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 A B S T R A C T

The energy transition, while undeniably offering countless advantages, has increasingly subjected electrical 
systems to stress conditions that may jeopardize their secure operation. To address this challenge, a wide 
range of control strategies has been developed. This work proposes a proactive and computationally efficient 
methodology, specifically designed to align with the capabilities of a smart MicroGrid (𝜇G). The approach 
leverages the offline characterization of a feasibility region, defined as a convex structure in the operational 
space of the electrical system, to ensure secure operation within time frames compatible with real-time 
management for such a constrained system. The proposed method evaluates the stability and security of 
an operating point derived from an economic dispatch. When this point fails to meet predefined security 
requirements, the methodology identifies an alternative operating condition that ensures system security 
while minimizing deviations from the economically optimal state. The effectiveness of this approach has been 
validated through a case study replicating a subset of the experimental 𝜇G implemented in the PrInCE Lab at 
Polytechnic University of Bari.
1. Introduction

How many times have we witnessed, either directly or through the 
media, the increasingly evident effects of climate change on our planet? 
The last decade has been the warmest on record, as highlighted by 
the World Meteorological Organization [1]. The consequences, already 
extensively documented, profoundly impact ecosystems and human 
quality of life, demanding immediate global action.

In response to this crisis, the energy transition has emerged as a 
global priority. The adoption of sustainable policies and the integration 
of Renewable Energy Sources (RES) aim to reduce reliance on fossil 
fuels. However, the shift toward a non programmable RES-based energy 
system introduces significant challenges, such as reduced system inertia 
in power grids that are already under increasing stress due to the in-
crease in energy demand [2–4]. This phenomenon affects the stability, 
quality and resilience of electrical networks [5–7].

Distributed Energy Resources (DER) and smart MicroGrids (𝜇G), 
which combine DER with advanced energy management techniques, 
offer promising solutions. Scientific studies [8,9] highlight how 𝜇G sys-
tems reduce dependency on the main grid and promote active consumer 
participation. Additionally, they facilitate the transition to a decentral-
ized and resilient energy model [10,11]. To fully exploit the potential 
of DER and 𝜇G systems, it is essential to address the challenges related 
to the low inertia of power electronic devices, which DERs are usually 
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equipped with, which can make the systems vulnerable to disturbances 
and lead to blackouts. Advanced control strategies [12,13], such as 
preventive and corrective algorithms, allow to quickly monitor and 
adjust the system conditions, ensuring its stability.

Economic dispatch algorithms play a pivotal role in this process by 
optimizing the power set points of connected units while considering 
the forecast of loads and renewable generations. However, the straight-
forward application of these algorithms can push the 𝜇G to operate 
close to its stability limits, potentially compromising system security. 
Stability assessments and preventive strategies incorporating security 
margins are thus essential.

In the field of stability studies, several fundamental distinctions 
can be made, with the primary categorization occurring between static 
and dynamic analyses, both of which address the evaluation of volt-
age stability. Focusing specifically on static stability, it is crucial for 
networks integrating DERs to consider the specific types of generation 
adopted along with their control devices, and the locations within the 
grid where such resources are deployed [14–17]. Research involving 
comparative simulations [18,19] has applied different analytical frame-
works, such as Jacobian matrices, voltage response sensitivity, and 
energy-based functions.

However, as 𝜇Gs evolve toward increasingly complex architectures 
and the large-scale integration of non-dispatchable renewable energy 
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sources intensifies, the scientific community’s focus has progressively 
shifted beyond traditional analytical indicators. There is now a greater 
emphasis on control strategies capable not only of assessing but also 
proactively preventing unstable operating conditions. Within this con-
text, model-based approaches such as Model Predictive Control (MPC) 
and robust optimization have garnered significant academic attention. 
Nonetheless, it is important to carefully consider their operational 
characteristics. MPC relies on a dynamic system model and requires 
solving a constrained optimization problem at each time step, which 
demands substantial computational resources and low computation 
times, requirements that are not always compatible with the hardware 
capabilities and real-time management constraints typical of 𝜇G [20]. 
Robust optimization, on the other hand, generates solutions that remain 
valid across all scenarios within a defined uncertainty set, but this often 
results in overly conservative planning. Consequently, the operating 
point tends to be shifted away from conditions of maximum economic 
efficiency even at the preventive stage [21]. Complementing these 
techniques, geometric methods have also been proposed for charac-
terizing the secure operating region, including ellipsoidal domains. 
These provide a compact and computationally efficient representation 
suitable for contexts with limited computational availability and where 
a certain level of approximation is acceptable. However, the choice 
depends on the specific application, namely the network configuration 
and the available computational resources. When higher precision in 
defining the boundaries of the secure operating region is required, a 
more accurate characterization, such as that based on the convex hull, 
is preferable, as it enables a faithful representation of the stability 
boundary [22,23].

