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Abstract—This paper introduces a new efficient universal
AC/DC branch model, SADRA, for modelling hybrid AC/DC
systems in optimal power flow studies, with provisions of voltage
and power controls. SADRA offers a versatile approach for
modelling diverse AC, DC, and AC/DC elements including VSCs
and VSC-interfaced elements (including point-to-point and multi
terminal HVDC), phase-shifter and tap-changing transformers,
and in general, hybrid AC/DC systems, all within a universal
model. SADRA directly links AC and DC grids, and therefore it
is able to use conventional AC equations for modelling. Moreover,
it is capable of implementing VSC control actions as well. Due
to its compact and simple structure, SADRA is fast and robust.

To demonstrate SADRA’s performance, versatility, and speed,
two large AC/DC systems with 1359 bus and 3125 buses are
studied and the results are compared with the existing methods in
the literature. It is shown that SADRA is a truly universal model,
and also successfully implements voltage and power control
actions. Additionally, it is demonstrated that in addition to its
advantages, SADRA is as fast or faster than the comparable
methods in recent literature, and is up to more than six times
faster compared to models with control actions provisions.

Index Terms—Optimal power flow, AC/DC power systems,
Power system modeling, Voltage source converter, HVDC trans-
mission, Multi-terminal DC grids.

NOMENCLATURE

α, β, γ VSC power loss coefficients
τ Tap ratio magnitude
θ Tap ratio phase shift
θs Phase angle of the slack bus (bus s)
Cf Sparse connection matrix for from sides
Ct Sparse connection matrix for to sides
if Current at the from side
it Current at the to side
kd Droop coefficient
N Complex tap ratio
nb Number of buses
nl Number of branches
Pf Active power at the from side
Pt Active power at the to side
Pgdc Dummy generator active power
Ploss VSC power loss
Qf Reactive power at the from side
Qt Reactive power at the to side
Qac Reactive power at the AC side of VSC model
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Qdc Reactive power at the DC side of VSC model
Qgdc Dummy generator reactive power
Si Complex power injection at bus i
Si
d Complex demand at bus i

Si
g Complex power generated at bus i

Si
l Thermal power limit of line i

Sf Vector of from side complex powers
St Vector of to side complex powers
vf Voltage at the from side
vt Voltage at the to side
Yf Branch admittance matrix for from sides
Yt Branch admittance matrix for to sides
Ybr 2×2 branch admittance matrix

I. INTRODUCTION

VOLTAGE Source Converter-based HVDC (VSC-HVDC)
provides improved operational security, flexibility, relia-

bility, and possibility of independent regulation of active and
reactive powers [1], and therefore its use in shaping the mod-
ern power systems has accelerated recently [2] [3]. Renewable
energy systems such as offshore wind farms also use VSC-
HVDC as a solution for transporting power to the main grid.
Many VSC-HVDC and several multi-terminal HVDC (MT-
HVDC) systems are installed and many are planned [4] [5] [6]
[7] [8]. These developments are accelerating the transition of
modern power systems from AC to large-scale hybrid AC/DC
[9].

Although the hybrid AC/DC power system is more flexible,
it is also more complex. One of the most important means
for determining optimal operating points in power systems is
Optimal Power Flow (OPF). OPF is extremely important in
operational and grid planning as well as in techno-economic
studies. In OPF, the output power of the generators, their
voltages, and other control settings such as transformer tap
settings and VSC settings are determined by optimizing an
objective function such as the total generation cost [10], while
satisfying the system constraints.

OPF is a non-convex optimization problem due to the
nonlinear power flow equations, as well as the operating con-
straints imposed by the AC/DC converters in hybrid AC/DC
systems [10]. It is a very complex problem in general, and
even more so in hybrid AC/DC systems.

Several OPF formulations for AC/DC hybrid systems are
presented in the literature in recent years [11], [12]. Some of
the earlier OPF algorithms such as [13], [14], [15] neglected
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converter losses, or converter transformers and filters, or used
linearized formulations of the AC and DC grids equations. In
[1] DC and AC grids are modelled separately and then linked
together. The converter losses are assumed to be proportional
to the passing active power through the converter, while in
most recent models more accurate quadratic converter losses
are considered. In [16] OPF for hybrid AC/DC microgrids
is studied and a new model for the interlinking converter is
developed. Again, AC and DC subgrids are solved separately
and then sequential methods are used to achieve feasible
solutions for the original formulation. Moreover, in many of
these studies, the OPF is implemented only for relatively small
systems (for example up to 57 buses in [1] [17], up to 118
buses in [16], [18] and [10]) and therefore its scalability is not
known.

