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ABSTRACT This paper presents a formulation for performing economic dispatch (ED) in AC/DC intercon-
nected power systems (AC/DC-IPS). Its main feature is that it uses a generalized model for power transfer
distribution factors (PTDF) in such a way that its application is straightforward for AC power systems
connected in either series or parallel to DC power systems. Additionally, a piecewise linear (PWL) approach
is used to modeling the cost curves of the generation units and transmission losses of the entire AC/DC-IPS,
comprising voltage source converters (VSC) for AC/DC links. The losses of these elements were evaluated
using a linearized second-order function of the reactor current. To achieve acceptable operation of the VSCs,
the control functions of programmed flow, voltage, and angular reference are enclosed in our formulation,
and based on these features, a search algorithm to find ED areas is proposed, to obtain the minimum cost
centralized ED for each of these areas. Moreover, bilateral contracts between producers and consumers
supported by financial transmission rights (FTRs) are included in our developed model. The performance
of this ED model is illustrated by two examples, concluding that our proposal is attractive for incorporation
into the ED solution problem for AC/DC-IPS.

INDEX TERMS Economic dispatch, AC/DC interconnected power systems, financial transmission rights,
piecewise linear, power transfer distribution factors, voltage source converters.

GLOSSARY
ACRONYMS
AARO Affinely Adjust Robust Optimization.
AC Alternating Current.
ADMM Alternating Direction Method of

Multipliers.
AGC Automatic Generation Control.
BC Bilateral Contracts.
BFA Breadht First Algorithm.
BtB Back-to-Back.

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani .

DC Direct Current.
ED Economic Dispatch.
FRS Feasible Reconfiguration Set.
FTR Financial Transmission Rights.
HVDC High Voltage Direct Current.
IPS Interconnected Power System.
ISO Independient System Operator.
LMP Local Marginal Cost.
LP Linear Programming.
MILP Mixed Integer Linear Programming.
Min Minimizing.
MIP Mixed Integer Programming.
MW Mega Watt.
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MWh Mega Watt hour.
OCD Optimal Condition Descomposition.
OPF Optimal Power Flow.
PTDF Power Transfer Distribution Factors.
pu per-unit.
PWL Piecewise Linear.
SQP Secuencial Quadratic Programming.
VSC Voltage Source Converter.

SETS
Lg Set of linearization segments used in the

approximation of production costs.
nac Set of nodes in the AC network.
ndc Set of nodes in the DC network.
ndz Set of dispatch zones.
ng Set of generation units.
nVSC Set of VSCs in the IPS.

SUBSETS
n′
ac Subset of AC nodes that are not terminal

nodes of VSCs.
n′
dc Subset of DC nodes that are not terminal

nodes of VSCs.
nEctrl Subset of VSCs with DC voltage (E)

control.
nPctrl Subset of VSCs with power flow control.
nφctrl Subset of VSCs with angle φ control.

SUBSCRIPTS
n′
ac+1, . . . , nac Subscrip of AC nodes associated to VSC.

n′
dc+1, . . . , ndc Subscript of DC nodes associated to VSC.

INDEXES
g Generation unit index, 1 to |ng |.
i AC network node index, 1 to |nac|.
j DC network node index, 1 to |ndc|.
k Dispatch zone index, 1 to |ndz|.
t Index of AC nodes associated with VSCs,

n′
ac+1, . . . , nac.

v Index of each VSC at the IPS.

PARAMETERS
αv Fixed coefficient of the loss curve of each

VSC.
βv Linear coefficient of the loss curve of each

VSC.
γv Quadratic coefficient of the loss curve of

each VSC.
φctrl Scheduled angle in VSCφctrl .
ag Fixed cost coefficient of generation for

unit g.
bg Linear cost coefficient of generation for

unit g.

Bim Susceptance of the line between nodes i and
m in the AC network.

Bvsc Susceptance of each VSC.
BGVSC Matrix of susceptances, conductances, and

specified variables.
cg Quadratic cost coefficient of generation for

unit g.
Ectrl Schedule voltaje in VSCEctrl .
[F] Inverse of BGVSC matrix.
Fi,h Element of the position of node i belonging

to column h of matrix F.
Gim Conductance of the line between nodes i and

m in the AC network.
Gjn Conductance of the line between nodes j and

n of in the DC network.
Gvsc Conductance of each VSC.
INS Investigated node set.
NI Uninvestigated node.
NSTS Node-spanning tree subset.
Pspac,i Specified active power at node i in the AC

network.
Pctrl,ij Power flow controlled in VSCPctrl .
Pspdc,j Specified active power at node j in the DC

network.
Pneg Negotiated power.
PacMaxim Maximum power flow for transmission ele-

ments from node i to m of the AC network.
PdcMaxjn Maximum power flow for transmission ele-

ments from node j to n of the DC network.
PvscMaxv Maximum power flow for the VSC v.
PDac,i Active power load at node i in the AC

network.
PDdc,i Power load at node j in the DC network.
PGac,i Active power generation at node i in the AC

network.
PGdc,j Power generation at node j in the DC

network.
PGMaxg Maximum active power capacity of

generator g.
PGMing Minimum active power capacity of

generator g.
PlineMax Vector of maximum power flow for trans-

mission elements.
PTDF PTDF matrix.
PTDF im,h Value of the PTDF corresponding to the

transmission element between nodes i andm
in column h of the PTDF matrix.

rim Resistance of the line between nodes i and
m of in the AC network.

rGmax Root node.
sacim,l Slope of segment l for the transmission ele-

ment from node i to m at the AC network.
sdcjn,l Slope of segment l for the transmission ele-

ment from node j to n at the DC network.
slg,g Slope of segment lg for generation unit g in

the cost modeling.
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STS Spanning tree subset.
SV Vector of specified parameters.
svscl,v Slope of segment l for the VSC v.
voll Value of the lost load associated with the

energy not supplied.
xim Reactance of the line between nodes i andm

of in the AC network.

VARIABLES
θi Phase angle of the complex voltage SVi at

node i.
πD LMP at node D.
πG LMP at node G.
πneg Reference LMP.
φv,ij Inner phase angle of the VSC.
9 Vector of decision variables.
1Pacim,l,k Power flow of linear segment l at the trans-

mission element from node i to m of the AC
network within dispatch zone k .

1Pdcjn,l,k Power flow of linear segment l at the trans-
mission element from node j to n of the DC
network within dispatch zone k .

1PGlg,g,k Production of linear segment lg of genera-
tion unit g.

1Pvscl,v,k Power flow of linear segment l at the VSC v
within dispatch zone k .

Ej Voltage magnitude at node j of the DC
network.

Ivsc VSC phase current.
m′
a VSC amplitude modulation coefficient.

Pac,i Active power injection at node i of the AC
network.

Pdc,j Active power injection at node j of the DC
network.

Plossk Total electrical losses at dispatch zone k .
Pvsc,i VSC active power injection at node i (AC

side).
Pvsc,j VSC active power injection at node j (DC

side).
Plossvsc VSC electrical losses.
Pacim,k Power flow in the transmission element

from node i to m of the AC network within
dispatch zone k .

Pac+im,k Dummy positive variable representing the
positive power flow in the transmission ele-
ment from node i to m of the AC network
within dispatch zone k .

Pac−im,k Dummy positive variable representing the
negative power flow in the transmission ele-
ment from node i to m of the AC network
within dispatch zone k .

Paclossi,k Transmission losses at node i in the AC net-
work within zone k .

Paclossim,k Transmission loss in the element between
nodes i and m of the AC network within
zone k .