Among the various strategies proposed in the literature, the defi-
nition of a practical stability region described in [24] proves highly 
advantageous for implementing a practical control strategy in such 
systems. As this region is constructed offline for every possible network 
configuration, the high computational burden associated with it does 
not impact the real-time control. The strategy proposed in this work 
aims to restore insecure or unfeasible operating conditions, imposed 
by the system operator or the economic dispatch, within time frames 
compatible with the exigency of system management in the real-time. 
If the operating conditions provided at each time interval (e.g., every 
15 min) are found to be either unfeasible or insufficiently secure, this 
practical and rapid method can identify a new operating condition that 
satisfies the desired security level while remaining close as much as 
possible to the initial economically optimal point and within typical 
operational management timescales.

In summary, the remainder of this paper is organized as follows. 
Section 2 provides a brief descriptive overview of the operating region 
of a 𝜇G, followed by an explanation of the proposed control strategy, 
supported by two-dimensional visual illustrations. In Section 3, the 
method is applied to a case study replicating a subset of the smart 𝜇G 
implemented in the PrInCE Lab of the Polytechnic University of Bari. 
Finally, Section 4 presents the conclusions drawn from the work and 
discusses potential future research directions in this field.

2. The control methodology

The Feasibility Region (FR) of a 𝜇G, as described in [24], is a 
Convex Hull (CH), a structure that encloses all feasible points within 
the system’s operational hyperspace. Its construction minimizes the 
enclosed volume while avoiding the inclusion of infeasible points that 
could cause the under or overvoltage relays tripping, thus leading to a 
network blackout. This is ensured through the CH construction strategy, 
which is based on load flow analyses applied to operating conditions 
of the 𝜇G randomly generated with a standard normal distribution and 
the configuration of the protection relays installed within the network.

The geometric definition of the CH is established through facets, 
which are convex polygonal hypersurfaces that delineate the CH by 
connecting its vertices. The vertices represent the extreme points of 
2 
Table 1
Assumed variability ranges for the generation of random 
𝜇G operating points.
 Rated power Variability range
 An [kVA] P [kW] Q [kVAr]  
 60 [−60; 60] [−60; 60] 

Fig. 1. Practical stability region of a single device, with geometric features 
associated with a representative facet.

the cloud of input operational conditions, while the edges define the 
boundaries of the facets.

In a two-dimensional space, the facets degenerate into line seg-
ments, as the CH itself becomes a polygon. For instance, applying the 
method described in [24] to a single network node with capability 
limits as outlined in Table  1 yields the two-dimensional CH depicted 
in Fig.  1. This CH consists of 𝑁𝐹 = 28 facets and 𝑁𝑉 = 28 vertices.

The data obtained from the implemented algorithm are instrumental 
in defining the normal vectors of each facet of the hull. These normal 
vectors are essential for the stability assessment phase of a generic 
operating condition 𝐱𝑝 = [𝑥𝑝1 ; 𝑥𝑝2 ; 𝑥𝑝3 ;… ; 𝑥𝑝𝑛 ], where each coordinate 
of the point corresponds to a controllable variable of a specific network 
node.

An operating point resulting from the economic dispatch algorithm 
is considered feasible if it lies within the constructed operational region. 
To achieve this result, it is necessary to compare, for each 𝑗th facet of 
the CH, the vector 𝐕𝑗 connecting its centroid to the operating point 𝐱𝑝
and the vector pointing inside the region, 𝐍𝑗 , normal to the facet. By 
iterating this comparison for all facets, we obtain the evidence of the 
position of 𝐱𝑝 with regard to boundaries of the CH. The application of 
this approach to the previous 2-D example is shown in Fig.  2: in the case 
shown in the left side of the figure, the stability condition is satisfied, 
and the point lies within the feasible region; in the other case, the point 
is outside and, therefore, unstable.