An OPF framework is presented in [9] and a state space
relaxation is introduced that relaxes the state of DC subgrids
to voltage phasors, for a unified OPF formulation using AC
equations, however, only for hybrid AC/DC grids with point-
to-point and radial multi-terminal HVDC systems . An imple-
mentation based on the Julia language (PowerModules [19])
is presented in [12], however it has no control implemented.
A unified converter model is presented in [3] which solves
OPF in a single frame of reference, however the model
adds additional components to the system, and the resulting
Ybus matrix is variable and needs to be recalculated at each
optimization iteration, which may have implications for the
speed of the optimization.

In recent years, several relaxation techniques have also been
presented in the literature for AC [20] [21] [22] [23] [24], as
well as for the hybrid AC/DC OPF problem, aiming to reduce
the complexity of the problem and potentially ensure global
optimal solutions. Notably, for AC/DC systems, the quadratic
convex, second order cone and semidefinite relaxations of [25],
[9], [10] and [1] can be mentioned. The relaxations, however,
will not provide exact solutions. Deep neural networks have
also been proposed recently for the OPF problem in AC grids
[26] [27], however, to the best of our knowledge, no solution
is yet available for hybrid AC/DC systems, and the results are
not exact, leading to some optimality gap.

A. Motivations and main differences with the existing works

As can be seen above, existing tools often rely on approx-
imations or simplifications, or sequential solutions of AC and
DC equations, or need extensive libraries for modelling differ-
ent components. Universal models can potentially solve many
of these issues, however to the best of our knowledge, those
reported in the literature either lack provisions of voltage and
power control, or are limited to specific network topologies
(e.g., point-to-point or radial MTDC), or are complex and
therefore could have lower performance . Therefore, the moti-
vation of this work is to addresses the limitations identified in
the previous works by introducing a novel efficient universal
model called Simple AC/DC bRAnch model (SADRA), for
effective and simple modelling of AC/DC systems. Building
on our previous work [3], SADRA offers several advantages
compared with the rest of the literature as detailed below:

• It offers a unified approach for modelling diverse AC, DC
and AC/DC elements including VSC and VSC interfaced
elements (including point-to-point and multi-terminal
HVDC), AC and DC lines, phase-shifter Transformers
(PST), Controlled Tap-changing Transformers (CTT), and
in general hybrid AC/DC systems, in a simple model; and
therefore:

• It eliminates the need to develop separate models;
• It directly links AC and DC grids and therefore sequential

solutions of AC and DC equations are NOT needed;
• It leverages conventional AC equations for modeling;
• It enables inclusion of voltage and power control into the

optimization problem;
• It is flexible, scalable and robust and can be solved using

different solvers;
• Compared to [3], it is simpler, more compact and signif-

icantly more efficient.
Moreover, since SADRA is based on conventional AC OPF
formulation, any convexification or approximation applied to
AC systems can be extended to the SADRA approach as well.

B. Main Contributions

The key contributions of this paper can be summarized as
below:

• Generalized Electrical Model for Hybrid AC/DC Grids:
We have shown that using the new universal model
of SADRA, a generalized electrical model for hybrid
AC/DC grids can be obtained. The new converter model
embedded in SADRA enables simple representation of a
variety of VSC-based components in the system. Using
this new model, we allow everything to be modelled in
AC. We have then shown how a variety of AC, DC and
AC/DC components can be modelled using this general
framework.

• Compactness and Efficiency of the Proposed Model: One
important distinction with other universal models is the
simplicity of SADRA, and that it does not need additional
impedances, nor does it lead to branch admittance matri-
ces which are different from the standard branch model of
MATPOWER. This leads to an efficient implementation,
with speeds of more than 6 times faster compared to the
existing literature, as shown later in the results section.

• Incorporating Control Actions in the Same Universal
Model: modelling of control actions is another important
aspect that we have demonstrated how can be done using
SADRA. We have shown how the variables in SADRA
can be used to implement different control actions on
voltages and powers in a generic component, such as a
VSC, PST or CTT. Due to its compact and simple struc-
ture, SADRA is able to implement these control actions
efficiently, leading to improved performance compared to
the existing literature with more than 30% speed increase.

• Circuit modification, as a simpler alternative to mathe-
matical relaxation: using SADRA, we essentially ”relax”
the DC voltages to have a dummy phase angle or in
other words, we relax them into phasors, similar to AC
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voltages. This will in fact relax the entire DC grid into an
AC one and thereafter everything is modelled and sorted
uniformly. However, while this is ultimately equivalent to
mathematical relaxation, it is done without any need for
direct mathematical modification, in contrast to existing
methods such as [9]. We have also shown how SADRA
prevents the flow of reactive power into the relaxed DC
grid.