Pdcjn,k Power flow in the transmission element
from node j to n of the DC network within
dispatch zone k .

Pdc+jn,k Dummy positive variable representing the
positive power flow in the transmission ele-
ment from node j to n of the DC network
within dispatch zone k .

Pdc−jn,k Dummy positive variable representing the
negative power flow in the transmission ele-
ment from node j to n of the DC network
within dispatch zone k .

Pdclossj,k Transmission losses at node j in the DC
network within zone k .

Pdclossjn,k Transmission loss in the element between
nodes j and n of the DC network within
zone k .

Pline Vector of transmission element power flows.
Ploss Vector of transmission network electrical

losses.
RFTR Payment of the FTR owner.
RISO Payment of the ISO to each FTR owner.
Vi Voltage magnitude of the complex voltage

SVi at node i of the AC network.

I. INTRODUCTION
The proper integration and management of several energy
resources can result in energy systems being planned and
operated efficiently and covering worldwide regions, includ-
ing various countries and even huge continental parts inter-
connected by synchronous or asynchronous links [1].
To achieve efficient operation of these very large AC/DC

power systems, there is a central interest in performing eco-
nomic dispatch (ED) to minimize the entire interconnected
power system cost, while preserving operation limits over
each of the ED areas and their tie-lines.
Similar to the ED in a single area, it is of interest to

formulate an ED problem involving nonlinear production
cost functions, transmission limits, and loss models. It is
also necessary to incorporate AC/DC interface models, and
interconnection load flow control among other features [2].
Several papers have formulated interconnected power

system ED problems with a variety of different objec-
tives. The authors of [1] emphasize in the coordination
of control areas to ensure security and, at the same time,
to reach a multi-area optimization with an ED and re-dispatch
in congestion cases involving renewable energy sources
(RES) and storage devices; simulations were performed by
CPLEX and YALMIP. Reference [2] presented a distributed
security-constrained unit commitment for large-scale power
systems based on mixed-integer linear programming (MILP),
to reduce a huge complex problem into several smaller and
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simpler problems solved with parallel processing. To take
advantage of complementary large-scale wind power gener-
ation, the authors of [3] presented a decentralized approach
based on a modified generalized Benders decomposition for
ED in an interconnected power system (IPS) incorporating
various dispatch areas. In addition, a coordination framework
for dispatch and tie-line scheduling to operate multi-area
power systems in the presence of large-scale wind farms
was proposed in [4] and solved using a two-stage adaptive
robust optimization. Reference [5] focused on calculating the
operational risk due to uncertainty in settling wind power
by coordinating multi-area generation and reserves resources
using loss of load and wind spillage probability indexes and
considering the optimality condition decomposition (OCD)
technique to obtain an efficient solution algorithm based on
MILP. In [6], a decentralized optimal transmission switching
was proposed to mitigate and manage congestion during
the real-time operation of multi-area power systems, and
considering contingencies over the interconnected power
systems, which is solved by using mixed integer program-
ming (MIP) and Bender’s decomposition, while observing as
limited the private information of each independent system
operator (ISO). Furthermore, the authors of [7] developed a
distributed economic model for a predictive control strategy
for ED and load frequency control of interconnected power
systems (IPS), which achieves real-time and transient opti-
mization involving generation, frequency control, and tie-line
costs.

However, some studies have focused on the development
of optimization models involving either the preservation of
control area responsibilities [1] or the autonomy of each
area in an IPS [4], [8]. In this sense, [9] encompassed the
more specific interaction rules between North American mar-
kets, while [10] formulated a multi-objective multi-area ED
problem solved by a hybrid evolutionary algorithm based
on the shuffle frog-leaping algorithm involving a particle
swarm optimization method. Reference [11] proposed an
approach to reflect the scheduling decisions of multiple
system operators (ISOs), where each ISO manages lim-
ited information regarding the other ones. Additionally, [12]
proposed a day-ahead optimization model for the IPS, con-
sidering the spatial clustering effect of renewable energy
resources and loads, and used robust optimization theory
by formulating a hybrid evolutionary filter optimization to
solve the mixed-integer non-convex nonlinear programming
problem.

Reference [13] presented a decentralized robust dispatch
method for a multi-area AC/DC power system considering
wind power uncertainty and an affinely adjustable robust
optimization (AARO) model, which simultaneously includes
optimized participation factors for automatic generation con-
trol (AGC) to ensure the operational reliability of the entire
system, whose regional dispatch areas interconnect with oth-
ers by controlled HVDC links. The resulting proposal is a
fully decentralized parallel scheme based on the accelerated

alternating direction method of multipliers (ADMM). The
authors of [14] developed an optimization model to allocate
100% renewable generation worldwide, through a simplified
AC/DC transmission network.

Moreover, [15] presents a great overview of multi-area
ED, emphasizing the main characteristics of centralized
and decentralized ED, including political, technical, huge
amounts of information, privacy of some data, and inde-
pendence decisions. This reference lists several evolutive,
dynamic, and hybrid algorithms for solving the ED problem,
which consider different objective functions, and their formu-
lation is either centralized or decentralized.

From the above references, it is important to point out
that almost all of them use some variants of either MILP
or evolutionary optimization to solve the ED problem in the
IPS, and there are various proposals for making more suitable
and efficient solution algorithms using decomposition meth-
ods. Furthermore, only [12] and [13] considered transmission
AC/DC networks in their optimization models for ED in
AC/DC-IPS, but they did not consider the different control
modes of HVDC-VSC links and, as shown later in this paper,
there are some references that assume the VSC control modes
for solving the ED, but only for single AC/DC power systems,
that is, not for IPS.

It is important to note that references [1], [2], [3], [7], [8],
[10], [11], and [14] formulate a kind of ED problem in AC
power systems, but they do not include power transmission
distribution factors (PTDFs). Reference [15] reviewed many
proposals for solving ED and it does not mention something
about the PTDFs utilization. Moreover, the authors of [4],
[6], and [9] formulate the ED problem for AC power systems
incorporating PTDFs, while ED for AC/DC power systems
without the inclusion of PTDFs was presented in [12], [13],
[16], [17], and [18]. By the other hand, proposals to use
PTDFs in AC/DC power systems for solving contingency
analysis [19], ED [20], and unit commitment [21]. In these
four cases, the PTDFs of the AC and DC networks are calcu-
lated in a separate fashion and their models are connected by
a proper modification of the independent vector in the linear
network model, depending on the control mode adopted for
the VSCs.

It is apparent that almost of the ED proposals are based
on some linear programming (LP) variant, because of their
advantages over the nonlinear ED formulations [22]. This
fact has conducted to split quadratic cost functions of gen-
erators in several linear segments by using a piecewise linear
(PWL) technique [19], [20], [21], [23], being themost applied
the evenly spaced piecewise linear (ES-PWL) interpolation
method, as analyzed in [22]. In the same direction for solv-
ing the ED problem with LP algorithms, a proposal for
representing transmission losses as PWL segments from a
quadratic function involving the power flow is developed
in [24]. Reference [25] linearizes the quadratic loss function
at each transmission line in terms of the angular differ-
ence between its nodes, the slope and value of each linear
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segment (block). Additionally, the authors of [26] carried out
an investigation of two PWL methods, the ES-PWL and a
combination of this technique with the tangent ES-PWL in
order to reduce the over-estimation error of the former, based
on the quadratic loss function of [24], and references [20],
[21], and [23] utilize this same function for AC/DC power
systems.