However, it may occur that the economic dispatch algorithm re-
sults in an operating point 𝐱𝑝 that satisfies the network’s technical 
constraints, lies within the CH (i.e., is feasible), but is too close to its 
boundaries, thereby posing a risk to the secure operation of the 𝜇G. 
From a geometric perspective, this means that the minimum distance 
of the point from the CH boundary is less than a desired secure margin, 
denoted as 𝑠𝑚.

2.1. Security assessment of an operating condition

Assuming that the economic dispatch algorithm provides the opti-
mal economic solution to the 2-D problem, represented by the operating 
point 𝐱𝑝 in Fig.  3, this point is certainly feasible, as it lies within 
the feasibility region, as confirmed by the stability assessment phase 
described in [24]. However, for 𝐱𝑝 to be considered secure, in addition 
to being practically stable, it is necessary to verify that it maintains 
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Fig. 2. Stability assessment of a generic working point via comparison be-
tween vectors 𝐍𝑗 and 𝐕𝑗 .

Fig. 3. Nearest vertex identification: in the zoomed view, facets sharing vertex 
𝐱𝑣 are highlighted in red, along with their normal vectors directed inward 
toward the feasible region.

a security margin 𝑠𝑚 from the boundary of the CH, which must be 
predetermined. Therefore, the first mandatory step of the proposed 
approach is to perform this verification.

As previously mentioned, the vertices of the structure are known 
from the construction of the feasibility region, and the normal vectors 
to each facet of the CH can be computed offline. To verify that the 
operating point 𝐱𝑝 retains a distance from the boundary that is at least 
equal to the chosen security margin 𝑠𝑚, the minimum distance of the 
point from the boundary of the stability region, i.e., from the closest 
facet of the structure, must be evaluated.

The minimum distance of a point from a facet is the one calculated 
along the line normal to the hypersurface passing through the point 
in question. Thus, it is appropriate to evaluate the distance from 𝐱𝑝 to 
all facets, identify the smallest distance and comparing it to 𝑠𝑚. It is 
important to note, however, that as the number of nodes in the 𝜇G 
increases, the size of the problem and the number 𝑁𝐹  of facets in the 
structure also increases. Therefore, a practical and efficient method is 
needed to obtain the minimum distance of the point from the boundary, 
regardless of the size of the hyper-region in which it is contained. To 
speed up this procedure, the calculation is focused exclusively on the 
closest subset of facets to the given point.

The vertex 𝐱𝑣 closest to 𝐱𝑝 is selected from the list of 𝑁𝑉  vertices 
of the CH by comparing the Euclidean distances between 𝐱  and each 
𝑝

3 
Fig. 4. Minimum distance computation: vectors 𝐁𝑗 and their angles 𝜃𝑗 with 
respect to vector 𝐕 are evaluated to identify the nearest facet; the minimum 
distance 𝑑𝑚𝑖𝑛 is computed by projecting 𝐕 onto the normal of the nearest facet.

vertex 𝐱𝑣𝑖 , for 𝑖 = 1,… , 𝑁𝑉 , as defined in Eq.  (1). 

𝑑𝑖 =
√

𝐱2𝑣𝑖 − 𝐱2𝑝 𝑓𝑜𝑟 𝑖 = 1,… , 𝑁𝑉 (1)

Among all computed distances 𝑑𝑖, the vertex 𝐱𝑣 corresponding to 
the smallest distance is selected. Referring to the pilot example in this 
study, in Fig.  3, the vertex 𝐱𝑣 identified as the closest in this analysis is 
marked in green.

From this information, it is possible to identify the 𝑛 facets that 
share the vertex 𝐱𝑣, corresponding to the subset of the closest facets 
being sought, indexed by 𝑗 = 1,… , 𝑛. In Fig.  3, these facets and their 
corresponding normal vectors are highlighted in red. The identification 
of the hypersurface closest to 𝐱𝑝 among those just identified is per-
formed by comparing the projections of the vector 𝐕 connecting 𝐱𝑣 to 
𝐱𝑝 onto each facet of the identified subset. To this end, the vector 𝐁𝑗
connecting 𝐱𝑣 to the centroid of the 𝑗th facet of the identified subset 
(with 𝑗 = 1,… , 𝑛) is determined.

