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Abstract
As the electrical system becomes more and more decentralized, new control algorithms
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vehicles and heat pumps. Traditionally, electrical networks are controlled centrally, which

Correspondence provides full controllability of the system but introduces issues on scalability and complex-

Riccardo Lazzari, Materials and Generation
Technologies Department, RSE SpA, Milan, Italy.

ity. This paper proposes a distributed multilayer control scheme based on model predictive
control (MPC) applied to different portions of an electrical grid, optimizing power
exchanges for balancing services. The first layer comprises local decentralized MPC con-
trollers managing their areas, while the high-level distributed supervisor layer coordinates
the exchange of flexibility between the network areas by acting on AC/DC converters. The
overall distributed control architecture is applied and experimentally validated through the
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distributed energy resources test facility of RSE, showing enhanced performances in terms

1 | INTRODUCTION

The diffusion of renewable energy sources (RES) has intro-
duced challenges for a system originally designed to handle
unidirectional power flows from major generation facilities con-
nected through rotating electric machines to end-users. To
facilitate the decentralization of the electricity system, it is neces-
sary to explore, develop and test new coordination and control
algorithms capable of accommodating the unpredictable and
intermittent nature of renewable energy sources (RESs) and
new electrical loads.

The development of such tools must consider the prospects
of the electricity system, the development of intelligent distri-
bution networks and the diffusion of novel technologies. The
changes are, in fact, still ongoing and will lead to further devel-
opments in the coming years, such as the creation of hybrid
AC/DC distribution networks, in which multi-terminal direct
current networks connect multiple nodes of the AC distribu-
tion network through power electronics converters [1, 2]. The
introduction of DC links into an AC network brings numer-
ous advantages, such as the possibility of transferring power
with higher efficiency [3], the controllability of the flows by

of prompt control action and compensation of the power disturbances.

acting on the interface converters [4] and greater transmission
capacity [5, 0], guaranteeing a more secure supply of the ser-
vice and avoiding network congestions [7-9]. Furthermore, it
is believed that the availability of DC connections could facil-
itate the integration of distributed energy resources (DERs),
which is essential for reducing the environmental impact [10].
However, the decentralization of the electricity system requites
the adoption of new control infrastructures focusing on flexible
resources to promptly restore active power imbalances [11].
The literature suggests centralized strategies to mitigate
power variations in external loads and DERs by managing dis-
tributed generators, storage systems and microgrids [12]. The
integration of flexible resources coupled with accurate forecasts
of renewable source generation and load consumption, posi-
tions model predictive control (MPC) as the most promising
control design method for this category of issues [13, 14]. While
the use of centralised MPC regulators for balancing unforeseen
power variations has been proposed [15, 16] the drawbacks of
pure centralised approaches, including scalability and computa-
tional complexity issues, make them unsuitable for the efficient
control of large-scale systems like modern hybrid AC/DC
distribution networks. Effective methods to control large
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systems involve the design of local controllers for each energy
source coordinated through hierarchical, and multilayer struc-
tures, involving information exchange between local regulators
and a coordinating supervisor [17, 18]. Nevertheless, hierarchi-
cal approaches depend on a time-scale separation between the
control layers, which may not be well-suited for the real-time
correction of power imbalances owing to the slower time rate
of the high-level controller.

Alternatively, distributed control structures, wherein each
energy resource can communicate with others, can be used to
optimize the coordination of resoutces and achieve global goals
[19, 20]. Although this approach avoids scalability issues and
is suitable for large-scale systems, distributed algorithms often
involve slow, iterative, and communication-intensive procedures
necessary for agent coordination. Generally, as the time needed
for these coordination procedures is variable and cannot be pre-
determined, distributed approaches may not be well-suited for
promptly compensating power imbalances.

A solution to address scalability challenges in large networks
involves dividing the grid into multiple areas and coordinating
their operations. The decomposition of the distribution net-
work into small-scale, non-overlapping sub-areas, denoted as
clusters, represents a solution to reduce the perturbations of the
network, minimize contingencies and favour the integration of
renewable generation within the distribution network [21, 22].
The cluster is a portion of the grid which has one or more con-
nection points with the main grid and the other clusters (AC or
DC), generation and load systems and is equipped with its con-
troller capable of locally compensating the variations in active
power for the expected values while ensuring a reserve that can
be used to provide further services to the network or adjacent
clusters.