Considering an electricity market framework, in some
countries as the United States it is common to find electrical
energy transactions between participants pertaining to dif-
ferent electricity markets [27], where these transactions are
formalized through the sign of bilateral contracts, and the
use of financial transmission rights [28]; moreover, there is
a bilateral contract between the Federal Commission of Elec-
tricity (CFE, Mexico) and the National Institute of Electricity
(INDE, Guatemala) [29], just for mentioning some of this
kind of contracts, which are fixed in the quantity of point-
to-point power transferred, consider a reference price, and
the nodal prices at their AC interconnection sending/receipt
nodes calculated by the optimization model of the day ahead
of each market involved. For all these cases mentioned above,
all the interconnections are AC transmission lines, and the
transactions are firm, i.e., with a physical capacity of these
lines dedicated exclusively to support these transactions [28].
However, it is known that only HVDC links are capable of
control power flow effectively, especially the VSC-HVDC
technology [30], so that it would be interesting to incorporate
this transmission devices for the power flow control in the
electricity market context.

From the above review, and despite the handicaps of a cen-
tralized ED, in this paper, the formulation of an AC/DC-IPS
centralized ED problem is proposed. The optimization model
considers that all the necessary data are available. The model
comprises quadratic production cost and transmission loss
functions linearized by a PWL technique suitable to apply an
LP algorithm to solve it [24], [26]. The optimization model
includes an algorithm that considers the VSC control modes,
which permit the definition of one or more dispatch areas to
make it easier to solve the problem efficiently. Furthermore,
our proposal uses a general power transfer distribution factors
(PTDF) method to reduce the number of decision variables to
make the solution more efficient.
Contributions: According to the state of the art presented

above, from the knowledge of the authors of the present work,
our contributions are as follows:
1. An approach based on a search algorithm for defining

the dispatch zone number for AC/DC-IPS is different
from the proposals of the consulted references, whose
procedures use decomposition techniques or explicitly
assume that the AC/DC-IPS has one or more dispatch
zones.

2. A virtual generator is added to each ED zone to guar-
antee that there will always be a power balance in the
AC/DC-IPS, where each virtual generator is allocated at
the AC node of the VSC operating as a power-flow con-
troller and delimiting its corresponding dispatch zone.

FIGURE 1. AC/DC interconnected system: (a) Two AC networks
interconnected through two VSCs and a DC network, (b) VSC schematic
representation by electric circuits [31], and (c) VSC steady-state
equivalent circuit.

3. A generalized PTDF calculation model was developed
for the AC/DC network of each ED area, including the
control modes of the VSC devices. This process is com-
putationally more efficient than the PTDF determination
for the whole AC/DC-IPS.

4. In the application of LP to solve the ED problem, it is
common for generation cost curves and transmission
losses, including VSCs, to be represented by different
PWL techniques. In this study, both curve types were
linearized exactly with the same PWL technique, and the
results show that there is no need to develop a specific
PWL technique for each type of curve.

5. The application of bilateral contracts involving FTRs
for AC/DC-IPS is illustrated, showing the usefulness of
these concepts even when dispatch is realized only for
each ED area.

II. INJECTED NODAL ACTIVE POWER EQUATIONS DEL
AC/DC-IPS
Fig. 1(a) depicts an AC/DC-IPS interconnecting two AC
networks interchanging the active power P from AC2 to AC1
through a HVDC link constituted by a VSC rectifier (VSC2),
a DC network, and aVSC inverter (VSC1). Figs. 1(b) and 1(c)
show the VSC representation by circuit elements [31]. In the
case of a back-to-back VSC array, the DC network is a
common node (nodes n and j are the same).
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In the steady-state operation of the AC/DC-IPS, involving
any number of converters VSC stations, the calculation of
active power injection at each node of the AC and DC net-
works and VSC stations is as follows:

Pac,i = Vi
∑
m∈i

Vm [Gimcos (θim) + Bimsin (θim)];

i = 1, . . . , nac (1)

where θim = (θ i − θm) and θi, θm are the phase angles of the
complex voltages SVi, SVm,Gim+ jBim = (rim + jxim)−1,Gii =

−
∑

m∈i Gim, Bii = −
∑

m∈i Bim, and nca is the number of AC
nodes. Similarly, for all DC nodes.

Pdc,j = Ej
∑
n∈j

EnGjn; j = 1, . . . , ndc (2)

where Gjn = −
(
rjn

)−1, Gjj =
∑

n∈jGjn. Furthermore,
considering the circuit show in Fig. 1(c), the equations of
active power injections at nodes i (AC side) and j (DC side)
of each VSC involved in the AC/DC-IPS are:

Pvsc,i = V 2
i Gvsc − m′

aVjVi
[
Gvsc cos

(
θi − φv,ij

)
+Bvsc sin

(
θi − φv,ij

)]
(3)

Pvsc,j = −m′
aViVj

[
Gvsc cos

(
φv,ij + θj

)
+V 2

j

(
Gsw + m

′2
a Gvsc

)
+ Bvsc sin

(
φv,ij + θj

)]
(4)

where φv,ij is the inner phase angle of the converter, θji =

−θij, and Gvsc + jBvsc = (rvsc + jxvsc)−1. Additionally,
to obtain the complete active power injected at nodes i and
j, it is necessary to sum equations (1) and (3) and to sum (2)
and (4), respectively.
For additional VSC devices, there should be another proper

node pair instead of nodes i, j in Equations (1)−(4).

A. LINEAR INJECTED ACTIVE POWER EQUATIONS OF THE
AC/DC-IPS
There is a well-known set of assumptions for obtaining a
linear set of equations (1) − (4), which are as follows [16],
[17]:

1) In AC networks, line series-resistance, shunt capacitors
and reactors are omitted, and all the transformer load tap
changers are at their nominal value, i.e., at 1.0 pu in the
per unit system.

2) The voltage magnitude in all the AC nodes is assumed as
1.0 pu, and in a similar fashion, Vjm′

a = EjCDm′
a ≈ 1pu

in the VSC DC nodes.
3) The angular difference between adjacent AC volt-

age phasor nodes is relatively small; therefore,
sin

(
θi − φv,ij

)
≈

(
θi − φv,ij

)
and sin (θim) ≈ (θim).

4) For DC networks, a lossless transmission line model can
be obtained by considering that the current across the
line is approximately equal to the active power flow in
terms of the per-unit system, that is, Idc,j ≈ Pdc,j in
pu [17].

Applying the above suppositions, (1)−(4) result in linear
equations (5)−(8), respectively [16].

Pac,i =

∑
m ∈ i
m ̸= j

Bim (θim); i = 1, . . . , nac (5)

Pdc,j =

∑
n ∈ j
n ̸= i

Gjn
(
Ej − En

)
; j = 1, . . . , ndc (6)

Pvsc,i = Bvsc
(
θi − φv,ij

)
(7)

Pvsc,j = Bvsc
(
φv,ij−θ i

)
= −Bvsc

(
θi − φv,ij

)
(8)

where Bim = −x−1
im ; Bii =

∑
m∈i x

−1
im i = 1, . . . , nca; Bvsc =

x−1
vsc .
If there is no VSC converter connected to nodes i and j,

then Equations (9)−(10) are the active power nodal balance
in each node of the AC and DC networks, respectively.

