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Abstract

In this paper a distributed algorithm for ensuring Optimal Power Flows in
hybrid AC-DC systems is proposed. While centralized OPF formulations
require information of many variables of all the network nodes, the present
approach relies on solving an OPF locally in each AC agent and AC-DC agent
that only requires to exchange the voltages corresponding to adjacent nodes.
Therefore, operation schemes based on this approach would be specially in-
teresting when communications with the central unit fail. This algorithm
is applied to a 3 DC - 5 AC bus system, showing that the obtained results
coincide with those of the centralized formulation. Additionally, the dynamic
behavior of this system operated under the proposed algorithm is analysed
in a real-time platform in a realistic communication environment.
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1. Introduction

The evolution of power electronics and the increasing integration of renew-
able energy sources into power systems is guiding their planning, operation
and control. At transmission system level, High Voltage Alternating Cur-
rent (HVAC) is being combined with High Voltage Direct Current (HVDC)
to form hybrid networks, due to the technical and economic limitations of
HVAC -and benefits of HVDC- in bulk power transmission over long dis-
tances, submarine power transmission and interconnection of asynchronous
systems. As shown in [1], DC networks can be operated to provide support to
AC systems, increasing its security of supply and resilience in case of outages.

For steady-state analysis, system planning and security, the power flows
in these AC-DC systems need to be determined [2]. In [3] an open-source
software (MATACDC) is presented to analyse the steady state interactions
between HVAC and HVDC grids. To ensure the optimal operation of hybrid
HVDC-HVAC systems, Optimal Power Flows (OPF) formulations are be-
ing investigated with several objective functions. In [4] a two-stage solution
approach for solving the problem of multiobjective OPF in hybrid AC/DC
grids with HVDC is proposed based on the application of multiobjective evo-
lutionary algorithms. It focuses on the coordination of the economy, voltage
deviation, and environmental benefits for hybrid AC/DC grids. Most of the
proposals addressing OPF in hybrid AC/DC grids focus on a single objective
function and are based on a centralized approach [5, 6]. In [5], an algorithm
to optimally operate HVAC-HVDC systems is proposed and combined with
voltage droop control of grid side Voltage Source Converters (VSC). In [6] a
relaxed mathematical model for solving OPF for AC-DC grids is developed
to guarantee convergence and global optimality. Centralized approaches rely
on the existing communication systems, already available for monitoring and
control purposes. In these cases, a central unit collects information of all
the nodes and branches, determines the new operational state and sends the
appropriate references to each node.

Although offering a global vision of the network, the central approach
might be difficult to scale, requires the permanent healthy state of the cen-
tral computation unit and of all the communication links. Furthermore, it
assumes that the operators accept to share their data with the central unit.
An OPF based on a distributed approach could overcome these challenges.
The potential benefits identified in distributed algorithms include the share
of limited amount of information between a subset of the nodes, the cyberse-
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curity enhancement, the lower expense in the communication infrastructure
and the computational superiority versus centralized algorithms thanks to
the parallelization of computations [7].

In [8], a comparison between different distributed optimization is pre-
sented. One of the distributed optimization techniques, based on the Aug-
mented Lagrangian decomposition, is the ADMM (Alternate Direction Method
of Multipliers) [9]. It has been proposed for solving distributed OPF in AC
grids in many studies, for instance in [10–13]. One of the first studies to
propose a distributed algorithm for the optimal operation of AC systems
is [10], based on a region-based optimization process for AC systems where
limited information is exchanged between neighbouring regions. In [11], an
ADMM based algorithm is proposed for OPF in AC grids using sequential
convex approximations. In [12] the AC grid equations are simplified through
a DC formulation and solved in a distributed manner through ADMM. The
authors from [13] propose a distributed algorithm in which each generator is
considered an agent for ensuring optimal reactive power control in power sys-
tems. ADMM has been applied to perform OPF in DC grids in [14], where
a distributed secondary control for multiterminal DC grids is proposed to
operate the DC system optimally after solving a Quadratrically Constrained
Quadratic Program (QCQP).