Given these premises, this paper aims to develop and expet-
imentally validate a two-layer distributed control architecture
for hybrid AC/DC grids divided into clusters to ensure stable
and continuous operation of the system, reducing disturbances
to the main network and, at the same time, minimizing net-
work contingencies. The lower layer consists of MPC regulators
to coordinate dispatchable generators and associated storage
units within each cluster to address local demand variability.
The upper layer involves a fully distributed optimization prob-
lem which is responsible for assisting clusters facing shortages
by reallocating flexibility from others. The proposed architec-
ture is tested on a real experimental facility at Ricerca sul
Sistema Energetico—RSE SpA, comprising different genera-
tion, storage and load units, as well as the presence of hybrid
AC/DC grids. This paper extends the above-mentioned pre-
liminary works on the control of multi-area electrical grids. In
particular, [21] considers a centralized supervisor without any
experimental validation; [22] does not consider the presence of
hybrid AC/DC grids and it is validated in simulation; finally, the
derivation of the algorithm used to define a fully distributed
control structure is missing in [23], and the proposed control
architecture was not validated with a consistent experimental
campaign, as the one discussed in Section 4.

The paper is organised as follows: In Section 2 the proposed
distributed control architecture for active power balancing is
presented. The experimental setup used to validate the con-
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FIGURE 1 Schematic of the control scheme composed of local Cluster

Model Predictive Controls (C-MPCs) and a distributed supervisor layer.

trol is desctibed in Section 3 and the test results are reported
in Section 4, where the control architecture is applied to the
experimental setup. Finally, conclusions are drawn in Section 5.

2 | PROPOSED CONTROL SCHEME

The proposed architecture has the aim of managing a hybrid
AC/DC grid divided into clusters to compensate for the vati-
ability of non-programmable renewable energy sources and
loads. In this way, the active power exchanged by each cluster
with the rest of the grid is equal to the day-ahead program,
despite the local vatiability caused by the RESs and from the
loads. In the following, it is assumed that the clusters have
already been properly created using one of the existing network
partitioning algorithms, for example ref. [22].

The schematic of the overall architecture is presented in
Figure 1. The first control level is constituted by a cluster model
predictive control (C-MPC), designed for each cluster, and exe-
cuted at each time step to compensate for the variability of the
active power inside of individual clusters requesting balancing
services from local dispatchable resources.

In case local power sources in a cluster are not able to bal-
ance the internal power variability, a power request is sent to
the supervisor which provides a power dispatch solution among
clusters through the resolution of an optimization problem exe-
cuted immediately after running the C-MPCs. The goal is to
support clusters that require power, directing it from those clus-
ters that have it available by acting on the controllable interfaces
of the multi-terminal DC grid which interconnects all the clus-
ters. In this way, power is effectively transferred among different
areas of the grid. The supervisor can be implemented either
through a centralized structure [21] or by employing a fully dis-
tributed approach, providing advantages in terms of the control
system’s flexibility as explained in detail in the next sections.

2.1 | Cluster modelling

A cluster is a portion of the AC grid, where are present
both dispatchable elements, such as batteries and controllable
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generators, and non-dispatchable elements, like loads and RESs.
Moreover, it is supposed that each cluster has an AC/DC inter-
connection point with the DC grid. The AC net active power
P, (2) of the 7th cluster is defining as follows:

By @ =Y Poy O+ Y, Row@+Fe, ) 1)

keR? £ERND

where Pp;(#) is the power of the kth dispatchable unit of
the /th cluster (e.g,, a generator or a battery), Rp 4;(#) is the
power of the £th non-dispatchable element of the 7th cluster
and Py ;(7) is the power exchanged through the DC grid. Clus-
ters aim to minimize the variation between their effective output
power and the one dictated by the day-ahead scheduled profile.
To achieve this objective, each cluster can use the reserve of
power and energy of the dispatchable elements belonging to
the cluster or it can require the necessary power and energy
from other clusters. Thus, each /th cluster is characterized by
the flexibility of the dispatchable elements, that is represented
by an active power variation of the £th dispatchable element
APp 4;(#) limited between an upper limit R})’ ;(#) and a lower

limit R}, .(¢):