PGac,i − PDac,i − Pac,i = Pspac,i − Pac,i = 0;

i = 1, . . . , n′
ac (9)

PGdc,i − PDdc,i − Pdc,i = Pspdc,j − Pdc,j = 0;

j = 1, . . . , n′
dc (10)

where n′
ac and n′

dc are the AC and DC nodes in the IPS
without the nodes associated to VSC interconnected to them;
Pspac,i and P

sp
dc,j are the specified active powers, while PGac,i,

PGdc,j, PDac,i, PDdc,j, are the generation and load active
powers in AC and DC nodes, respectively.
Moreover, for each VSC interconnecting nodes i and j,

the last two equations should include the VSC active power
injections, resulting in Eqs. (11) and (12).

Pspac,i − Pac,i − Pvsc,i = 0; i = n′
ac+1, . . . , nac (11)

Pspdc,j − Pdc,j − Pvsc,j = 0; j = n′
dc+1, . . . , ndc (12)

where Pvsc,i = Bvsc (θi − φv) and Pvsc,j = Bvsc (φv−θ i), and
subscripts for AC andDC nodes associated to VSC converters
run from n′

ac+1, . . . , nac and n′
dc+1, . . . , ndc, respectively.

B. CONVERTER CONTROL MODES
VSCs can be controlled tomaximize benefits for the intercon-
nected power system. Therefore, it is crucial to establish the
operational conditions under which the interconnected power
system operates. Firstly, it should be acknowledged that these
systems aim to efficiently utilize generation resources in each
respective region. Consequently, it is natural to have partici-
pants in a global market, where some generate electricity and
others consume it, establishing buy-sell relationships (trans-
actions) among them, belonging to different power systems.

In general terms, in wholesale electricity markets, energy
transactions between agents from different markets and, con-
sequently, power systems, can be classified into two types:
firm and non-firm transactions. Non-firm transactions do not
guarantee the supply of the contracted energy to the buying
party due to technical or dispatch considerations. On the
other hand, firm transactions must be carried out regardless of
the operational conditions and load levels of interconnected
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power systems. To achieve this goal, the independent system
operator reserves transfer capacity by establishing a path-
way between the interconnections of the involved systems.
This is achieved by specifying the power flow through the
interconnection as a constraint, which can be controlled by
an interconnection VSC. In this way, the necessary transfer
capacity is reserved to make each firm transaction possible.

In this context, this reserved transfer capacity can be seen
as the sum of the scheduled firm transactions through the
same VSC, that is, Pctrli =

∑
Ttjk , where j is the sending

node and k is the receiving node.
Multiterminal VSC systems permit the application of dif-

ferent strategies or control modes to accomplish the operative
requirements between the AC and DC transmission networks.

The control mode representation is obtained by the aggre-
gation of the equality constraint, which depends on the
selected control mode [16], as shown below.

(i) Power flow control. A VSC under this control mode
is defined as a VSCPctrl and involves the following
equation:

Pctrl,ij = BVSC
(
θi − φv,ij

)
(13)

where Pctrl,ij, expressed in pu or MW, is the power
flow through nodes i to j, which is controlled by
adjusting of the angular difference in (13).
One of the objectives of this article is the inclusion
of aspects related to the energy trading among agents
participating in electricity markets associated with
different power systems. One of the most common
methods for conducting these transactions as firm
through well-defined pathways between the intercon-
nections of such power systems with power flow
controlled VSCs.

(ii) Angular reference control. A VSC converter can pro-
vide an angular reference to the AC node i, denoted as
VSCφctrl , and its corresponding equality constraint is

φctrl = φv,ij (14)

where the scheduled angle φctrl is rad. This control
mode is reflected directly by incorporating BVSC with
the signs of Equations (7) and (8), according to the
position of φv,ij into the variable vector of the lin-
earized Equation (16).

(iii) DC voltage control. Any converter denoted as
VSCEctrl , has the capability of controlling the node
j in the DC network, so that, the equality constraint
is:

Ectrl = Ej (15)

where the units of scheduled voltage Ectrl are in
pu. This restriction is integrated into the coefficient
matrix of (16) by assigning a value of 1.0 in the
corresponding diagonal position with respect to the
position of Ej in the variable vector.

These control modes are illustrated in the study cases.

For instance, we can have predefined firm energy trans-
actions through VSC links operating in power flow con-
trol mode. In addition to these transactions, there may
be unplanned or predefined energy exchanges or trad-
ing, with VSCs operating in either voltage control or
angle control modes. There could be dispatch zones that
import or export energy. If the power flows associated
with these zones are predefined, then power flow control
mode is utilized; otherwise, the other two control modes are
employed.

Angle control mode is used to establish a reference in the
corresponding dispatch zone for all AC nodes, regardless
of whether the zone imports or exports energy. Under this
condition, the resulting dispatch angles have values that are
consistent with angles obtained with a conventional power
flow algorithm. Otherwise, it has been observed that the
values of these angles can be highly deviated from com-
mon values, leading to potentially erroneous conclusions
about the steady-state stability of the interconnected power
system [19].

Additionally, it is important to note that there could be any
number of VSC converters, but each one will adopt one of the
control modes. Therefore, the number of VSC converters will
be nVSC = nPctrl + nφctrl + nEctrl .

C. MATRIX NOTATION
In the compact matrix and vector terms, Equation (16) repre-
sents linear equations (9)−(15).

[SV] = [BGVSC] [9] (16)

where vectors [SV] and [9] are as follows:

[SV] =




PGac,1 − PDac,1

...

PGac,n′
ac

− PDac,n′
ac


PGac,n′

ac+1 − PDac,n′
ac+1

...

PGac,nac − PDac,nac


[Pctrl]

[φctrl]

[Ectrl]
PGdc,1 − PDdc,1

...

PGdc,n′
dc

− PDdc,n′
dc


PGdc,n′

dc+1 − PDdc,n′
dc+1

...

PGdc,ndc − PDdc,ndc





;
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[9] =



 θ1
...

θn′dc


 θn′dc+1

...

θndc


 φ1

...

φnvsc


 E1dc

...

En′dc


En′dc+1

...

Endc





(17)

Additionally, matrix [BGVSC] has the structure shown in
equation (18), at the bottom of the next page.

where the sub-matrices [’ 0] are null while maintaining a
proper order. Moreover, the remaining submatrix definitions
are

[BIac] =

 B1,1 · · · B1,n′ac
...

. . .
...

Bn′ac,1 · · · Bn′ac,n′ac

 (19)

[BIIac] =

 Bi,n′
ac+1 · · · Bi,nac
...

. . .
...

Bn′ac,n′ac+1 · · · Bn′ac,nac

 (20)

[BIIIac] =

Bn′ac+1,i · · · Bn′ac+1,n′ac
...

. . .
...

Bnac,i . . . Bnac,n′ac

 (21)

[BIVac] =

Bn′ac+1,n′ac+1+Bvsc,v · · · 0
...

. . .
...

0 · · · Bnac,nac+Bvsc,nvsc


(22)

[Bv] =

Bvsc,v · · · 0
...

. . .
...

0 . . . Bvsc,nvsc

 (23)

[GIdc] =

 G1dc,1cd · · · G1dc,n′dc
...

. . .
...

Gn′dc,1dc · · · Gn′dc,n′dc

 (24)

[GIIdc] =

 Gj,n′
dc+1 · · · Gjdc,ndc
...

. . .
...

Gn′dc,n′dc+1 · · · Gn′dc,ndc

 (25)

[GIIIdc] =

Gn′dc+1,j · · · Gn′dc+1,n′dc
...

. . .
...

Gndc,j . . . Gndc,n′dc

 (26)

[GIVdc] =

Gn′dc+1,n′dc+1 · · · Gn′dc+1,ndc
...

. . .
...