Nevertheless, the distributed operation of hybrid AC-DC systems has
been briefly analyzed. In [15], the AC power flow equations are simplified
with a DC linear approach and converter losses are not taken into consider-
ation. In [16] the complete non-linear formulation for the AC grid is used.
The approach is based on separating the whole grid in subsystems and a high
amount of information exchange inside the nodes of each region or subsystem
is required (voltages, angles, active and reactive powers from generators and
converters). Moreover, the system behaviour under this operation scheme
in the time domain is not addressed. Recently, in [17], an ADMM problem
is formulated to solve an optimization that determines a smooth operation
point for hourly dispatches in multiterminal AC-DC grids. Converters are
assumed to be lossless and the transient behavior of the system is not ad-
dressed. The authors from [18] propose a synchronous ADMM approach for
the operation of AC/DC systems based on the use of the average value of
boundary variables of adjacent regions. The network is partitioned in based
on transmission lines. Converter losses are not taken into consideration. De-
spite the distributed approach reaches the same results that the centralized
one, convergence problems are identified and still need to be solved. Most
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of the few studies addressing the distributed operation of AC/DC systems
based on ADMM do not take into consideration the power converter losses
and all the existing ones focus on the steady state analysis, without deeping
into the operation in the time domain.

To the best knowledge of the authors, there is no study that covers the
distributed optimal operation of hybrid AC-DC systems and analyses how
the system behaves dynamically in a real communication environment. The
present paper proposes a novel formulation for the tertiary control of HVAC-
HVDC systems, where a distributed optimal operation for minimum losses
(transmission and converter losses) of AC-DC systems is developed based
on ADMM and on a multi-agent system approach [19]. The optimization
problem is separated in smaller subproblems, each of which is solved locally
by an agent of the network (AC agent or AC-DC agent). By simulating a
case study of 3 DC - 5 AC bus network, it is shown that the distributed ap-
proach reaches the same optimal operation point as the centralized scheme.
Then, the distributed implementation of this case study is tested in an exper-
imental setup that runs the power system with demand changes in real time
through OPAL-RT. The data from the physical system is exchanged with the
outside environment through an external switch and via user data protocol.
The communication among agents (Raspberrys Pi) is in a client/server man-
ner with gRPC protocol. Even if the communication delays among agents
are different, they cooperate with their neighbours and achieve the optimal
operation of the system.

The main contributions of this study are: i) the formulation of a dis-
tributed tertiary control for AC-DC systems where only communications be-
tween adjacent nodes are required (Section 3), ii) only voltage information
needs to be exchanged between these nodes (Section 3), iii) the formulation
considers power converter losses and is extendable to any AC-DC grid topol-
ogy regardless if it contains meshes or not and to other objective functions
(Section 3), iv) it is proven that AC-DC systems can optimally operate un-
der the proposed algorithm after showing stable response in an experimental
setup running in real time (Sections 4 and 5).

Centralized approaches for OPFs in hybrid AC/DC systems require that
all the data of the system are collected by a central control. This implies
drawbacks including the reliability and security vulnerability of the central
unit as a common point of failure, the high computation time in the central
unit for large power systems and high communication infrastructure needs
due to the geographical extension of the power system [20]. The proposed dis-
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tributed approach avoids the use of a central unit and reduces the communi-
cation infrastructure used as well as the amount of information to be shared.
Thanks to the parallelization of computations, each agent solves locally a
problem and with the appropriate coordination with adjacent neighbours,
and only exchanging voltage information, the system reaches the optimum
operation. The present paper validates its application in HVAC-VSC-HVDC
systems. However, the approach can also be applied for hybrid AC-DC sys-
tems at other voltage levels, for instance integrating microgrids.

The paper is structured as follows. Section 2 explains the General form
of consensus optimization. Then, a formulation for OPF in AC-DC systems
is presented in Section 3. This formulation enables to propose a distributed
approach for OPF in AC-DC systems based on ADMM in Section 3.2. Section
4 applies the distributed OPF developed to a 3 DC- 5 AC network and
validates the results obtained with the centralized OPF approach. Section 5
analyses the transient behavior of the previous hybrid AC-DC system in a
real communication environment [21]. Finally, in Section 6, conclusions are
drawn.

2. General form of consensus optimization

The ADMM algorithm is based on a decomposition-coordination proce-
dure [9], in which the solutions to small local subproblems are coordinated
to find a solution to a large global problem. This algorithm benefits from
the dual decomposition and augmented Lagrangian methods for constrained
optimization.
Let’s assume a network of size N that can be represented by a connected
graph, is composed of K subsystems of size Nk, being each one managed by
an agent. Each agent can only communicate with its neighbouring agents
(and therefore with subsystems that are directly connected to the subsystem
it manages). The general consensus problem can be formulated as the sum
of all the local objective functions fk handled by each agent:

min
x

K∑
k=1

fk(xk) (1)

subject to

xk − zk = 0, k = 1, ..., K (2)
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where xk is the vector of local variables of subsystem k such that x ∈ RNk and
consists of a selection of the components of the global variable z ∈ RN . Each
agent will be in charge of optimising its objective function and on agreeing
(reaching consensus) on the local variable components that map to the same
global variable components. To indicate that the local variable component
(xk)j corresponds to the global variable component (zk)j, the following index
notation is used: g = G(k, j). Therefore, the consensus between local and
global variables is reached when:

(xk)j = zG(k,j), k = 1, ..., K, j = 1, ..., Nk (3)

Other equality and inequality constraints can be added to coupling Equation
(2), as reflected in [9].
The stated optimization problem can be solved using ADMM through the
augmented Lagrangian in Equation (4) and through the iterative process
reflected in Equations (5),(6),(7), where ρ >0 is the penalty parameter and
λ is the Lagrange multiplier.

Lρ(x, z, λ) =
K∑
k=1

(
fk(xk) + λTk (xk − zk) +

ρ

2
||xk − zk||22

)
(4)

xi+1
k := argmin

xk

(
fk(xk) + (λik)

Txk +
ρ

2
||xk − zik||22

)
(5)

zi+1 := argmin
z

(
N∑
k=1

(
−(λik)

T zk +
ρ

2
||xi+1

k − zk||22
))

(6)

λi+1
k := λik + ρ

(
xi+1
k − zi+1

k

)
(7)

The update of each local variable (Equation (5)) and of the Lagrange mul-
tiplier (Equation (7)) can be performed in parallel for each agent k. The
global variable update (Equation (6)) is done decoupling the components of
z:

zi+1
g :=

∑
g=G(k,j)

(
(xi+1

k )j + 1
ρ
(λik)j

)
∑

g=G(k,j) 1
(8)

In fact, the global variable update can be obtained by a local averaging of zg
components, as shown in Equation (10) knowing that after the first iteration
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(i = 1): ∑
g=G(k,j)

(λik)j = 0 (9)

zi+1
g :=

1

ng

∑
g=G(k,j)

(xi+1
k )j (10)

where ng is the number of local variable entries that correspond to the global
variable entry zg.

3. Optimal power flow

We consider a hybrid AC-DC electrical network that consists of a set of
AC nodes: Nac = {1, 2, . . . , Nac} and a set of DC nodes: Ndc = {1, 2, . . . , Ndc}.
The formulation for AC networks power flows is presented in detail in [20]
and summarised in Section 6.1. It is extended for DC networks in Section
6.2.
To enable the application of ADMM to AC/DC systems power flow optimi-
sation, different agents are identified taking into account that each agent can
only communicate with its neighbours (and consequently with subsystems
that are directly connected to the subsystem it manages). Therefore, two
type of AC nodes or agents can be identified:

• AC agent : AC node that is not connected to the DC grid . It has
information of its own AC bus and of the adjacent AC buses to which
it is connected.

• AC-DC agent : AC node that is connected to the DC grid. It has
information of its own AC and DC bus, of the the adjacent AC buses
to which it is connected and of the adjacent DC buses to which it is
connected.

Based on the formulation detailed in Section 6, the active power and
reactive power balance at bus k is defined by Equations (11) and (12), re-
spectively, while power in DC nodes can be expressed as reflected in Equation
(13):

pk = v̂Tk · zpk · v̂k (11)

qk = v̂Tk · zqk · v̂k (12)

pl,dc = v̂Tk · zdcl · v̂k (13)
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Nomenclature

v̂ Vector of local variables for agent
in bus k

λk Lagrange multiplier of subsystem
k

Ggen Set of buses containing a genera-
tor

Nac Set of AC nodes

Ndc Set of DC nodes

ρ Penalty parameter

zg,k Vector of global variables for
agent in bus k

B Susceptance matrix of the AC
grid

G Conductance matrix of the AC
grid

Gdc Admittance matrix of the DC grid

ik Injected current at bus k

iimk Imaginary part of the injected
current at bus k

irek Real part of the injected current
at bus k

Pmaxk,vsc Active power upper limit of VSC
in k

Pmink,vsc Active power lower limit of VSC
in k

pk Active power at bus k

pLk Active power of the load L con-
nected at bus k

Pmaxk Active power upper limit of gen-
erator in k

Pmink Active power lower limit of gener-
ator in k

pvscloss,k Converter losses of VSC in bus
k

Qmaxk,vsc Reactive power upper limit of
VSC in k

Qmink,vsc Reactive power lower limit of VSC
in k

qk Reactive power at bus k

qLk Reactive power of the load L con-
nected at bus k

Qmaxk Reactive power upper limit of
generator in k

Qmink Reactive power lower limit of gen-
erator in k

Smaxk,vsc Apparent power limit of VSC in
node k

sk Injected apparent power at bus k

vk Voltage at bus k

vimk Imaginary part of the voltage at
bus k

vmaxk Upper limit of voltage at bus k

vmink Lower limit of voltage at bus k

vrek Real part of the voltage at bus k

Y Admittance matrix of the AC grid
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v̂ =