Rl (1) S APy (1) < R, (1) ®

As expressed in (2) the amount of power that can be provided

is not constant, but it depends on the working condition of the

dispatchable unit. Moreover, in the case of a battery, it is nec-

essaty to consider the amount of energy stored in the battery.

Thus, it is possible to write the energy variation as expressed in
(3) where the battery efficiency is neglected for simplicity:

AEp e (¢ +1) = AERy; (1) — T,APg 4 (2) ©)

where AEp ,; is the energy variation with respect to the day-
ahead schedule, whereas 7| is the sampling time. Thus, for the
battery it is necessary to consider the energy reserves:

R/l{?,/éz' (1) SAER, (1) < R,Tg, i ) )

where R/ig (#) and R/Tg 1;(#) are the lower and upper limit of the
energy reserve, dynamically depending on the stored energy.

2.2 | Cluster MPC

The first level of control is implemented in each cluster and
acts periodically to compensate for the active power variabil-
ity within the clusters due to unexpected variations of RESs
or loads, expressed in (5). To do this, the C-MPC varies the
power of the dispatchable resources, considering the constraints
expressed in (2)—(4). Furthermore, the C-MPC is designed to
send support requests to the higher level, that is, the supervi-
sot, when for example, the local sources do not have enough

reserves to satisfy the variability of loads/RESs within the
cluster.

As anticipated, the C-MPC system is based on the model
predictive control (MPC) technique, which provides for the
solution of an optimization problem considering a horizon of
future instants, called prediction horizon 7. According to the
logic of the MPC, the optimization problem is solved at each
sampling time T, to exploit the updated measures of the sys-
tem, such as the state of charge of the batteries and the power
exchanged by the cluster, recalculating each time the optimal
control action over the entite prediction horizon. At this point,
however, only the initial control action is implemented by the
system, and the procedure is repeated at the next sampling
instant using the updated measurements and reserves.

The C-MPC regulators are designed not to require the
measurement of the instantaneously exchanged power from
non-dispatchable local units, for example, network loads, while
the measurement of the power exchanged between clusters
is required. The C-MPC regulator can therefore estimate the
aggregate disturbance acting on the ith cluster, defined 4;(#), as
the difference between the measured net power of the cluster
and the corresponding expected value, given by the predictions,
plus the power changes requested by C-MPC at the previous
control iteration. This is expressed as follows:

G (1) = B (1) = Py @)+ D) APy (6= 1)
£ERT

+ ) APy (= 1)+ AP, (= 1)
ken?

®)

where B, ; is the day-ahead scheduling of the power exchanged
by the ith cluster, £, is the AC net active power of the /th
cluster, APy 4;, APg p; and ARy, are the active power variation
of the £th generator, battery and DC interface of the 7th cluster.

Thus, considering the disturbance and the power changes
requested by the control at the previous iteration, (5) can be
rewritten as:

Py )= P )+ ) APy (1= 1)
£ERE
+ D AP 1= 1)+ ARy, (=) = T ()
ker?

©
Considering the /th cluster, the main objective of the C-
MPC is to track B, ;(#) that is scheduled the day-ahead. This
is performed considering on the overall prediction horizon » €

T,
Ty ) =1{#, ..., + N}, where N = —f, and a reasonable small

TI
tolerance margin p, as follows:

—P < Pnct,z' (/7) - ])nct,/' (b) < P (7)

Since the power trend of the cluster depends on the unknown
future value of the disturbance, it is assumed that this is constant
over the entire prediction hotizon and thatit is equal to the value
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estimated at instant #based on the measurements available: an optimization variable.
d:(h)=d.(t)Vh € Ty () ®) AR, (6) = APSE (6) + AR () (11)

The cost function of the C-MPC of the 7th cluster is stated as
indicated as follows:

N
./2' (l‘) = Z {}/ne/ ( net,/ (b) net/ (b))
b=t
+7pq (AP/)(,,/ (/7>)2 + Z Ve (APG,/Q' (h)>2
ker?