• Software/model design: We have developed a simple and
easy to use and understand model within the AIMMS
optimization environment, providing a user-friendly and
comprehensive tool for modeling hybrid AC/DC sys-
tems. We also have illustrated its application in several
case studies to validate is functionality and demonstrate
its speed and robustness. The model, which is made
open-source [28], is supported by a step-by-step tutorial
available in [29]. This design enhances accessibility and
practical application.

The rest of the paper is organized as follows. Fist, SADRA
model is presented and explained. Modelling of AC and DC
components using SADRA is explained next, where we can
see how it can be used to model different elements of a
hybrid AC/DC power system. Then OPF formulation using
SADRA is presented. VSC control modes are reviewed next,
and finally simulation results for two very large power systems
are presented and discussed.

II. SADRA MODEL

SADRA is an evolved version of the conventional AC branch
model [30], whereby by adding a simple dummy generator
gdc at the from bus, modelling of hybrid AC/DC grids is
made possible. It can also be regarded as an evolved, more
efficient and more compact solution based on our previous
work, FUBM [3], which in turn is an evolution of the VSC
model of [31]. Fig. 1 shows the traditional VSC model (Fig1-
(a)), the AC branch model (e.g. used in MATPOWER) (Fig1-
(b)) and SADRA (Fig1-(c)). It can be seen that compared to
the AC branch model, only a dummy generator is added to the
from bus. In contrast with the traditional VSC models, both AC
and DC grids are physically connected when modelled using
SADRA, and therefore only AC OPF equations are used, with
the addition of two constraints per VSC to keep the DC grid
DC (i.e. with no reactive power flow), and to model the VSC
losses, as will be explained in Section II-C.

While we will see the operation and details of SADRA in
the subsection II-A in greater detail, it should be noted that
Mc in Fig. 1(a) is equal to τ in Fig. 1(c). Also N is a complex
number whose magnitude is

|N | = τ = Mc (1)

Compared to FUBM, SADRA offers several advantages.
Notably, its simpler and more compact structure results in
significantly faster computation times, as demonstrated in
subsequent results. Unlike FUBM, which incorporates variable
resistors and reactors, complicating the Ybr matrices, SADRA
avoids these complexities.

Fig. 1. a) traditional VSC model, b) MATPOWER branch model, c) proposed
branch model (SADRA).

A. The model and its operation

As stated above, SADRA uses the AC branch model of
MATPOWER and by a simple minimalistic modification of
using a dummy generator enables modelling of VSCs and a
range of other components, as well as possibility of modelling
both AC and DC grids.

Similar to the AC branch model of MATPOWER, depending
on what component is modelled, parts of the branch model of
SADRA will be enabled or disabled as required.

B. Modelling AC and DC components

Fig. 2 shows how different DC, AC, or AC/DC components
can be modelled. Modelling DC lines is simply done using
only rs, which represents the DC resistance of the DC line,
as shown in Fig. 2-(a).

An AC π branch can be modelled using rs, xs and bc (Fig.
2-(b)). Note that this is why both jbc/2 shunt element of the
conventional AC branch model of MATPOWER are kept in
SADRA as well.

If only the dummy generator gdc is disabled, SADRA
becomes equivalent to the conventional AC model as shown
in Fig. 2-(c). This again shows that SADRA can be used in
a similar way to model any AC element. For example, a
transformer can be modelled using a combination of rs, xs

and the ideal transformer T with the complex tap ratio N
(Fig.2-(d)).

Note that since N is a complex number, the model is capable
of modelling tap-changing transformers as well as PSTs. Fig.
2-(e) and 2-(f) show a PST and a CTT, respectively.



IEEE TRANSACTIONS ON POWER SYSTEMS , VOL. X, NO. X, X 2024 4

Fig. 2. SADRA models examples: a) dc line, b) ac line (pi) model, c) Matpower branch model, d) transformer model, e) PST, f) CTT, g) VSC, h) back-to-back
VSC (e.g. UPFC).

N = τejθ (2)

R4: Note that (point 2)
As we will see later in the results section, not only SADRA

is capable of modelling PSTs and tap changers, but it can
also be used to model them as controlled elements in the
optimization problem. For example, for modelling controllable
PSTs, the phase shift θ will be considered as an optimization
variable for the OPF problem, while the magnitude τ will be
kept constant. In contrast, For CTTs, there won’t be a phase
shift (θ = 0), while the magnitude τ will be taken as an
optimization variable. That is why on the figures for CTT and
PST, τ and θ are highlighted as ”variable”.

