SCUC results for voltage drop control.

FIGURE 7. Wind curtailment as affected by coefficient α.

power and other terminal terminals adopt DC droop control
strategies. The specified values of DC voltage reference U0

dc
and the slopes R can be obtained by applying the proposed
SCUC scheme for the optimal operation of the entire system.
To study the impact of these parameters on SCUC problem,
the following cases are considered:
Case1: The DC voltage references ofU0

dc1 andU
0
dc2 are fixed

at 1.0 pu. The limits of the slops for converters 1 and
2 are −15 < R1 < 15 and −15 < R1 < 15,
respectively.

Case2: The slop constraints are set as same as those for
Case1. But the limits of DC voltage references are
set as 0.9 ≤ U0

dc1 ≤ 1.1 and 0.9 ≤ U0
dc2 ≤ 1.1.

The Grid Code is considered in both cases. The test results
are presents in Table 4. It is found that in both cases the
optimal UC cost is achieved. This shows the feasibility and
effectiveness of the proposed SCUC scheme for the meshed
MTDC/AC system when the DC drop control is used.

C. EFFECTS OF GRID CODE ON THE SCUC
In the study above, the coefficient ruled by the Grid Code
in the UK is applied with α = 0.3287. However, α may be
different in other countries which will influence the SCUC
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TABLE 6. Generation data.

FIGURE 8. UC cost as affected by coefficient α.

results. It can be seen from FIGURE. and FIGURE. that both
wind curtailment and the UC cost decrease with the increas-
ing of coefficient α. Hence the Grid Code plays an important
role in the SCUC problem for themeshedMTDC/AC systems
with wind generation and should be considered in the SCUC
scheme.

Coefficient α is the coefficient corresponds to the power
factor 0.95. Smaller value of α means tighter constraints of
power factor, which can be seen from limit of (15). Therefore,
smaller value of α will lead to more wind curtailment.

D. EFFECTS OF MTDC/AC SYSTEM CONFIGURATION ON
THE SCUC
Change of connecting locations of the MTDC grid to the
AC system and the DC network configuration can affect the
SCUC results. Following four cases are designed to compare
the effect of the change.
Case1: The meshed VSC-MTDC/AC system is as same as

that given in FIGURE. with AC bus 3 and 7 being
the connecting locations of theMTDC network to the
AC system.

Case2: The connecting locations are changed to AC bus
3 and 4, which are connected with the heaviest power
loads.

Case3: Same as Case1. But the DC line connecting DC bus
3 and 4 is removed and DC bus 1 and 2 are connected
with a new DC line.

Case4: Same as Case3. But the connecting location of the
MTDC network to the AC system are changed to AC
bus 3 and 4.

Case1 provides base case for comparison. Case2, Case3 and
Case 4 are for the examination of the effect of various factors
on the SCUC solution. It can be seen from Table 5 that the
UC cost and the required wind curtailment for the meshed
VSC-MTDC/AC system change with the change of connect-
ing locations and the configuration of the DC network.

TABLE 7. Bus data [22].

TABLE 8. Hourly load distribution.

TABLE 9. AC branch data.

FIGURE.9 gives the UC cost result with the change of the
power capacity of the line connecting DC bus 3 and 4 in
Case1. The UC cost of the whole system decreases with the
increase of the power capacity of the DC line. This is because
the MTDC system coordinates the injected power into AC
bus 3 and 4 through this DC line. Higher capacity this line
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TABLE 10. Distribution factors of loads at different buses.

TABLE 11. DC transmission line data.

TABLE 12. Converter parameters.

FIGURE 9. UC cost with different power capacity of DC line.

is, more flexibility the MTDC system can have to control the
power flow to allocate the available wind power between two
connecting locations.

In practice, the selection of connecting locations, the
MTDC network configuration and the DC line capacity is
determined by many factors, rather than just the operational
cost. However, the proposed SCUC model can be used to
examine the aspect of operational cost of whole AC/DC
system.

V. CONCLUSION
In this paper, a SCUC approach for the meshed
VSC-MTDC/AC systems with wind power is presented
which could be utilized by the dispatch center to schedule
the power generation and wind power economically. The for-
mulated SCUC scheme takes the different control strategies
of VSCs and the Grid Code of wind farm interconnection into
full consideration. The tests showed the effectiveness of the
proposed approach. The proposed scheme can be also used
for the selection of connection location of MTDC network of
AC grid, the optimization of DC line power capacity, as well
as the chosen of the DC network structure.

APPENDIX A
VSC-MTDC/AC JACOBIAN MATRICES
The structure of Jacobian matrix for equality constraints:

AC DC

J =
[
JA JB
JC JD

]
AC
DC

where JA is the Jacobian matrix for AC system, which is
provided in [27].

APPENDIX B
HYBRID VSC-MTDC/AC SYSTEM DATA
See Tables 6–12.

APPENDIX C
WIND DATA (MW)

APPENDIX D
BASE QUANTITIES
Grid frequency 50 Hz

Power 100 MW
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