+ Z +Y i (AL () } + J/”g?)d( Z AE; . (t +N)
ker? en?
©)

where Viers ¥0ci VG kis Vi and yigdc, are positive non-null
weights. In this cost function are penalized the variation of
power of both generators and batteries, and the error in the
tracked power. In case of reserves’ shortages, the C-MPC can
act on the DC power requests and the battery energy variation at
the end of optimization horizon. Therefore, ARy ; and AEpR ;
are used as slack variables with ypc. ,]/s()( > Vet Y G kis VB ki

At each time instant t, the C-MPC of the ith cluster must solve
the following optimization problem to compute the optimal
variables at each time instant t

min

APy 4y APy, AP Ji @)
subject to (2), (3), 4), (6), (7), (8). 10)

2.3 | Supervisor module

In the case of the local power sources are not able to locally
compensate for the variability, a power request is sent to the
supervisor module which provides for the solution of an opti-
mization problem, executed immediately after the execution of
the C-MPC. This procedure is performed only if at least one
C-MPC has sent a support request. It is worth noting that the
supervisor level must be executed within a C-MPC sampling
time. The supervisor’s objective is to support the clusters that
require power, directing it from those clusters that have avail-
ability of power, acting on the controllable interfaces of the DC
multi-terminal network and transferring power among different
areas of the network. In this way, the supervisor ensures that the
C-MPCs are always able to operate autonomously, since it does
not interfere with their action, and ensures that the variability
of loads and RESs is compensated in each section of the net-
work. The solution of the supervisor module does not involve
significant computational issues, since it is a matter of solving
a simple static optimization problem, while the complexity is
mostly dealt at the C-MPC level. The constraints of the super-
visor problem are detailed in (11)—(10), where (11) expressed
the total power variation of the /th interface, that is composed
by the terms APg(j () and AP.Y (#), where the former is the

DCi
request of the cluster (obtained by solving (10)) and the latter is

During the operation of the system, to avoid any instability,
the total power across the multiterminal DC grid must be equal

to zero:
7,

D ARy (1) =0 (12)
=1

The fulfilment of the DC power request from the /th clus-
ter is achieved through the following constraints, that considers,
through the term o; (t) = Jz;gn(APIg(j(t)), the direction of the
power request:

0; () Aoc; (1) = 0; (0 ARS () (13)

The action of the supervisor has an influence on each clus-

ter reserve. So, the clusters’ reserves Rcl(t) and R (t) can be
calculated after the supervisor action as following:

R0 =R 0+ A80 ()
R0 =R () + AR () (14)

To limit the use of the reserves of each cluster, it has been
introduced the slack variable Ag;, that is bounded between 0
and @.

0<Ap, < (15)

To avoid shortage of clusters’ reserves the threshold are so
reduced using the slack variable.

B0 < @—2p) BV (1)
B0 2 @-2p) R () (16)

The cost function to be minimize by the supervisor can be
formulated as:

V= [ APoc, ()’ Ap?
j (f) ; {7/17 B)(‘, (f) + y¢ qoi 2 (17)
+ ¥ (A, (0) — ARy, (¢ — 1)) }

where ARy ; is the power variation of the /th DC interface, Ag;
is a slack vatiable used to respect power reserves thresholds and
Y p» Vo> ¥ are positive non-null weights.

Therefore, the optimization problem that must be solved at
the supervisory level can be stated as follows:

min

ABy AP Mg Yiell, . ny 1@

DC 72

(18)

subject to, Vi € {1, ..., .}, (11), (13), (14), (15), (16) ,and (12).
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As evident, the supervising optimization problem (18)
includes both the local optimization variables, that is, ARy ;,
ARSY and Ag;, and local constraints, that is, (11), (13), (14),
(15), (16), related to each single cluster, whereas (12) is a
coupling constraint that interconnects all the clusters’ variables.