In the example shown in Fig.  4, in which 𝑗 = {1, 2}, the comparison 
is made between the projections of 𝐕 onto 𝐁1 and 𝐁2, calculated 
through the scalar products indicated in Eq.  (2). 

𝑉𝐵𝑗
= 𝐕 ⋅ 𝐁𝑗 𝑓𝑜𝑟 𝑗 = 1, 2 (2)

The Eq.  (2) will have a positive value if the angle 𝜃𝑗 between 𝐕 and 
𝐁𝑗 satisfies Eq.  (3), otherwise, it will be negative. 

−90◦ < 𝜃𝑗 < 90◦ 𝑓𝑜𝑟 𝑗 = 1, 2 (3)

Referring to the pilot example in Fig.  4, it can be stated that:

• the angle 𝜃1 between 𝐕 and the vector 𝐁1, which connects the 
vertex 𝐱𝑣 to the centroid of the first facet, satisfies 90◦ < 𝜃1 =
130.7◦ < 270◦, and therefore 𝑉𝐵1

< 0;
• conversely, the angle 𝜃2 between 𝐕 and the vector 𝐁2, which 
connects the vertex 𝐱𝑣 to the centroid of the second facet, is 
𝜃2 = 47.8◦ < 90◦, thus implying 𝑉𝐵2

> 0.

In the search for the closest facet, only the 𝑘 facets that satisfy Eq. 
(4) are considered, while all others are discarded from the analysis. 

𝑉𝐵ℎ
> 0 𝑓𝑜𝑟 ℎ = 1,… , 𝑘 (4)

In the case where all the projections just computed are negative 
or null, no hypersurface can be considered close to the point under 
examination. Therefore, the algorithm will select the direction along 
the vector 𝐕 as the preferred direction for movement. This means that 
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Fig. 5. Control strategy decision process.
the smallest distance from 𝐱𝑝 to the boundary is exactly that between 
the point under test and the selected vertex 𝐱𝑣.

The identification of the unique facet closest to the operational 
condition under examination considers the normal vectors 𝐍ℎ (for ℎ =
1,… , 𝑘) to the 𝑘 facets just identified. Following the same procedure as 
in the previous step, the projections of the vector 𝐕 onto each 𝐍ℎ are 
calculated. This value will correspond to the distance from 𝐱𝑝 to the 
ℎth facet. Therefore, the smallest value among these distances ‖𝐕𝑁ℎ

‖

will correspond to the minimum distance of 𝐱𝑝 from the boundary of 
the CH. 
𝑑𝑚𝑖𝑛 = 𝑚𝑖𝑛{𝑉𝑁ℎ

= 𝐕 ⋅ 𝐍ℎ | ℎ = 1,… , 𝑘} (5)

For the case under examination, only one facet satisfies Eq.  (4), 
and thus the phase of searching for the closest facet simplifies to a 
single calculation, from which 𝑑 = 𝑉  is obtained. To verify that 
𝑚𝑖𝑛 𝑁2

4 
𝐱𝑝 corresponds to a condition that is both secure and feasible, it will be 
sufficient to check that this distance is greater than or, at most, equal 
to the chosen 𝑠𝑚 as indicated in Eq.  (6). 
𝑑𝑚𝑖𝑛 ≥ 𝑠𝑚 (6)

If this condition is met, 𝐱𝑝 can be sent to the network control 
system as the set point for the next time interval. Otherwise, it will 
be necessary to apply a preventive control strategy to bring the 𝜇G to 
operate in a different but feasible and secure condition 𝐱′𝑝.

In this work, a very practical preventive control strategy is pro-
posed. Through the solution of several optimization problems, the 
algorithm is able to achieve the desired results within time frames com-
patible with the online management of the system under examination. 
The flowchart representing the decision-making process studied in this 
work is shown in Fig.  5.
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The three proposed control strategies are designed to operate se-
quentially and hierarchically, aiming to ensure system security while 
minimizing deviation from the economically optimal operating point. 
The process begins with Strategy N.1, which seeks to restore a secure 
condition by acting solely on controllable nodes, thus preserving full 
autonomy and maintaining proximity to the economic dispatch solu-
tion. If this approach proves insufficient, the algorithm advances to 
Strategy N.2, which leverages support from the external grid, provid-
ing additional flexibility but potentially increasing operational costs. 
Should this second strategy also be infeasible, Strategy N.3 is employed, 
involving more drastic corrective actions such as curtailment of non-
dispatchable generation and load. This stepwise framework ensures 
that progressively more invasive and less economical interventions are 
implemented only when strictly necessary. It is important to acknowl-
edge, however, that progressing from Strategy N.1 to N.3 entails a 
gradual departure from economic optimality in favor of preserving 
system security.