C. Modeling VSCs and VSC-based components

The VSC (Fig. 2-(g)) can be modelled using the AC voltage
generated at the VSC terminals as a result of its PWM control,
by using the complex tap of the transformer where τ and θ
model the amplitude modulation index and the phase shift
action of the PWM, respectively [3]. There are two other
important aspect in modelling the VSCs: modelling their
power loss, and the link between AC and DC sides. In SADRA,
we have a physical connection between the AC and DC sides,
and the dummy generator guarantees that there will be no
reactive power flow at the DC side and therefore the DC side
remains truly DC. This is shown in Fig.2-(g) and can be also
seen from equation (3) which is implemented as a constraint
in the formulation:

Qgdc = Qf,ac ←→ Qdc = 0 (3)

The dummy generator also models the power loss of the
converter. In this paper, we have used a quadratic loss equation
as per IEC 62751-2 standard, as shown below, but as can be
seen, modifying the model to incorporate any other loss model
is easily possible:

Pgdc = −γ|it|2 − β|it| − α (4)

where γ, β, α are the loss coefficients of the converter.
It can be seen from Fig. 2(g) that using SADRA, we are

essentially modelling everything in AC and therefore DC
voltages (and currents) will also have a ”phase angle”. This
can be shown in relation to Fig. 1 using the equation below:

vf = vdc∠θdc (5)

where θdc is the phase angle given to the DC side voltages
(and currents) to convert - or relax- them into phasors.

This is in fact equivalent to relaxing the DC voltages
to have ”phase angles”. It is, however, different from the
mathematical relaxation of [9], as here we have essentially
relaxed the entirety of the DC grid into an AC one and
are modelling and solving everything in AC, without direct
mathematical modifications to the way the system is modelled
or manipulating mathematical equations. Also it should be
noted that convex relaxation of the model is not in the scope
of this paper, and the resulting optimization problem remains
non-convex. Overall, as a result of the above relaxation of
DC voltages and currents, SADRA is applicable not only in
point-to-point and radial MTDC, bus also in meshed grids as
well.
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Fig. 3. a) An example AC/DC system (VSC-HVDC link), b) its modelling using SADRA. Green background means conventional AC equations apply.

The concept of DC ”phase angle” and its effect is further
explained below in Section II-D.

Finally, Fig.2-(h) shows an example of how more complex
components such as those with back to back VSCs (for
example a Unified Power Flow Controller - UPFC) can be
implemented using SADRA. In this case, the two VSCs are
each modelled using the VSC model of Fig.2-(g), with a DC
link between them. Again, using SADRA, everything will be
solved in AC.

D. Modelling hybrid AC/DC system using SADRA

Fig. 3 shows an example of how a hybrid AC/DC system,
such as a point-to-point VSC-HVDC transmission link, can be
modelled using SADRA. As mentioned above, the entire hybrid
AC/DC grid is modelled and solved using AC equations. The
DC voltages are relaxed to have a phase angle, which makes
them similar to AC voltage phasors instead of scalars. This
is in fact what allows the system modelled by SADRA to
model the whole hybrid grid in AC. Note that this phase angle
is the same for the whole relaxed DC grid. If multiple DC
grids exist in the system, each one will have its own DC
voltage phase angle. These phase angles are an artefact of
relaxing the DC grid to become an AC one, and can be simply
ignored when dealing with the results. Moreover, since DC
grids do not have any reactances, no reactive power flows
in them as all voltages and currents in a DC network have
the same phase angle. Fig. 4 shows two generic connected
DC buses, and the phasor diagram of their voltages and the
current flowing between them. Since all the phasors have the
same phase angle, therefore there won’t be a reactive power
flowing between them:

Q12 = |V12||I12|sinθ12 = 0 (6)

The dummy generators of the VSCs guarantee that there
will not be any reactive power flowing into the DC grids, as
there cannot be any in the DC grids, and hence they remain

Fig. 4. a) two generic nodes in a relaxed dc grid b) phasor diagram of the
voltages and current of (a).

truly DC. Overall, it can be seen that using SADRA, there
won’t be any need to make a distinction between AC and DC
grids, resulting in a unified model.

E. Mathematical modelling of the hybrid AC/DC system

In this section, the modelling of the hybrid AC/DC system
is presented. First, following MATPOWER’s convention [30],
the power balance equations for the hybrid AC/DC grid are
presented. The 2×2 branch admittance matrix Ybr for SADRA
(Fig.1-(c)) is exactly the same as that of MATPOWER (Fig.
1-(b)) and can be calculated using:if

it

 = Ybr

vf
vt

 =

yff yft

ytf ytt

vf
vt

 (7)

Ybr =

(ys + jbc
2

)
1

τ2
− ys
τe−jθ

− ys
τejθ

ys +
jbc
2

 (8)

This already shows that while SADRA enables the modeling
of AC/DC hybrid systems and a range of components includ-
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ing VSCs, it has minimal additional complexity compared to
the existing AC models.