This peculiar structure of the supervisory optimization prob-
lem enables to solve it using distributed optimization algorithms
based on the duality theory. Therefore, differently from [21],
a completely distributed implementation of the supervisor [24]
is here proposed, which allows to obtain considerable advan-
tages from the point of view of flexibility and scalability of the
control system. Thus, the goal is to no longer use a centralized
supervisor, but to replace it with a distributed algorithm that
allows direct interaction between clusters, submitting support
requests when necessary. Each distributed module of the super-
visory level is designed to controls the corresponding AC/DC
interface between the cluster and the DC multi-terminal net-
work, to define the necessary power exchanges. Furthermore,
the implemented algorithm must allow communication, even
partial, among the clusters, so that each cluster interacts only
with its ditectly connected neighbours and does not need to
communicate with all the clusters in the network.

An algorithm that combines consensus techniques and dis-
tributed optimization based on duality was used. The algorithm
used is called the dual consensus alternating direction method
of multipliers (DC-ADMM) [25]. Hereafter, a brief overview
for the derivation of such algorithm is provided, but we refer
the reader to [20] for more details on the different mathematical
steps.

For the sake of clarity, let us firstly compact the local opti-
mization variables of each ith cluster as x; = [ARy¢ ;, APS‘JCI)i,
Ag,] and a generic set X; where the local variables x; must
be included to respect the local constraints (11), (13), (14),
(15), (16), that is, x; € X . Also define the following matrix:

by
I
oo~
oo o
oo o

and introduce the following cost function for each /th cluster:
£ 05 0) =7, ARy, () + 7, A?
+ 7, (AR, (1) = A, (¢ = 1))2- (19)
Hereafter, the time index #is removed for the sake of clar-

ity. This implies that the centralized supervisory optimization
problem (18) can be compactly rewritten as

min i
i, Vi € {1,y 1} ; Ji () (20)

subject to x; € X, Vi € {1,...,n},

iEXj:O
=1

The optimization problem (20) is named as primal problem
and it is a convex optimization problem. Also consider a com-
munication network among the grid clusters, defined through
the unotiented graph G(C, E) where the set C ={1,..., 7}
whereas £ C C X C includes the communication links among
the clusters. The communication graph is assumed to be con-
nected, that is, there are not isolated clusters or group of
clusters. Moreover, let us define with C; ={; € C| (;, /) € E}
the set of neighbouring clusters of the 7th cluster.

Given the peculiar structure of the primal problem, where
there is a sepatable cost function, separable local constraints and
a coupling constraint, dual-based optimization problems can
be effectively applied. To do that, define firstly the Lagrangian
function of the problem as:

L(xpen,) = D) fil)+A ) Ex; 21)
=1 =1

where the coupling constraint of problem (20) is relaxed using
the dual variable A. The dual variable acts as a weight to enforce
the respect of the coupling constraint. At this stage, the dual
problem can be defined as:

7,

max Z min f; (x;) + A £ x; (22)

= x,EX;

As known in duality optimization theory, if some mild
assumptions are respected (e.g. convexity of the primal prob-
lem), the optimal solutions achieved by the primal and
dual problem coincide. Thus, defining the function ¢; (1) =
- An.}c_lr\g fi(x;) + A E x;, the dual problem (21) can be rewrtitten

min 21 ¢: (1) (23)

Now, exploiting that the communication graph is connected,
it can be shown that the optimization problem (23) is equivalent
to:

,

min

dd 2 %@ (24)
verd,
subject to, /1j=/l/,ViEC,VjEC}

whete A; cotresponds to the local copy of the dual variable 4 for
each /th cluster. The optimal solution of problem (24) implies
that all the agents reach a consensus on the local copies of the
dual variables, which in the end will correspond to the optimal
solution of (22). As discussed in detail in [26], the algorithm
to solve the optimization problem (24) is fully distributed, and
this is reported in Algorithm 1. As evident from Algorithm 1,
the distributed supervisors act completely in parallel, solving
steps 1-5. Moreovet, the algorithm is iterative, and it is guat-
anteed to converge if the primal problem is convex and the
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Algorithm 1 Dual consensus alternating direction method of multipliers

Initialize:
k=1, /1? = O,p(].J = 0, ¢ = tuning parameter.