vre

vim

vdc


zp =

G −B 0
B G 0
0 0 0


zq =

-B -G 0
G -B 0
0 0 0


zdc =

0 0 0
0 0 0
0 0 Gdc



zpk =


0

zp(k, :)
0

zp(k +Nac, :)
0



zqk =


0

zq(k, :)
0

zq(k +Nac, :)
0


zdcl =

 0
zdc(2Nac + l, :)

0


AC agents

For those AC nodes that are not connected to the DC grid, the following
equations need to be satisfied.
If the AC node has generator and load, then:

Pmin
k ≤ v̂Tk · zpk · v̂k + pLk ≤ Pmax

k , k ∈ Nac, k ∈ Ggen (14)

Qmin
k ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmax

k , k ∈ Nac, k ∈ Ggen (15)
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where Pmin
k and Pmax

k represent the active power lower and upper limits of
generator in k, Qmin

k and Qmax
k represent the reactive power lower and upper

limits of generator in k. If the AC node only has load, then:

v̂Tk · zpk · v̂k + pLk = 0, k ∈ Nac, k /∈ Ggen (16)

v̂Tk · zqk · v̂k + qLk = 0, k ∈ Nac, k /∈ Ggen (17)

In all the cases, voltage limits need to be satisfied for the AC nodes:

(vmink )2 ≤ (vrek )2 + (vimk )2 ≤ (vmaxk )2, k ∈ Nac (18)

AC-DC agents

VSC technology allows the independent control of active and reactive
power. The VSC control modes are mainly active power control or DC
voltage control and reactive power control or AC voltage control. The choice
of the control modes depends on the application of the VSC-HVDC and on
the type of the AC grids to which they are connected [22]. However, a VSC
responsible for DC voltage control is required to ensure the power balance
between the sending and receiving converters. The control modes do not
affect the problem formulation (the number and type of variables involved
in each agent remain the same), but the number of VSCs does, at is directly
related with the number of AC/DC agents of the system. For those AC nodes
that are connected to the DC grid through a VSC, the following equations
need to be satisfied.
If the AC node has generator and load, then:

Pmin
k ≤ v̂Tk · z

p
k · v̂k + vTk · zdcl · v̂k ± pvscloss,k + pLk ≤ Pmax

k , k ∈ Nac, k ∈ Ggen
(19)

Pmin
k,vsc ≤ vTk · zdcl · v̂k ± pvscloss,k ≤ Pmax

k,vsc, k ∈ Nac, k ∈ Ggen (20)

where pvscloss,k represent converter losses, modeled according to a second
order polynomial and distinguishing rectifier and inverter operation [23].

Qmin
k +Qmin

k,vsc ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmax
k +Qmax

k,vsc, k ∈ Nac, k ∈ Ggen (21)

Additionally, the operation inside the power limits of the converter needs to
be ensured:

(v̂Tk · zdcl · v̂k ± pvscloss,k)2 + (Qmax
k − (v̂Tk · zqk · v̂k + qLk ))2 ≤ (Smaxk,vsc)

2 (22)
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If the AC node only has load, then: If the AC node only has load, then:

v̂Tk · zpk · v̂k + vTk · zdcl · v̂k ± pvscloss,k + pLk = 0, k ∈ Nac, k /∈ Ggen (23)

Qmin
k,vsc ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmax

k,vsc, k ∈ Nac, k /∈ Ggen (24)

(v̂Tk ·zdcl ·v̂k±pvscloss,k)2+(v̂Tk ·z
q
k·v̂k+q

L
k )2 ≤ (Smaxk,vsc)

2, k ∈ Nac, k /∈ Ggen (25)

In all the cases, voltage limits need to be satisfied for AC nodes and DC
nodes:

(vmink )2 ≤ (vrek )2 + (vimk )2 ≤ (vmaxk )2, k ∈ Nac (26)

vminl,dc ≤ vl,dc ≤ vmaxl,dc , l ∈ Ndc (27)

As example, the construction of the local vector v̂ for each agent of the AC-
DC system depicted in Figure 1 is reflected in Figure 2. In this case, there
are two AC agents (in buses 2 and 3) and two AC-DC agents (in bus 1 and
bus 4). The variables constituting the local vector of each agent are detailed
in Figure 2, as well as their relation with the global variables.