For a network with nb buses and nl branches, the power
injections can be calculated in matrix form as shown below.
The four elements of the Ybr matrix for branch i are labelled
as below and the corresponding elements of Y i

br are used to
form the four nl × 1 vectors Yff ,Yft,Ytf and Yff .

Y i
br =

yiff yift

yitf yitt

 (9)

The sparse branch connection matrices Cf and Ct are then
defined with sizes of nl × nb where their elements take the
value 1 when the branch element of from or to side connects
with the corresponding bus. All other elements of Cf and Ct

are zero [30]. The to and from complex powers then can be
written as

Sf = [CfV ]Y ∗
f V

∗ (10)

St = [CtV ]Y ∗
t V

∗ (11)

where
Yf = [Yff ]Cf + [Yft]Ct (12)

Yt = [Ytf ]Cf + [Ytt]Ct (13)

These equations now describe the whole AC/DC grid and
can be used in the OPF, which is detailed in the Section III.
Before reviewing the OPF formulations, however, we will first
examine different control types for VSCs in hybrid networks
in the next subsection, as this is necessary to be able to model
control actions using SADRA.

F. VSC control modes

In this section, the various control modes for VSCs are
outlined, and their mathematical integration into the SADRA
framework is demonstrated. Generally, depending on the con-
trol needs of hybrid AC/DC power systems, the VSCs of the
power system can be configured to manage voltages, or active
and reactive powers, or a combination of those.

VSCs in general have three different control types, as can
be seen in Table I [3], [32].

TABLE I
VSC CONTROL TYPES

VSC Control Type Constraint 1 Constraint 2

I
θ vac

Pf Qac or vac

II vdc Qac or vac

III vdc droop Qac or vac

For each control type, two constraints can be associated.
These constraints are shown in Table I. For example, control
type III represents droop controlled VSCs, where there is a
constraint on the droop controlled voltage according to the
defined P-V droop curves for the converters, as well as another
constraint for controlling the AC side voltages or reactive
powers. Control type II is for converters that directly apply a

control over the DC link voltage, and maintain this voltage at a
reference. Those converters can still control one more quantity
at the AC side, which again can be the reactive power or the
AC side voltage. It is also possible for example to control both
active and reactive powers at the AC side of a VSC of type I.

It should be evident that a specific set of rules must be
adhered to during the implementation of MTDC grids or
HVDC-Links to prevent operational issues. For example, since
VSCs of type II directly control the DC link voltage, there
cannot be more than one converter of this type in each DC
grid [3] [32], otherwise they could compete for controlling
the DC bus voltage at different values. For the same reason,
if there is a VSC type II present in a DC grid, the rest of the
converters must be of type I. It is however possible to have
multiple droop controlled converters (type III) in a single DC
grid, as well as any number of type I converters. Nevertheless,
since type I converters do not exert any control over the DC
link voltage, they cannot be the only type present in a DC
network, and it is essential to incorporate at least one VSC
type II or type III for voltage regulation.

Now that the modelling of the hybrid grid and the VSC
control modes are explained, the modelling of OPF is detailed
in the following section (Section III) . We will also see how
the different VSC control types can be considered in the
optimization modelling at the end of that Section.

III. OPF FORMULATION USING SADRA

The OPF formulations using SADRA for hybrid AC/DC
systems is presented in this section. This formulation also
includes the optional power and voltage controls discussed
earlier.

The goal in an OPF is normally to minimize the total
generation cost f(x):

f(x) =

ng∑
i=1

fi(Pg,i) (14)

where fi functions are polynomial (usually quadratic) cost
functions of individual generators i, ng is the number of
generators and Pg,i is the cost of generation associated with
generator i. Note that dummy generators associated with VSC
buses have zero cost associated to them, however their active
and reactive powers are part of the optimization variables,
similar to other generators.

The definition of the required sets and indices used in the
formulation are shown in Table III below.

The OPF can be expressed as follows, and the different
variables are explained in the text that follows. Note that this
is a complete but compact representation of the OPF problem
in accordance with the formulation presented in [3].

A. Conventional AC OPF Equations

min f(x) (15)

s.t.

Si(x) + Si
d − Si

g = 0 ∀i ∈ I (16)
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TABLE II
DEFINITION OF SETS

Set Elements Set Symbol

Buses I
Branches L
PSTs Ipst
CTTs Ictt
VSCs Ivsc
VSCs type I Ivsc#I ⊂ Ivsc
VSCs type II Ivsc#II ⊂ Ivsc
VSCs type III Ivsc#III ⊂ Ivsc

This equality constraint shows the classical active and
reactive power balance equations for all buses where Sis
are complex powers of each bus i and are elements of the
Sbus(x) = [V ]I∗bus = [V ]Y ∗

busV
∗.

|Sf (x)
i| ≤ Si

l ∀i ∈ L (17)

|St(x)
i| ≤ Si

l ∀i ∈ L (18)

Eqs. (17) and (18) show the branch thermal limits and apply
to all branches.