Repeat until convergence is reached. Vi € C*, in parallel, each
distributed supervisor does

)3 _ .
1. &) = argmin, ey,

c 1 1 (k=1) (k1)
S+ == [2E) = e T (A - 1)
461 ||« c =2 J
£ 1 o Y- I N Ry o B T S
A= 26 (z/e(,; (/11‘ A ) 0 (£ ))
3. Send Af to the supervisors of all neighbouring clusters jth,
with j € ¢;
=g e T (- 2)
S5.=k+1

)

communication graph among the clusters’ supervisors is con-
nected [20]. A local optimization problem is solved in step
1, considering local constraints, local cost functions and the
local copies of the dual variables of the neighbouring clusters
at the previous iteration &£ — 1. Then, the local copy of the
dual variables A; is updated in step 2 and then sent to the
neighbouring clusters, so that they can solve step 1 at the next
iteration. Finally, another local dual variable is updated, that is,
P, which is not shared among the clusters’ supervisors, and it
serves to enforce consensus among the local copies of the dual
variables 4,, for7 € C.

As shown in the experimental results, despite being an iter-
ative algorithm, the fully distributed layer can control and
optimize the AC/DC power exchanges in reduced computa-
tional time given the fact that the supervisory optimization
problem is static, while the dynamical complexity is mostly
addressed by the low-level clusters regulators.

3 | EXPERIMENTAL SETUP

The experimental validation of the control functions presented
in Section 2 was carried out through the distributed energy
resources test facility (DER-TF) of RSE [27, 28], shown in
Figure 2. This is a real low-voltage hybrid AC/DC microgrid
where are installed RESs, dispatchable generators, storage sys-
tems and loads to perform experimental activities on DERs and
smart grid solutions. This experimental microgrid covers an area
of about 20,000 m?, is interconnected to the MV grid by the
means of an 800 kVA dedicated transformer (23 kV /400 V),
has an overall capacity of 300 kW (active power) and 300 kVAr
(reactive power) and can be reconfigured to realized different
setups.

To carry out the tests, this hybrid AC/DC grid was divided
into two clusters connected each other via an AC line and a DC
link. The components of the network have been divided in such
a way as to have a suitable distribution of the components in the
two cells. The microgrid was in fact configured to have a cell
made up of five distributed units with reduced power (22 kW of
generation, 18 kW of load, 20 kWh of battery) and a second cell
in which three distributed units with higher power are installed

RSE DER-TF
Distributed Energy Resources Test Facility

FIGURE 2  Schematic of the distributed energy resources test facility of
RSE.

(90 kW load, 50 kW generation, 67 kWh battery). Each cell con-
tains at least a source of disturbance (load or PV generation),
a storage system, a controllable generator, and a direct current
interface. A schematic of the system under test is presented in

Figure 3, while the parameters of the components are collected
in Table 1.

4 | EXPERIMENTAL RESULTS

During tests, the cluster control systems, C-MPC, are executed
with a sampling time 7; of 1 min and a prediction hotizon 7}
equal to 15 min. The supervision system is activated only on
request of the cluster controllers that run every 1 min. There-
fore, the supervisor can be activated at most every 1 min just in
case some of the clusters do not have enough reserve.

4.1 | Evaluation of the best weight for the
final SoC

In the C-MPC the weights of the slack variables in the objective
function determine a different contribution of the storage sys-
tems present in the network and a consequent different action
of the direct current interfaces. In particular, the weight assigned
to the final state of charge in the prediction horizon, indicated
with ygr(l)dcl_, is the one that most influences the action of the
storage systems and consequently on the various dispatchable
devices. To highlight the effect of this weight on the results,
the results of three short-term tests carried out with three
different values of the weight y§?)dc,= {10000, 1000, 100} and
with the same values for the other weight ¥ pe; = 2005 ¥, =
100;¥¢ 1 = 1,75 = 0.1 are shown below.