Gndc,n′dc+1 · · · Gndc,ndc

 (27)

[VSCP] =
[
Bvsc · · · 0 · · · 0

]
(28)[

VSCφ

]
=

[
0 · · · 1 · · · 0

]
(29)

[VSCE] =
[
0 · · · 0 · · · 1

]
(30)

Note that for each AC node assigned as a slack node,
we should omit the corresponding row and column in the
matrix [BGVSC].
Solution of equations (16) is straightforward, i.e., [9] =

[BGVSC]−1 [SV] = [F] [SV], and then [F] = [BGVSC]−1.

D. DETERMINATION OF POWER TRANSFER
DISTRIBUTION FACTORS (PTDF)
PTDF calculus considers the matrix [F], where each PTDF
determination depends on the values of the corresponding
entries, as explained below [20], [32].

For AC transmission elements connecting any pair of
nodes, i, m:

PTDF im,h = Bim
(
Fi,h − Fm,h

)
(31)

Equation (31) indicates that there is a power flow across
element i,m caused by a power injection at node k . Addi-
tionally, there is a similar calculation of PTDFs in any
transmission line connecting nodes j, n in the DC network(s):

PTDF jn,h = Gjn
(
Fj,h − Fn,h

)
(32)

First, the dimensions of the PTDF matrix, denoted as
[PTDF], are equal to the total number of AC/DC-IPS trans-
mission elements Lac/dc, by the total number of its nodes,
that is,

(
Lac/dc

)
× (nac + ndc + nvsc). However, as explained

later, these dimensions are smaller if there is more than one
dispatch zone.

III. ECONOMIC DISPATCH PROPOSAL
The basic goal of ED is to calculate the most economically
active power production of generation plants to satisfy the
system load and supply all the electrical losses, while keep-
ing all the imposed technical constraints on the problem
formulation [16], [17], [20]. As a first step, this section
includes an algorithm for searching each dispatch zone in
the AC/DC-IPS. Moreover, a detailed model for considering
electrical losses in VSC converters and transmission elements
in AC and DC networks is presented. Finally, the proposed
model for ED is formulated to solve the resulting mathemat-
ical model using an LP solver.

A. DETERMINATION OF DISPATCH ZONES
A dispatch zone is characterized by possessing a set of
self-owned generators with the capacity to meet demand, and
it may even have surplus generation ready for export. In case
of a generation deficit within the zone, it can import energy to
fulfill its entire demand through interconnections with other
power systems.
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The procedure for the determination of dispatch zones
consists of finding, by using a topological search algorithm,
all the dispatch zones that exist in theAC/DC-IPS, where each
onewill have anAC reference node and a term in the objective
function associated with the unsupplied energy. The cardinal-
ity concept of theory sets forms the basis for the development
of a search algorithm.

In terms of graph theory, an AC/DC-IPS, that is, a meshed
network, is represented by a graph formed by branches and
links that connect vertices (nodes). Thus, if the links are
separated from the graph, the result is a graph with only one
trajectory between any two nodes in the graph. If this graph
includes all AC/DC power system nodes, then the graph is a
connected tree graph or spanning tree [33].

Defining the branch number as B, link number as L, and
their extreme points (nodes), whose number is M , therefore,
the spanning-tree graph hasM−1 = B branches. If the search
algorithm finds only a spanning-tree, there will be only one
ED zone. If the result is a disconnected graph, there will be
more than one ED zone.

With graph information and using a breadth-first search
algorithm (BFA), the search process developed for finding the
feasible reconfiguration set (FRS) is described as follows.
1. Initial conditions. Set ndz = 1. The generation nodes

select the node that has the largest maximum capac-
ity, called as rndzGmax , and define it as the root node of
the node-spanning tree subset NSTSndz =

{
rndzGmax

}
.

This node is labeled as an uninvestigated node (NI
node). Moreover, the spanning tree subset

∣∣STSndz−1
∣∣ =

0, STSndz = {∅}, which is empty at this stage. Create an
investigated node set, INS = {∅} . Set STSndz cardinality,∣∣STS(0)∣∣ = 0.

2. AC/DC power system graph construction. Create the
corresponding graph of the AC/DC power system,
considering that each VSC operating as VSCφctrl or
VSCEctrl , is interconnecting its two extreme nodes with
a closed branch. If the VSC operates as a VSCPctrl , then
the branch between its two extreme nodes is open.

3. Select the first NI node from NSTSndz , defined as ni,
i.e., ni /∈ INS, and find all its incident closed branches,
(ni, n1) , (ni, n2) , . . . , in order to create a neighbor node
subset, NNS = {n1, n2, . . .}. Take n1 and try to find it in
NSTSndz . If n1 /∈ NSTSndz , add it to this set and update
STSndz = STSndz ∪ {(ni, n1)}, and INS = INS ∪ {n1};
otherwise, select n2 and repeat this procedure, and so
on, until all nodes in NNS are investigated.

4. If in step 3, a new node nk , go to step 3.
5. Modify

∣∣STSndz+1
∣∣ =

∣∣STSndz−1
∣∣ + |STSndz | . If∣∣STSndz+1

∣∣ = M − 1, then the BFA finishes, and all
dispatch zones are found for the AC/DC power system.
Go to step 6. Otherwise, find one node not included in
NSTSndz , update ndz = ndz + 1. Let this node be rnew,
so therefore, NSTSndz = {rnew}, and repeat Step 3.

6. The last step is the automatic assignation of one slack
node to the k = 2, . . . , ndz dispatch zones, which are
selected as the largest capacity generators at each one of
them. In the case that in a particular ED zone there is no
any generator or total load is greater than the sum of all
generator maximum capacities, there should be a VSC
operating in the VSCφctrl mode. This action permits the
compensation of total load and losses in that ED zone
and, for the sake of security, this VSC is connected to
a virtual generator with sufficient capacity to make the
ED solution feasible in that ED zone. For each ED zone,
at the AC node terminal of one of its corresponding
VSC, there is a connected virtual generator.

Finally, it is important to note that the centralized ED solution
arrives in terms of the dispatch zones determined by the
search algorithm, so that the computational burden is less
than the complete original problem because all the matrices
and vectors (17)−(30) have dimensions smaller than the only
dispatch zone problem, which also applies to the PTDFs
calculations. Results of this centralized ED problem is auto-
matically sent to the system operator, for its reviewing and
final approval.

If the operator is aware of the control mode of their con-
verters, he could determine dispatchable areas based on that
system knowledge. In this scenario, the added value of our
algorithm in identifying dispatch zones would be in its ability
to perform this task in an automated and efficient manner.
This is achieved by independently solving the ED for each
one of the dispatchable areas, providing a faster and more
accurate tool for identifying and managing dispatchable areas
in the system.

B. VSC ELECTRICAL LOSS MODELING
During the AC/DC or DC/AC conversion process, the active
power extracted on one side of the VSC will be less than
the injected active power into the other side, owing to con-
verter electrical losses Plossvsc . The authors of [18] and [34]
defined these losses as a quadratic function depending on

[BGVSC] =



[BIac] [BIIac] [0] [0] [0]
[BIIIac] [BIVac] − [Bv] [0] [0]
[0]
[0]
[0]
[0]
[0]

− [VSCP]
[0]
[0]
[0]

− [Bv]

[VSCP][
VSCφ

]
[0]
[0]
[Bv]

[0]
[0]
[0]

[GIdc]
[GIIIdc]

[0]
[0]

[VSCE]
[GIIdc]
[GIVdc]


(18)
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the value and direction of the converter phase current, Ivsc.
These current changes if the VSC acts either as a rectifier or
inverter, which results in different polynomial coefficients.
In general, the mathematical expression for modeling VSC
electrical losses is

Plossvsc = αv + βv |Ivsc| + γvI2vsc (33)

where αv, βv and γv are polynomial coefficients, and γv will
have a different value if the VSC operates either as a rectifier
or inverter. Furthermore, assuming that Ivsc,i ≈ Pvsc,i in
the per-unit system, we can write Equation (33) in terms of
power:

Plossvsc = αv + βv
∣∣Pvsc,i∣∣ + γvP2vsc,i (34)

C. OBJETIVE FUNCTION
The objective function of the ED problem is to minimize the
active power production costs, as described in Equation (35)
[20].