We also need eq. (19) to define a reference phase angle for
the slack bus of the system:

θs = 0 (for the slack bus s) (19)

B. SADRA Generator Equations

SADRA adds the Eqs. (20) and (21) to the traditional AC
OPF model. Eq. (20) is how SADRA guarantees that no
reactive power flows through the DC grids and is applied to
all VSC buses. This guarantees that the ”relaxed” DC grid
indeed remains DC, even after being physically connected to
the rest of the AC grid.

Qi
dc(x) = 0 ∀i ∈ Ivsc (20)

Eq. (21) is used to take VSC losses into account. As
discussed before, we have used quadratic converter loss model
[3] [33] as shown in that equation.

P k
gdc

= −γk|ikt |2 − βk|it|k − αk ∀k ∈ Ivsc (21)

C. SADRA Optional Control Equations

To include optional control into the model, optional equa-
tions (22)-(24) can be activated when there are voltage or
power controls in the system.

Eq. (22) is the optional constraint for active power control
for PSTs and VSCs, where Pf,set shows the required active
power value for the controlled PST and VSCs.

P i
f (x) = P i

f,set ∀i ∈ Ivsc or Ipst , i /∈ IvscIII (22)

Similar to the above, Eq. (23) shows the reactive power
control for CTTs or AC sides of VSCs, where Qt,set is the
vector of set or reference reactive power values for CTTs and
VSCs.

Qi
t(x) = Qi

t,set ∀i ∈ Ivsc or Ictt (23)

Eq. (24) is applied to all VSCs that are droop controlled,
where kd shows the droop coefficient, and Pf,ref and vref are
the reference active power and voltages for the droop control
for the considered VSC buses (of type III: droop controlled).

P i
f (x) = P i

f,ref − kid(v
i
f − viref ) ∀i ∈ IvscIII (24)

Therefore, it can be seen that all different VSC types can
be modelled using these equations.

D. Vector Variables and Bounds

The vector of variables x is:

x = [Pg, Qg, Va, Vm, θ, τ ]T (25)

And finally it should be noted that the variables may have
upper and lower bounds (e.g. due to physical and operational
requirements), which can be shown as below:

xmin ≤ x ≤ xmax (26)

IV. CASE STUDY AND SIMULATIONS

While many of the comparable studies have studied rel-
atively small systems up to 118 buses (e.g. [1] [17] [16]
[18] [10]), in this study and in order to demonstrate both the
performance and scalability of the SADRA model, we have
considered two very large systems with up to 3120 buses. One
of these systems is studied to show the performance of SADRA,
while the other one is used to show how control actions can
be implemented in SADRA. In the following, these systems,
and their comparison against the literature are provided and
the results discussed.

A. The extended 3120 bus AC/DC case representing the Polish
system

The very large extended 3120 bus AC/DC case representing
the Polish system with an interconnected 5 node MTDC grid is
taken as the test case here. This system has 3120 AC and 5 DC
buses, 3703 lines and 505 generators (of which 500 generators
are from the system, and 5 are dummy generators used for
modelling VSCs in SADRA). The data for AC and DC grids
can be found at [34]. All simulations are solved in AIMMS,
which is an optimization software that supports a wide range
of mathematical optimization problems and provides access to
multiple solvers such as IPOPT and CONOPT.

AIMMS is a powerful tool for optimization and its user
friendly graphical interface makes it easy to use for imple-
mentation of optimization problems, with minimum coding
required. A fully functional model of AC OPF and its expla-
nation were previously published in AIMMS Academy website
and is available for the interested readers in [29]. Moreover, the
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AIMMS implementation of SADRA is also made open source
and freely available at [28].

The tests were run on a MacBook Pro M2 3.2 GHz 2022,
but as AIMMS only runs in a Windows environment, it was
run using a Parallels ARM Virtual Machine with 6 GB of
RAM on Windows 11. In order to have a fairer comparison,
the Julia implementation of [12] and AIMMS implementation
of [3] were also run on the same virtual machine.

The implementation of this system resulted in an optimiza-
tion problem with 84027 constraints and 77087 variables.
Table III shows the comparison of the results with those
reported using PowerModelsACDC [12] and FUBM [3]. Two
different solvers are tested for SADRA and for fairness for
FUBM. For the PowerModelsACDC results, the results reflect
on the total time from problem setup to obtaining the final
solution, to have a fair comparison against the results of
SADRA and FUBM. Note that [12] reported using Ipopt to
solve the SOC model and Mosek for the SDP models. For
completeness, we have included the results of both Ipopt, and
competitive solver Gurobi for the relaxed models. It is worth
to highlight that, in [12] Mosek was used for the SDP, and
while it was shown that SDP formulation is generally tight, it
was sensitive to numerical results, and for the large systems,
including the 3120 bus system studied here, numerical issues
were reported. Our tests also resulted in the same problem,
and therefore the results of SDP with Mosek are not added in
the results.