The system was tested over a short-term test with power dis-
turbances with respect to the load and photovoltaic forecasts
that act on both clusters, as shown in Figure 4. During the tests,
it is supposed that each cluster is operated to set to zero the
power exchanged with the grid. The results of the test highlight
that a high weight on yggdci
age systems (nodes 3 and 12) and increases the use of other

(Casel) reduces the use of the stor-
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FIGURE 3  Schematic of the distributed energy resources test facility configuration during the test.
TABLE 1 Parameters of the components in the grid.
Cluster Node number Resource Py * Ppyax in kKW E, in kWh SOC in %
1 1 Resistive load 0+16 - -
1 2 Photovoltaic (PV) Generator 0+17 - -
1 3 Lithium-ion battery —-20+20 20 10 +90
1 4 Asynchronous generator 0+75 - -
1 7 Electronic load 0+12 - -
1 8 AC/DC converterl —100 +100 - -
1 9 AC/DC converter2 —=30 + 30 - -
1 10 Resistive /inductive load 0+90 - -
2 11 Combined Heat and Power (CHP) Generator 5+50 - -
2 12 FZSonick battery —-18+18 67 10 +90

dispatchable resources as shown in Figures 5 and 6, where the
asynchronous generator (node 4) and the CHP (node 11) have
very high power excursions to compensate the power variations
ofloads and PVs. Furthermore, the control system makes exten-
sive use of power exchange via the DC connections, modulating
the power exchanged by the AC/DC interfaces. (nodes 8 and
node 9) with high weight on the final SoC of the batteries.

However, a smaller weight for the slack variable )/ggici (Case3)
leads to a greater use of the batteries, and a more sustained devi-
ation of the state of charge compared to the initial value, as
shown in Figure 7. This choice of parameters ensures that power
exchanges take place between cells via the DC lines and that
the C-MPC control systems fully use their internal resources to
compensate for unexpected variations.

The choice of weights significantly influences how the cluster
controllers manage internal resources. Therefore, it is possible
to decide whether to favour greater use of storage systems or
prefer that these are preserved by resorting to greater requests
between cells to compensate for vatiability.

4.2 | Testresults

To verify the performances and the abilities of the control
system to compensate disturbances, both at generation and
demand level, the system was tested over a full day where
there are power disturbances with respect to the load and pho-
tovoltaic forecasts that act on both clusters into which the
DER-TF has been divided, as evident from Figure 8. More-
over, it is supposed that each cluster is operated to set to zero
the power exchanged with the grid. During the test has been
used the weights presented in the previous section. Moreover,

to overcome the excessive variation of SoC at the end of the
end

day, instead of using a constant weight ¥, it was used a weight
that gradually increases over time. The following results has
been achieved using a weight for the lithium battery equal to
y?d = 72 and for the FZSonick battery equal to }/CE“d = 0,172
In this condition, the batteries will provide their contribution
throughout the entire day, while towatds the end of the day

they will tend to provide an increasingly lower contribution
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which guarantees the restoration of the state of charge to the
programmed value and equal to 50% for this test.

Despite the presence of disturbances and the wrong fore-
casts, the proposed control architecture can promptly coordi-
nate the power outputs of controllable resources such that the
power exchanges of clusters with the main grid, as shown in
Figure 9, always remain close to zero, recording short, more
sustained power peaks given by the significant variations in load
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FIGURE 9 Trend of the power exchanged with the grid and with the two
clusters.

and RES. This result is achieved thanks to the modulation of the
dispatchable resources of each cluster. Figures 10 and 11 show
how clustetr control systems decide to modulate local resoutces
to compensate for variations.

The test shows that if clusters can satisfy load or generation
variation, the power requested to the DC converter is equal to
zero. However, if clusters are unable to satisfy the variations,
due to the reaching of the technical limits of the controllable
resources, the clusters themselves can make up for the lack of
resources by acting on DC interfaces.
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FIGURE 10 Trend of the power exchanged by the controllable resoutces
in the clusterl. P4, asynchronous generator; P3, lithium-ion battery; P8:
AC/DC converterl.