Min
∑ndz

k=1

[∑ng

g=1

(
ag +

∑
lg∈Lg

slg,g1PGlg,g,k
)

+

∑nac

t=n′
ac+1

vollt,k
(
ENS t,k

)]
(35)

where:

slg,g = (2lg− 1) cg
(
PGMaxg

/
Lg

)
+ bg;lg = 1, . . . ,Lg; g = 1, . . . , ng (36)

In the two above equations, ag, bg and cg are coefficients of

the quadratic cost function, PGMaxg is the maximum active
power capacity of generator g, 1PGlg,g,k is the lg linear
section of the active power of generator g located at dispatch
zone k , and slg,g is its slope. Moreover, voll is the value of
the lost load associated with the energy not supplied, ENSk ,
which is produced by the virtual generator located in dispatch
zone k .

D. ACTIVE POWER BALANCE
In optimal power flow (OPF) formulations based on PTDF,
computation of the optimal solution utilizes a global equality
constraint, as shown in equations (37) and (38), considering
all the generation and load nodal injections and transmission
losses in the AC/DC-IPS.∑ng

g=1
PGg,k +

∑nac

t=n′
ac+1

ENS t,k

=

∑nac

i=1
PDi,k +

∑ndc

j=1
PDj,k + Plossk ; k = 1, . . . , ndz

(37)

Plossk

=

∑nac

i=1
Paclossi,k +

∑ndc

j=1
Pdclossj,k +

∑nvsc

v=1
Pvsclossv,k ;

∀k = 1, . . . , ndz (38)

where Plossk in (37) is the total electrical loss at dispatch zone
k , broken down in (38) as transmission losses in the AC

and DC network(s), Paclossi,k , Pdclossj,k , respectively, and VSC
converters, Pvsclossv,k .
In this case, for every transmission element of AC and DC

networks, electrical losses are included in the ED model as
additional active power loads connected to its two extreme
nodes, where each loads represents half of those losses,
as shown below:

Paclossi,k =

∑
m∈i

(0.5)Paclossim,k ;

i = 1, . . . , nac; k = 1, . . . , ndz (39)

Pdclossj,k =

∑
n∈j

(0.5)Pdclossjn,k ;

j = 1, . . . , ndc; k, . . . , ndz (40)

E. LINEAR GENERATION COST MODEL
In the ED formulation, the piecewise linear (PWL) technique
approximates the quadratic cost generation function by linear
segments, as shown in the general equations (41) and (42),
while (43) represents the generation limits [20].

PGg,k =

∑Lg

lg=1
1PGlg,g,k ;

g = 1, . . . , ng; k = 1, . . . , ndz (41)

0 ≤ 1PGlg,g,k ≤

(
PGMaxg

/
Lg

)
;

lg = 1, . . .Lg; g = 1, . . . , ng; k = 1, . . . , ndz
(42)

PGMing ≤ PGg,k ≤ PGMaxg ;

g = 1, . . . , ng; k = 1, . . . , ndz (43)

where PGg,k is the active power in generator g located at the
dispatch zone k .

F. TRANSMISSION AC/DC NETWORK(S) MODEL
For the sake of simplicity, a linear power flowmodel for trans-
mission networks is included, involving the matrix [PTDF],
vectors [SV] and [ENS], and a vector containing all ficti-
tious nodal power loads, which represent the transmission
network electrical losses, denoted as [Ploss]. Furthermore,
the vector [Pline] integrates the transmission element power
flows, calculated by equations (44) and (45), and expresses
the transmission element limits:

[Pline]
= [PTDF] {[SV] + [ENS] − [Ploss]} (44)

−

[
PlineMax

]
≤ [Pline] + [Ploss] ≤

[
PlineMax

]
(45)

Furthermore, electrical losses are quadratic functions in
terms of the power flow, as indicated in (34); thus, we approx-
imate them to linear functions using a PWL technique. In this
study, we propose the same PWL technique used to linearize
the generation production costs for electrical loss function
linearization. Therefore, for AC transmission networks, the
PWL technique application gives equations (46)−(52) for
the linear approximation of electrical losses, while similar
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equations are (53)−(59) for DC transmission networks [24],
[26].

Pacim,k = Pac+im,k − Pac−im,k ;

m ∈ i; k = 1, . . . , ndz (46)∑L

l=1
1Pacim,l,k = Pac+im,k + Pac−im,k ;

m ∈ i; k = 1, . . . , ndz (47)

0 ≤ 1Pacim,l,k ≤

(
PacMaxim

/
L
)

;

m ∈ i; l = 1, . . . ,L; k = 1, . . . , ndz
(48)

Pac+im,k ,Pac
−

im,k
≥ 0; m ∈ i; k = 1, . . . , ndz (49)

1Pacim,l,k ≥ 1Pacim,l+1,k ;

m ∈ i; l = 1, . . . ,L; k = 1, . . . , ndz
(50)

Paclossim,k = rim
∑L

l=1
sacim,l1Pacim,l,k ;

m ∈ i; k = 1, . . . , ndz (51)

where:

sacim,l = (2l − 1)
(
PacMaxim

/
L
)

; m ∈ i; l = 1, . . . ,L

(52)

Pac+im,k and Pac−im,k are dummy positive variables repre-
senting the power flow in the transmission element from node
i to m in the dispatch zone k , and 1Pacim,l,k , and sacim,l are
the corresponding power flow linear segment l, and slope,
respectively. Equations (53)−(59) have similar meanings for
the linearized electrical losses in the DC networks.

Pdcjn,k = Pdc+jn,k − Pdc−jn,k ;

n ∈ j; k = 1, . . . , ndz (53)∑L

l=1
1Pdcjn,l,k = Pdc+jn,k + Pdc−jn,k ;

n ∈ j; k = 1, . . . , ndz (54)

0 ≤ 1Pdcjn,l,k ≤

(
PdcMaxjn

/
L
)

;

n ∈ j, ; l = 1, . . . ,L; k = 1, . . . , ndz
(55)

Pdc+jn,k ,Pdc
−

jn,k
≥ 0; n ∈ j; k = 1, . . . , ndz (56)

1Pdcjn,l,k ≥ 1Pdcjn,l+1,k ;

n ∈ j; l = 1, . . . ,L; k = 1, . . . , ndz
(57)

Pdclossij,k = rjn
∑L

l=1
sdcjn,l1Pdcjn,l,k ;

n ∈ j; k = 1, . . . , ndz
(58)

where the slope of the linear segment l is:

sdcjn,l = (2l − 1)
(
PdcMaxjn

/
L
)

; n ∈ j; l = 1, . . . ,L

(59)

FIGURE 2. General procedure for performing zone allocation and their
respective economic dispatch.

Finally, equations (60)−(62) represent the proposal for lin-
earization of the VSC converter electrical losses, formulation
based in [24].