As it can be seen in Table III, SADRA reaches exactly
the same values as reported in [12] and [3] for the NLP
models. This both confirms the correctness of the developed
and implemented models, as well as the accuracy of SADRA.
SADRA required much fewer iterations compared to all studied
models, except for the Gurobi QC model, which needed only
two fewer iterations. Moreover, the results show that SADRA
can be up to 6.28 times faster than FUBM when they are both
run on the same machine. This can be attributed to the simpler
structure of SADRA compared with FUBM, as discussed in
Section II.

SADRA is only slightly slower than the results of NLP
of [12], however, the results are comparable. It should be
noted that [12] models are implemented in Julia programming
language which is known for its speed, while SADRA is
implemented in AIMMS which is a general-purpose optimiza-
tion software, because of its ease of use and implementation.
As expected, SADRA as well as the NLP formulation of
[12], are both slower than the Quadratic Convex (QC) and
Second order Cone (SOC) relaxed models than are solved
using Gurobi. However it should be noted that SADRA (similar

to the NLP formulation of PowerModelsACDC) gives exact
results, while the above mentioned convex relaxations result in
some inaccuracy (or ”optimality gaps”) in their final solutions.
Overall, SADRA is shown to be faster in terms of number of
iterations compared to all of these methods, and also faster in
terms of time of solve compared with most of these methods,
while giving exact solutions. Finally, it can be seen that
SADRA performs well irrespective of the solver used, which
shows its versatility.

B. Modified PEGASE system for evaluating the control actions

For evaluating the implementation of control actions, the
modified PEGASE system of [3] is used and the results are
compared. The original AC case contains 1354 buses, 260
generators and 1991 branches, from the Pan European Grid
Advanced Simulation and State Estimation (PEGASE) project
[35]. Figure 5 shows how the original system is modified to
include two DC sub-grids: one HVDC link and one MTDC
grid. Both DC grids operate at 345 kV nominal voltage.

There are overall 5 VSCs in this system, and their control
types and constraints are shown in Table IV. It is worth
highlighting that the second constraint of VSC 5 is left as
a free variable to show that the control constraints are set
individually and that the model is not restricted to them.

The results shown below confirm that this is the case for
SADRA as well. Also, in the modified system of [3], two of
the existing transformers were set as a PST and a CTT for
controlling power and voltages respectively. All these controls
are implemented in SADRA using the appropriate control
constraints of (22)-(24).

The ensuing optimization problem which is again modelled
in AIMMS and was run on the same machine, has 42738
constraints and 39255 variables. Detailed values of VSC
voltages and powers are shown in Tables V and VI, and show
that the control constraints of Table IV are successfully met.
The control actions of the CTT and PST are also shown in the
same table, and it can be verified that they are also successfully
implemented. A check-mark is added in Tables V and VI
against controlled voltages or powers to show that they are
correctly controlled, in accordance with the control references
of Table IV.

DC lines powers of the two DC networks of the studied
case at the from sides are also provided in Table VII for
completeness. These results overall prove once again that the
SADRA model is implemented correctly.

Table VIII shows the comparison of solution and perfor-
mance while using FUBM [3] and SADRA. It can be verified

TABLE III
COMPARISON OF AC/DC OPF RESULTS AGAINST THE LITERATURE

Model NLP [12] QC [12] SOC [12] FUBM [3] SADRA

Solver IPOPT 3.14 IPOPT 3.14 Gurobi 11.0 IPOPT 3.14 Gurobi 11.0 CONOPT 4.1 IPOPT 3.11 CONOPT 4.1 IPOPT 3.11

Cost 2142635 2131071 2131071 21310962 2122752 2142635 2142635 2142635 2142635

Iterations 74 143 55 164 92 106 240 124 57

Time [s] 25.59 63.67 20.05 30.63 13.93 83.26 203.38 75.52 32.38
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TABLE IV
CONTROL SETTINGS FOR VSC AND TRANSFORMERS [3]

Converter Type Constraint 1 Constraint 2

VSC1 I Theta=0 Vac = 1.08

VSC2 III Droop controlled Vac = 1.075

VSC3 II Vdc = 1.01 Vac = 1.06

VSC4 I Pf = −500MW Vac = 1.07

VSC5 I Pf = −450MW Vac = free

Transformers From To Constraint

PST B7466 B3649 Pf = −1.73

CTT B6153 B6807 Vt = 1.1

Fig. 5. Modified PEGASE system [3]. This system contains 1354 AC buses.
The two DC subsystems and their connection to the rest of the AC system is
shown here.

that SADRA has reached to the same exact solution, in fewer
number of iterations and less time. IPOPT was chosen as
the solver, as it faster compared with CONOPT, although the
solutions were the same.