3

DC 2

~
=

~
=

2

1 4

DC 1

Agent 1

Agent 2 Agent 3

Agent 4

Figure 1: Agents identification in a 4 AC 2 DC bus example network

Objective function

The objective function here analysed is the loss minimization over all the
AC-DC grid, which is formulated as follows:

min
v̂

v̂T · zp · v̂ + v̂T · zdc · v̂ (28)
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v1
re

v2
re

v3
re

v4
re

v1
im

v2
im

v3
im

v4
im

v1
dc

v2
dc

(v1
re)1

(v2
re)1

(v1
im)1

(v2
im)1

(v1
re)2

(v2
re)2

(v3
re)2

(v1
im)2

(v2
im)2

(v3
im)2

(v2
re)3

(v3
re)3

(v4
re)3

(v2
im)3

(v3
im)3

(v4
im)3

(v3
re)4

(v4
re)4

(v3
im)4

(v4
im)4

Global 

variables

Agent 1 

variables

Agent 2 

variables

Agent 3 

variables

Agent 4 

variables

(v1
dc)1

(v2
dc)1

(v1
dc)4

(v2
dc)4

Figure 2: Local vectors construction for system in Figure 1

For the case of minimization of power system losses, the higher is the number
of VSCs, higher are the losses from converter stations, but also there is higher
flexibility for power flows. Other objective functions could be considered,
for instance minimum operation costs for the whole system or minimum
deviation from a preset voltage profile.

3.1. Centralized AC-DC optimal power flow

The centralized formulation of the AC-DC OPF for loss minimization
corresponds to the optimization problem with the objective function reflected
in Equation (28) subject to the set of constraints in Equations from (14) to
(27).

12



3.2. Distributed AC-DC optimal power flow

The optimization problem in Section 3.1 can be separated in smaller sub-
problems, each of which will be solved locally by an agent of the network
(either an AC agent or an AC-DC agent). The algorithm that deals with the
solution of each subproblem and leads to the solution of the whole optimiza-
tion problem is based on ADMM (see Section 2) and presented in Algorithm
1. It has been implemented in Matlab.

4. Case study

The centralized and distributed AC-DC optimal power flow formulations
described in Sections 3.1 and 3.2, implemented in Matlab, have been applied
to a particular 3 DC - 5 AC system, which is based on the IEEE 5 bus test
system and has also been used in [6, 23]. The network is illustrated in Figure
3. The DC and AC systems are linked through three VSC converters. The
power in the DC network is injected into the AC grid through the connected
inverters, which are responsible for the DC grid voltage control and which
provide reactive power support to the AC grid when needed. The AC grid
has two generators, one in bus 1 and another in bus 2. Loads are connected
to buses 2, 3, 4 and 5. The DC grid is connected in AC buses 2, 3, and 5.
The power converters rating is 50 MVA and bus 1 is assumed to be the slack.
The active and reactive power demand in the AC buses are given by vectors
pL and qL, respectively: pL =

[
0, 20, 45, 40, 60

]
MW, qL =

[
0, 10, 15, 5, 10

]
MVAr.

1

2

3 4

5

~

~

~
=

~
=

~
=

DC 2 

DC 3DC 1 

Figure 3: 3 DC - 5 AC bus system
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Algorithm 1 ADMM for distributed AC-DC OPF at agent k

1: i = 1: zg,k ← z0, λk ← λ0 . at first iteration, give initial guess value of global
variables and Lagrangian multipliers

2: repeat . at each iteration i, the agent solves the local problem:

• if agent k is a AC agent :

min
v̂k

v̂Tk · zpk · v̂k + λTk v̂k +
ρ

2
||v̂k − zg,k||22

subject to:

(vmink )2 ≤ (vrek )2 + (vimk )2 ≤ (vmaxk )2, k ∈ Nac
∀k ∈ Ggen :

Pmink ≤ v̂Tk · zpk · v̂k + pLk ≤ Pmaxk

Qmink ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmaxk

∀k /∈ Ggen :

v̂Tk · zpk · v̂k + pLk = 0

v̂Tk · zqk · v̂k + qLk = 0

• if agent k is a AC-DC agent :

min
v̂k

v̂Tk · zpk · v̂k + v̂Tk · zdcl · v̂k + λTk v̂k +
ρ

2
||v̂k − zg,k||22

subject to:

(vmink )2 ≤ (vrek )2 + (vimk )2 ≤ (vmaxk )2, k ∈ Nac
vminl,dc ≤ vl,dc ≤ vmaxl,dc l ∈ Ndc

∀k ∈ Ggen :

Pmink ≤ v̂Tk · zpk · v̂k + vTk · zdcl · v̂k
± pvscloss,k + pLk ≤ Pmaxk

Pmink,vsc ≤ vTk · zdcl · v̂k ± pvscloss,k ≤ Pmaxk,vsc

Qmink +Qmink,vsc ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmaxk +Qmaxk,vsc

(v̂Tk · zdcl · v̂k ± pvscloss,k)2

+ (v̂Tk · zqk · v̂k + qLk )2 ≤ (Smaxk,vsc)
2

∀k /∈ Ggen :

v̂Tk · zpk · v̂k + vTk · zdcl · v̂k ± pvscloss,k + pLk = 0

Qmink,vsc ≤ v̂Tk · zqk · v̂k + qLk ≤ Qmaxk,vsc

(v̂Tk · zdcl · v̂k ± pvscloss,k)2

+ (Qmaxk − (v̂Tk · zqk · v̂k + qLk ))2 ≤ (Smaxk,vsc)
2

3: v̂ik ← v̂k

4: zig,k :=
∑
g=G(k,j)((v̂

i
k)j+

1
ρ (λ

i−1
k )j)∑

g=G(k,j) 1
. global variable update for each agent

5: λik = λi−1
k + ρ(v̂ik − zig,k) . Lagrange multiplier update for each agent

6: i← i+ 1 . move to next iteration
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Figure 4: Power injected to DC buses and AC buses of the system
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The DC and AC voltages obtained in the different buses for loss minimiza-
tion are reflected in Table 1. The minimum losses for the analyzed situation
are 0.0159 p.u. (1.59 MW). The active and reactive powers injected in the
AC buses are depicted in Figure 4b. The active power injected in the DC
buses are shown in Figure 4a. It is shown that after 3500 iterations, the
consensus value is reached. This figure also shows how the results obtained
from the distributed formulation (continuous blue line) are the same as the
results obtained with a centralized formulation (dashed orange line).

Table 1: Bus voltages for loss minimisation

Bus AC voltage AC voltage DC voltage
magnitude (p.u) angle(rad) of VSC

1 1.0000 0 -
2 1.0018 0 1.0000
3 0.9897 -0.0383 1.0935
4 0.9880 -0.0431 -
5 0.9892 -0.0407 1.0926

5. Experimental validation

The distributed OPF formulation for AC-DC grids has been tested in an
experimental setup that runs the 3 DC - 5 AC power system (analysed in
steady state in Section 4) in real time through OPAL-RT (Figure 5). The
goal of this implementation is to show the secure operation of the system
under the distributed OPF guaranteeing minimum losses and adapting to
load changes.

The data from the physical system is exchanged with the outside envi-
ronment through an external switch and via user data protocol (UDP). A
cluster of 5 Raspberry Pi (RPI 3, model B, 1 GB RAM, 1.2 GHz proces-
sor) is connected to the switch. Each Raspberry Pi is working as one of the
agents of the system described in Section 4. Therefore, each Raspberry Pi is
responsible for executing the OPF detailed in Algorithm 1, which has been
implemented in Python for the experimental validation. The communication
among agents is in a client/server manner and uses gRPC protocol. Each
agent is a server that can receive incoming messages and dispatch them after
a call and, at the same time, is a client of neighbour servers. The execu-
tion time of the solver in the different agents is depicted through boxplots in

16



Figure 6b. It is shown that the median for solver execution in the different
agents is between 0.4 s and 1 s. The communication time between agents
is represented through boxplots in Figure 6a. It is shown that the median
of the communication time between the different agents is lower than 0.05
s. Even the power system under analysis was larger, the subsystems size
will not change, so the computational costs per iteration will not be altered
[9, 20]. Furthermore, these results are very dependent on the characteristics
of the Raspberry Pi used as agents. In a real environment, the computa-
tional capability of each agents would be larger, therefore the computational
costs for the ADMM execution would be lower and this could empower the
applicability of the proposed scheme in practical applications.