Pvscv,k =

∑L

l=1
1Pvscl,v,k

= BVSC (θi − φv) + (0.5)Plossim,k ;

v = 1, . . . , nvsc; k = 1, . . . , ndz (60)

0 ≤ Pvsclossv,k ≤

(
PvscMaxv

/
L
)

;

v = 1, . . . , nvsc; k = 1, . . . , ndz (61)

Pvsclossv,k = αv +

∑L

l=1
svscl,v1Pvscl,v,k ;

v = 1, . . . , nvsc; k = 1, . . . , ndz (62)

where the slope of the correspondent linear segment l is given
as follows:

svscl,v = (2l − 1) γv

(
PvscMaxv

/
L
)

+ βv;

v = 1, . . . , nvsc; l = 1, . . . ,L (63)

PvscMaxv is the maximum power flow through VSC v, and
1Pvscl,v,k is segment l of the VSC v power flow, which
pertains to dispatch zone k .
Fig. 2 illustrates the steps involved in the proposedmethod-

ology. The first stage refers to the dispatch zone search
procedure. Once this procedure is completed, an economical
dispatch is executed for each determined dispatch zone. The
dispatch zone search algorithm was programmed in Fortran,
and the optimization model was solved using GAMS.

Once ED is performed, an analysis of FTR supported
bilateral contracts is carried out, with the purpose of showing
that these contracts work even when transmission and VSC
losses are present with power flow control definition in some
VSCs.

Bilateral contracts (BCs) are considered as difference con-
tracts characterized by the specification of a trade price in
($/MWh) between power buyers and sellers and the actual
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TABLE 1. PTDFs of the AC/DC-IPS of fig.3.

TABLE 2. Validation test: power generation (MW), losses (MW), Locational Marginal Prices ($/MWh), total cost ($/h), and error (%).

FIGURE 3. AC/DC grid with a two-terminal VSC-HVDC link.

PML of each of the injection/extraction nodes. Assumptions
to keep present are (i) FTRs are acquired by consumers,
because they suffer more intensively the LMP volatility
caused by the load, congestion, and losses impact; (ii) there
is a reference LMP put in the BCs; (iii) even though the
existence of BCs, producers, and consumers are obligated to
participate in the day-ahead market; and (iv) the ISO does
not know the negotiated price in all the BCs; thus, they are
not able to assign a specific price to the injections/extractions
of each contract.

Mathematically, for each BC this can be written as [26]:

RFTR = Pneg(πneg − πG) (64)

where RFTR is the payment of the FTR owner located at
node D, to the generator at node G, Pneg is the negotiated
power, and πneg, πG are the reference LMP and the LMP
at node G, respectively. Note that (65) may have a positive,

negative, or zero value, depending on the operative condition.
Additionally, the payment of the ISO, RISO, to each FTR
owner is defined by the following equation:

RISO = Pneg(πD − πG) (65)

where πD is the LMP corresponding to node D.
As will be observed in the studio cases, FTRs are a great

alternative for avoiding LMP volatility.

IV. CASES OF STUDY
A. VALIDATION TEST – PROPOSED APPROACH VS
SEQUENTIAL QUADRATIC PROGRAMMING
This section comprises a comparative analysis aimed at
demonstrating the effectiveness of the proposed optimization
method.
The proposed method was applied to a two-terminal

VSC-HVDC network interconnecting two independent AC
networks, as shown in Fig. 3, the parameters of wich are found
in [16]. For validation, the results were compared with those
of the Sequential Quadratic Programming (SQP) method
reported in the same reference. Additionally, a comparison
was conducted using the proposed PWL technique for the
nonlinear loss function of the VSCs, distinguishing between
the rectifier and inverter. In both cases, linearization tests
were performed using four, eight, twelve and twenty line
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segments of the nonlinear functions. The matrix BGVSC of
this proof system, which was calculated using the method-
ology described above, is shown in Table 1. Additionally,
VSC1 employs the control mode VSCEctrl , which aims to a
maintain constant voltage at node 9, E1, at 2 p.u. On the other
hand, VSC2 is under the control mode VSCPctrl , to inject a
controlled power quantity of 100 MW into the HVDC link
through node 10.

The nonlinear function data describing the losses of VSCs
operating as rectifiers and inverters are Plossvsc_rec = 5.25e−3

+

1.65e−3
∣∣Pvsc,i∣∣+2.10e−3P2vsc,i p.u. and P

loss
vsc_inv = 5.25e−3

+

1.65e−3
∣∣Pvsc,i∣∣ + 3.14e−3P2vsc,i p.u., respectively [28].

Table 1 depicts the BGVSC matrix containing the network
reactances and conductances, as well as the control exerted
by VSC1 over the voltage of node 9. Note that this matrix is
composed of two diagonal blocks, resulting from the dispatch
zone search algorithm. Furthermore, it should be noted that
there are 25 different nonzero locations and 75 zero loca-
tions. Therefore, in future work, sparsity techniques can be
employed to efficiently store each matrix block. After assign-
ing the reference nodes to each dispatch zone, the inverse of
the BGVSC matrix must be calculated, and Equations (31)
and (32) are used to compute the PTDFs.
An advantage of applying the zone dispatch algorithm is

that, in this case, the BGVSC matrix can be divided into two
smaller matrices, enabling the handling of large-scale prob-
lems and achieving a more efficient computational solution.

The flow control performed by VSC2 is simulated such
way that a power extraction equal to the controlled flow
plus converter losses is introduced at node 8. Meanwhile,
at node 10 of the DC network, a power injection equal to the
controlled power flow is introduced.

Table 2 presents the validation of the proposed model,
considering the same suppositions as in [16] and without
considering the loss curve for the inverter and rectifier. It was
observed that a very small error was achieved with 20 seg-
ments. In terms of the generation power and total cost, it can
be noted that four segments are sufficient; because the respec-
tive errors are below 1% and the average error is less than
1.5%. However, more segments should be used when ana-
lyzing Locational Marginal Prices (LMP). Therefore, the use
of eight segments is proposed, with the goal of LMP errors
remaining below 1.5%, and the average error is reduced by
approximately half compared to the four segments solution.

Table 3 incorporates the loss curve for the inverter and
rectifier, resulting in an increase in the total losses compared
to Table 2. When comparing the results of 20 segments with
those of four and eight segments in Table 3, the same con-
clusions as in Table 2 are reached, confirming that a good
approximation is achieved with eight segments.

B. DECENTRALIZATION INTO THE CENTRALIZED
ECONOMIC DISPATCH
Two test cases were presented using the 3-VSC system
previously analyzed in [20], but with some modifications.

TABLE 3. Dispatch test including the loss curve for inverter and rectifier:
power generation (MW), losses (MW), LMPs ($/MWH), total cost ($/H),
and error (%).

Specifically, the system was duplicated to have two identical
systems interconnected through a back-to-back link (BtB),
consisting of two VSCs located at node 5. Fig. 4 shows the
configuration of the system.

In the first case, it was decided not to use the VSCPctrl con-
trol mode, and the VSCEctrl control mode was implemented
in converters VSC1, VSC6, and VSC7, while the remaining
converters were in the VSCφctrl control mode. In the second
case, the aim is to demonstrate the use of the dispatch zone
assignment algorithm; therefore, the VSCPctrl control mode
has been incorporated in converters VSC2, VSC5, and VSC8.
Additionally, the VSCEctrl mode has been used in converters
VSC1, VSC4, andVSC7 and the VSCφctrl mode in converters
VSC3 and VSC6. It is important to mention that eight-line
segments have been used in the linearized formulation in each
test case.