This proves SADRA’s performance in terms of implementing
the controls, and shows that it can be used as a simple and easy
to implement, yet powerful tool for modelling hybrid AC/DC
systems.

C. Overall Comparison and future works

Table IX aims to summarize the quantitative results shown
above, to provide an overall comparison of SADRA with com-
parable tools, namely with FUBM and PowerModelsACDC.
As it could be seen from the results, PowerModels and SADRA
provide up to an order of magnitude improvement in terms of
speed over FUBM. PowerModelsACDC is slightly faster than
SADRA for one of the modelling methods, and slower in two
other models, when both are run on the same machine. It
should nevertheless be mentioned that they are implemented
using different software, with PowerModelsACDC imple-
mented in Julia which is know for its speed [36], while SADRA
is implemented in AIMMS which offers a user friendly

interface for simple and easy implementation of optimization
problems. Nevertheless, their speed is comparable. However,
SADRA, like FUBM, provides a universal model which is
able to model a variety of components, as well as control
actions. As far as the author knows, this is not possible in
PowerModelsACDC, or in fact in any other models.

Overall, this shows that SADRA is a powerful and useful
tool for researchers and software developers working on the
study of hybrid AC/DC systems.

Future works already being considered include convex
relaxation of OPF modelled by SADRA, implementing and
publishing SADRA as a PowerModels/PowerModelsACDC
package for ease of access for researchers who use those
software, and modelling failures in contingency situations for
having a security constrained OPF.

V. CONCLUSION

This paper presented SADRA, a universal AC/DC branch
model, and explored its use in OPF for hybrid AC/DC systems.
SADRA is shown to be fast, versatile and easy to use. It allows
modelling of a variety of AC and DC elements including
AC and DC lines, phase-shifter transformers, controlled tap-
changing transformers, VSCs and VSC interfaced elements
(including point-to-point and multi terminal HVDC), and in
general hybrid AC/DC systems, in a compact model, and
directly links AC and DC grids where conventional AC
equations can be used for modelling. Moreover, SADRA easily
enables inclusion of voltage and power control capabilities to
the optimization problem. Via simulations of OPF for large
AC/DC power systems of up to 3120 buses using different
solvers, its flexibility and scalability are demonstrated. SADRA
is shown to be up to more than 6 times faster that the com-
parable universal model. It is also as fast as other methods in
the literature while providing the important added capabilities
of modelling control actions and a universal approach.

REFERENCES

[1] Mohamadreza Baradar, Mohammad Reza Hesamzadeh, and Mehrdad
Ghandhari. Second-order cone programming for optimal power flow in
vsc-type ac-dc grids. IEEE Transactions on Power Systems, 28:4282–
4291, 2013.

[2] Yang Li, Yahui Li, Guoqing Li, Dongbo Zhao, and Chen Chen. Two-
stage multi-objective opf for ac/dc grids with vsc-hvdc: Incorporating
decisions analysis into optimization process. Energy, 147:286–296,
2018.

[3] Abraham Alvarez-Bustos, Behzad Kazemtabrizi, Mahmoud Shahbazi,
and Enrique Acha-Daza. Universal branch model for the solution of
optimal power flows in hybrid ac/dc grids. International Journal of
Electrical Power and Energy Systems, 126:106543, 2021.

[4] Junyi Zhai, Xinliang Dai, Yuning Jiang, Ying Xue, Veit Hagenmeyer,
Colin N. Jones, and Xiao Ping Zhang. Distributed optimal power flow
for vsc-mtdc meshed ac/dc grids using aladin. IEEE Transactions on
Power Systems, 37:4861–4873, 2022.

[5] Ali Raza, Ali Mustafa, Kumars Rouzbehi, Mohsin Jamil, Syed Omer
Gilani, Ghulam Abbas, Umar Farooq, and Muhammad Naeem Shehzad.
Optimal power flow and unified control strategy for multi-terminal
HVDC systems. IEEE Access, 7:92642–92650, 2019.

[6] G. Buigues, V. Valverde, A. Etxegarai, P. Eguı́a, and E. Torres. Present
and future multiterminal hvdc systems: Current status and forthcoming
developments. Renewable Energy and Power Quality Journal, 1:83–88,
2017.

[7] Guadalupe Arcia-Garibaldi, Pedro Cruz-Romero, and Antonio Gómez-
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