switch

rpi 1 rpi 2 rpi 3 rpi 4 rpi 5

OPAL-RT
adminstrator PC

192.168.2.201 192.168.2.202 192.168.2.203 192.168.2.204 192.168.2.205

192.168.2.100
192.168.2.101

Figure 5: Experimental platform setup

The dynamic model of the system has been built in Matlab Simulink
using the π equivalent model for cables and representing VSC converters
through its average model. Agent 1 is a special case because node 1 is
the slack bus, therefore Agent 1 will not return setpoint results. For the
tested scenario, it is assumed that the VSC connected to node DC 1 (VSC
1) works under DC voltage control-reactive power control mode, while VSCs
connected to nodes DC2 (VSC 2) and DC3 (VSC 3) work under active power
control-reactive power control mode. So, VSC 1 will receive a DC voltage
and reactive power setpoint, which are determined by Agent 2. Agent 2 will
also send the appropriate active and reactive power reference to the generator
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Figure 6: Communication time between agents and solver time in each agent

connected to AC node 2. VSC 2 will receive an active power and a reactive
power setpoint (determined by Agent 3) and VSC 3 will receive an active
power and a reactive power setpoint (determined by Agent 5). The active
and reactive power demanded in AC nodes 2, 3, 4 and 5 are assumed to
change in steps. The time instants when the load changes occur are marked
in dark dash vertical lines in Figures 7a-7d. They happen at time instants
1802 s and 3602 s in AC nodes 2, 3, 4 and 5. The beginning and ending
of each ADMM process is represented through pink dashed lines in Figures
7a-7d. So, it can be seen that for the test performed, 4 ADMM processes are
executed. While each agent is performing the ADMM process, any demand
change is perceived and taken into consideration for guiding the system to
the optimal operation point that implies less system losses (Figure 8). The
three steps happening at each agent of the system are the following:

(i) Each agent receives initial states which are local measurement of load
active and reactive power from OPAL-RT lab through the interface.
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(ii) Based on local information from OPAL-RT and exchanged information
from neighbour RPIs, each agent iteratively runs the ADMM process
as described in Section 2. The number of iterations to guarantee the
consensus in each ADMM process is 1100 for the ρ = 50.000 that has
been chosen.

(iii) At iteration 1100th, all agents finish an ADMM process loop. AC and
AC/DC agents send the optimal setpoints of active and reactive power
to generators and VSCs that determine the new operational status.
Then ADMM processes in the agents are restarted again from step i).
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Figure 7: Active and reactive power in nodes 1, 3, 4 and 5

In Figure 7, for each agent of buses 1, 3, 4 and 5, six signals are plotted
(three for active power and three for reactive power). The measurement at
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the node is represented by a continuous blue line for active power and contin-
uous red line for reactive power. The demanded power (load) is represented
by a cyan continuous line both for active and reactive power. The active
power reference computed by the ADMM process is represented by a dashed
blue line and the reactive power reference by a dashed red line. The active
and reactive power references are not sent to the agent until the ADMM
process has finished. When the ADMM process ends (which happens after
1100 iterations and is represented by the vertical pink dashed line), the power
reference is sent to the agent and it can be seen that then the measurement is
following the reference, until the demanded power changes or a new ADMM
process starts. Once the ADMM running process has finished, a new ADMM
process starts, to compute the new suitable reference for loss minimization
according to the new demand. Figure 9 shows the voltages and powers of
DC buses 1, 2 and 3, calculated by their corresponding agents. During the
first ADMM process, when optimal results are not yet available, there is null
power flow in the DC network (the three DC voltages have the same value).
Once the ADMM setpoints are received, DC voltages are adapted to ensure
optimal operation.

6. Conclusions

A distributed control for ensuring optimal operation in hybrid DC/AC
systems has been proposed. The developed formulation, based on ADMM
and multi-agent systems, is designed to work as tertiary control in HVDC-
HVAC transmission systems for loss minimization. This scheme is an attrac-
tive alternative to centralized approaches: it only requires communications
with immediate neighbour buses that allow voltage information exchange. It
is shown that it reaches the same solution that the centralized approach in
a 3 DC - 5 AC bus system. On the other hand, the proposed distributed
control has been tested dynamically, in real time, after implementation in a
laboratory setup. The system presents stable behaviour and adapts to de-
mand changes, even if agents present different execution times for the ADMM
process and different communication time between each other.

Taking into consideration the general formulation presented and the par-
allelization of computations of ADMM, the approach is scalable to larger
power systems. It is worth noting that even if the power system is larger
compared to the analysed one, the subsystems size will not change, so the
computational costs per iteration will be in the same range [9, 20]. The rela-
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tion between the admittance matrices of the AC and DC grids, as well as the
penalty parameter have an important effect on the convergence speed and
therefore on the computational costs. Further research could investigate the
methodologies for the appropriate penalty parameter selection (which could
be adaptive with the iteration number).