1) CASE 1
In this case, because the VSCPctrl control mode was omitted,
there was only one dispatch zone, that is, the entire system
was electrically interconnected, and the ED was solved in
a centralized fashion, considering eight linear segments for
the PWL technique application. The results are presented in
Tables 5 and 6, respectively.

Table 5 shows that all generation units participate in eco-
nomic dispatch, resulting in higher dispatch allocations to
Pg1, Pg4, Pg16, and Pg19 because of their lower generation
costs compared to the other units. Some of these units were
dispatched to theirmaximumgeneration limits. It is important
to highlight that in this case, there is no restriction associated
with the VSCPctrl mode; therefore, it is expected that the
operational cost will be the most economical.

Because there is only one dispatch zone, in Table 6 it
is clear that there exists a certain LMP homogeneity, and
the highest difference is between the LMPs of nodes 8 and
16 (9.1268-8.2799 = 0.9069 $/MWh), which is caused by
electrical losses, in the absence of congested lines.
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TABLE 4. Data of the AC/DC system in Figure 4.

TABLE 5. Dispatch of Case 1: power generation (MW), losses (MW), and total cost ($/H).

TABLE 6. LMP ($/MWH) Case 1.

TABLE 7. BC data for Case 1.

Table 7 displays the data for the five BCs, where Ngen,
Nload , πG y πD represent the nodes and LMPs of the par-
ticipating generators and loads in the BCs, respectively.
Meanwhile, πneg and Pneg denote the prices and negotiated
powers for each BC, respectively.

In columns A - G of Table 8, the operations related to each
BC are performed out as follows:

A. The consumer pays the ISO.
B. The ISO pays the generator.
C. The consumer pays the generator for contract-for-

differences.
D. ISO collects charges for its FTR.
E. Total payment from the load.

F. Total payment to the generator.
G. ISO payment.

For example, for BC 1, it can be noted that in columns
E and F, the calculated amount is equivalent to BC, that is,
9(60) = 540.00. It is also observed that the ISO income in
column A corresponds to the payment in column G, resulting
in a balance of zero for the ISO.

2) CASE 2
The parameters related to the control modes of VSCs are as
follows: In the VSCEctrl converters, voltages at nodes 13, 28,
and 34 are set to 2 pu; in the VSCφctrl converters, the angles
at nodes 12 and 27 are set to 0; in the VSCPctrl converters,
the power flows Pctrl2 = Pctrl5 = 100 MW and Pctrl7 =

−80 MW are controlled in converters VSC2, VSC5, and
VSC6, respectively.

When using these types of converters, an algorithm to
determine the dispatch zones must be applied. In this case,
four zones were obtained, as represented in the graph in
Fig. 5. A virtual unit called ENS should be added at each
dispatch zone to compensate for the generation gap between
generators reaching their limits and insufficient to supply
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FIGURE 4. AC/DC System for the zone-wise dispatch and global dispatch.

TABLE 8. BC compensation for Case 1.

TABLE 9. ENS generator data.

the corresponding load. Table 9 presents data for the virtual
units.

Fig. 5 shows the dispatch zone configuration, which
allows independent dispatching. It is crucial to note that
at each VSCPctrl terminal, the controlled power flow must
be managed as an injection. The AC transmission lines are
represented in black; DC transmission lines are depicted in
green, and VSC connections are shown in blue.

Once the dispatch zones have been defined, ED is carried
out in each of them. Table 10 presents the results of the
calculations.

From the active power production results in Table 10, it can
be observed that the generation units of each dispatch zone are

FIGURE 5. Graph for Case 2.

responsible for meeting the demand, losses, and, in the case
of being an exporting zone, power injections to other zones.

The injection costs at nodes 14, 29, and 32 are accounted
for at their respective LMPs, which leads to an increase of
26.58% in the total cost because network separation pre-
vents centralized dispatch and reduces competition among the
existing units in each zone.

Additionally, it is noteworthy that Zone 2 exhibits the
highest active power production because it must supply power
to Zones 1 and 3. In contrast, Zone 3 shows the lowest active
power production as it receives power from Zones 2 and 4.

It is worth noting that, overall, because all generation units
were able to fully meet the load and electrical losses at the
AC/DC-IPS, there was no need to activate any ENS unit.

Table 11 lists the LMPs for each dispatch zone. The highest
values correspond to Zone 2, an exporting zone, because
this zone supplies power to Zones 1 and 3. In contrast,
Zone 3, an importing zone, exhibits the lowest LMP, because
it receives power from Zones 2 and 4, and Zone 3 only needs
to dispatch its most economical generation unit (Pg5) to fully
meet the demand and cover the losses in its own zone.

In the last part of this case, Table 12 contains the neces-
sary data to calculate the performance of bilateral contracts,
as shown in Table 13. It should be noted that even though a
generator and a load are involved in a BC, and they pertain
to different dispatch zones, the BC continues to function
correctly, which is the situation of the generator in node 4
that subscribed BC 1 and BC 2 with consumer at node 7
and consumer at node 8, respectively. The same condition is
present between the generator at node 19 and consumers at
nodes 18, 22, and 23.

In Table 13, it can be observed that the same payment is
reached in columns E and F. Additionally, unlike Table 11,
in some elements of column D in Table 13, there are negative
values because the load has to pay the ISO for its FTR,
indicating that generators charge more than the load’s pay-
ment. Nevertheless, all the BCs meet the expectations of the
generators and consumers involved.
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TABLE 10. Dispatch of Case 2: power generation (MW), losses (MW), and total cost ($/H).

TABLE 11. LMP ($/MWH) of Case 2.

TABLE 12. BC data for Case 2.

TABLE 13. BC compensation for Case 2.

V. CONCLUSION
This study makes several significant contributions to the
field of economic dispatch in AC/DC-IPS systems, because
it proposes the following: (i) a search approach to define
dispatch areas, (ii) the inclusion of virtual generators to main-
tain power balance, (iii) a generalized model for calculating
PTDFs, and (iv) the use of the same PWL technique to
represent cost and loss curves. These contributions improve
automation and demonstrate the efficiency of economic dis-
patch in AC/DC-IPS systems.

The use of dispatch zones helps manage the economic
dispatch problem more efficiently in AC/DC-IPS systems
with power flow control converters, by dividing a large-scale
problem into smaller ones, thereby reducing the required time
and computational effort.

Two case studies were presented, covering both centralized
and decentralized economic dispatches, and it was shown that
the model adapts correctly to both scenarios.

We can assert that the economic dispatch in the Case 2 is
approached in a similar manner to the problem that arises

when transmission elements are congested. This can also
lead to separation and, consequently, the creation of dispatch
zones.

The method of accounting for costs involves adding the
results of evaluating the costs of bilateral contracts for energy
exchange between generators from one dispatch zone and
loads from another dispatch zone.

Regarding the choice of the number of segments to repre-
sent the cost and loss curves, it was found that four segments
are sufficient to obtain acceptable results from the perspective
of generation powers and total cost. However, when seeking
a good approximation of LMP, it is recommended to use at
least eight segments.

Finally, Financial Transmission Rights (FTRs) in electric-
ity markets are essential for achieving efficient, competitive,
and sustainable electricity supply. In this sense, through the
two study cases, the applicability of this concept in AC/DC-
IPS is helpful to support bilateral contracts, even in cases
where there is more than one dispatch zone, and their par-
ticipants pertain to different dispatch zones.
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