Given the significant entity of the variations (see Figure 10),
it can be seen how the control systems make extensive use of
power exchanges through the DC converters. For example, the
significant dectease in the absorbed power of cluster 2 around
4:00, which involves the sudden decrease in the power supplied
by the CHP and by the FZSonick battery, which, however, reach
their technical minima as indicated in Figure 11. For this reason,
the C-MPC of cluster 2 requires support from that of cluster
1, which absorbs, via the lithium battery, the additional power
necessary to guarantee zero exchange with the grid. An opposite
case can be seen between 17:00 and 19:00, when the large peaks
acting on loads of cluster 1 are compensated through a power
transfer from cluster 2 to cluster 1 over the DC link.

Finally, Figure 12 shows that, despite the presence of time-
varying disturbances to be compensated, batteries SOC ate
maintained inside the prescribed bounds by the proposed con-
trol architecture [23] and thanks to the use of a weight )/Z,’d that
gradually increases over time, the SoC of both the battery is
restored to the programmed value equal to 50%.

4.3 | Comparison between centralized and
distributed supervisor

In the end, it is interesting to note the performance of the dis-
tributed supervisor and compare it with the performance of a
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FIGURE 12 Trend of the SOC of the batteries.

centralized supervisor. The control system with a distributed
supervisor, despite its high scalability and flexibility in manag-
ing an indefinite number of clusters, has the disadvantage of
being an iterative algorithm. However, as shown in Figure 13,
the number of iterations is limited and less than 30 during
the entire test. Although the number of iterations is limited,
this determines that the computation times of the distributed
supervisor are higher than that of the centralized one, as shown
in Figure 14. However, these are always negligible computing
times, given that the centralized reaches peaks of 0.25 s while
the distributed supervisor reaches a maximum of 4 s. However,
these computation times are much lower than the operating

Time in hh

FIGURE 13  Number of iterations to reach the convergence of the
distributed supervisor.
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FIGURE 14  Comparison between the time to compute the supervisor
problem in case of distributed and centralized control.

times of the controller which is executed every minute. From
these results, the distributed controller does not have any impact
on the performance of the overall system. It is also worth noting
that the advantages of a distributed supervisor are more appre-
ciated when larger networks are controlled, with many clusters.
In fact, in that case, the computation times of the centralized
supervisor would increase considerably with the increase in the
optimization variables, while a distributed supervisor would be
slightly affected by the increase in agents given that they always
solve optimization problems in parallel.

5 | CONCLUSION

The experimental activity conducted and shown in this paper
has allowed an experimental validation of the control tech-
niques for AC/DC distribution networks divided into clusters.
As evident, the developed control architecture enables optimal
management of the grid clusters even in the case of high fore-
cast errors. The main advantages of the proposed solution ate its
scalability and prompt control action to compensate for unex-
pected unbalances. The control system through its two-level
structure allows high degrees of freedom, making it possible
to control even very large distribution networks, suitably par-
titioned into clusters. The control architecture is structured in
two layers. The lower-level control system, called C-MPC is
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decentralised and considers the optimization of each grid clus-
ter. On the other hand, the high supervisory layer, which is fully
distributed, optimizes the power exchanges among the clus-
ters without even the need for a central entity. The proposed
architecture shows enhanced scalability properties, given that
the agents solve their optimization problems in parallel and the
computation time, therefore, is not influenced by their num-
ber. The potentialities of the proposed method are confirmed
by the test campaign, run on a real hybrid AC-DC experimental
benchmark. Different future directions can be employed for this
work. First, the approach can be improved by considering elec-
trical grid systems without DC multi-terminal grids by properly
synchronizing the net power exchange of each grid area. More-
over, another interesting future development is the application
of this control strategy to other energy contexts, for example
in the presence of water distribution networks, district heating
networks and gas networks. The scalable control of energy clus-
ters exchanging flexibilities could be very useful for managing
the interaction of different energy vectors, to improve their effi-
ciency and maximize their energy flexibility in support of the
overall energy system.
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