Last, but not least, recent studies suggest that Augmented Lagrangian
Alternating Direction Inexact Newton (ALADIN) [16, 24] can reduce the
number of iterations of ADMM, at the cost of an increased per-step commu-
nication effort. In [24] inexact Hessians are used to reduce the communication
effort of ALADIN applied to distributed AC OPFs. Further research could
investigate the suitability of ALADIN for distributed AC-DC OPFs.
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Appendix

6.1. AC power flow formulation

For an AC bus k, the injected apparent power power is given by sk, with
a real part corresponding to the injected active power pk and imaginary part
corresponding to the injected reactive power qk:

sk = pk + jqk =

{
sGk − sLk if k ∈ Ggen
− sLk otherwise

(29)

where sGk and sLk denote the apparent power of the generator and load, re-
spectively, connected at bus k. The set of buses containing a generator is
given by Ggen. The injected power of all the buses is contained in vector
s = p + jq. The current injection at bus k is defined as ik = irek + jiimk .
The collection of the current injection in all the bus is contained in vector
i = ire+jiim. Similarly, the voltage of bus k is vk = vrek +jvimk and the vector
of all the system bus voltages v = vre + jvim. The admittance value of line
(m,n) is ymn = gmn + jbmn, where gmn represents the conductance and bmn
represents the susceptance. The admittance of the AC network is expressed
by matrix Y = G + jB. Then, the relation between the bus voltages and
the current injections can be expressed as follows:

i = Y · v = (G · vre −B · vim) + j(B · vre + G · vim) (30)
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The injected power can be expressed through voltages and current injections
as:

s = v · i∗ = (vre · ire + vim · iim) + j(vim · ire − vre · iim) (31)

From Equation (30) and Equation (31), Equation (32) is obtained. Equation
(33) results from separating the real and imaginary parts of Equation (32).

s = p + jq = v · (Y · v)∗ (32)

p = vre · (G · vre −B · vim) + vim · (B · vre + G · vim) (33)

q = vim · (G · vre −B · vim)− vre · (B · vre + G · vim) (34)

In order to simplify the previous expressions, the following notation will be
used from now on:

v̂ =

[
vre

vim

]
(35)

zp =

[
G −B
B G

]
(36)

zq =

[
-B -G
G -B

]
(37)

Then, the total injected active power and reactive power in the AC grid is
given by Equations (38) and (39), respectively:

N∑
k=1

pk = v̂T · zp · v̂ (38)

N∑
k=1

qk = v̂T · zq · v̂ (39)

The active power and reactive power balance at bus k is determined by
Equations (40) and (41):

pk = v̂Tk · zpk · v̂k (40)

qk = v̂Tk · zqk · v̂k (41)

where vector v̂k and matrices zpk and zqk have the same size as v̂, zp and zqk,
respectively and where all elements not involved in bus k are replaced by
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zeros:

zpk =


0

zp(k, :)
0

zp(k +Nac, :)
0

 (42)

zqk =


0

zq(k, :)
0

zq(k +Nac, :)
0

 (43)

where zp(k, :) and zp(k + Nac, :) correspond to row k and row k + Nac of
matrix zp, respectively and 0 is the zero matrix of the correct size. zqk is
obtained similarly to matrix zpk.

6.2. AC-DC power flow formulation

Assuming that some of the AC nodes will be connected to a DC grid
through AC-DC converters, the voltage vector defined in Equation (35) and
the matrices presented in Equation (36) and (37) can be rewritten as follows:

v̂ =

vre

vim

vdc

 (44)

zp =

G −B 0
B G 0
0 0 0

 (45)

zq =

-B -G 0
G -B 0
0 0 0

 (46)

An additional matrix is required for the DC grid:

zdc =

0 0 0
0 0 0
0 0 Gdc

 (47)
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where Gdc corresponds to the admittance matrix of the DC grid. The di-
mension of vector v̂ is (2Nac +Ndc)× 1 and the dimension of matrices zp, zq
and zdc is (2Nac+Ndc)× (2Nac+Ndc). Equations (40), (41) are still valid for
AC nodes and the construction of zpk (in Equation (42)) and zqk (in Equation
(43)) also applies. For the DC nodes, the power can be expressed as:

pl,dc = v̂Tk · zdcl · v̂k (48)

where l represents the DC node connected to the AC node k. Matrix zdcl is
computed as shown in Equation (49) knowing that zdc(2Nac+l, :) corresponds
to the row 2Nac + l of matrix zdc and 0 is the zero matrix of the correct size.

zdcl =

 0
zdc(2Nac + l, :)

0

 (49)
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