2.2. Control strategy N.1

Keep in mind that the aim is to identify a new operating point 
that satisfies the desired level of security and it is close as much as 
possible to the economically optimal operating point 𝐱𝑝 provided by 
the economic dispatch algorithm, so as not to significantly alter the 
network configuration.

The ideal condition would be one where the new operational con-
dition 𝐱′𝑝 allows the 𝜇G to autonomously meet the load forecasted by 
𝐱𝑝, without altering the power exchange with the connected distribu-
tion network or reducing the generation output from non-dispatchable 
sources. In this regard, 𝐱′𝑝 should satisfy the following characteristics:

a. be feasible, that is, complying with the capability curves of the 
network devices and remaining within the region of practical 
stability;

b. be secure, that is, maintaining a distance from the feasibility 
boundary at least equal to the selected margin 𝑠𝑚;

c. meet the load demand required by 𝐱𝑝;
d. maintain the power exchange equal to that of 𝐱𝑝;
e. ensure that the power generated by non-dispatchable sources 
remains as forecasted in 𝐱𝑝;

f. ensure that the necessary variation to minimize the distance 
between the two operational conditions occurs exclusively at 
controllable nodes.

Below are the basic elements of the optimization problem that need 
to be solved.

The objective function involves minimizing the Euclidean distance 𝑑
between the sought solution 𝐱𝑠𝑜𝑙1  and the initial condition 𝐱𝑝: 

min
𝐱sol1

𝑑(𝐱sol1 ; 𝐱𝑝)
2 = min

𝐱sol1

(

(𝐱sol1 − 𝐱𝑝)𝑇 (𝐱sol1 − 𝐱𝑝)
)

𝑤ℎ𝑒𝑟𝑒 𝐱sol1 =
[

𝑥sol1 ,1, 𝑥sol1 ,2,… , 𝑥sol1 ,𝑛
]𝑇

(7)

and 𝑛 denotes the total number of optimization variables.
The equality constraints include maintaining the power at specific 

nodes. Let 𝑛𝐿 represent the total number of loads, with 𝑃𝐿𝑖
 denoting the 

active power demand of load 𝑖, for 𝑖 = 1,… , 𝑛𝐿. The condition ensuring 
load power invariance is: 
𝑛𝐿
∑

𝑖=1

(

𝑃𝐿𝑖

)

𝐱𝑝
=

𝑛𝐿
∑

𝑖=1

(

𝑃𝐿𝑖

)

𝐱sol1
(8)

Similarly, let 𝑛NPG be the number of non-dispatchable (i.e., non-
programmable) generation units, each supplying power 𝑃NPG𝑖

, for 𝑖 =
1,… , 𝑛NPG. The related equality constraint is expressed as follows: 
𝑛NPG
∑

(

𝑃NPG𝑖

)

𝐱𝑝
=

𝑛NPG
∑

(

𝑃NPG𝑖

)

𝐱sol
(9)
𝑖=1 𝑖=1 1

5 
Finally, considering 𝑛 total nodes, where 𝑃CG𝑖
 and 𝑃NPG𝑖

 represent 
the controllable and non-programmable generation at node 𝑖, and 𝑃𝐿𝑖
the load demand at node 𝑖, the net power exchanged with the grid is 
conserved as: 
𝑛
∑

𝑖=1

(

𝑃CG𝑖
+ 𝑃NPG𝑖

− 𝑃𝐿𝑖

)

𝐱𝑝
=

𝑛
∑

𝑖=1

(

𝑃CG𝑖
+ 𝑃NPG𝑖

− 𝑃𝐿𝑖

)

𝐱sol1
(10)

which ensures compliance with constraints c, d, e, and f.
The inequality constraints, on the other hand, are divided into two 

categories. The first group concerns technical constraints on control-
lable nodes: the power in operation must satisfy the capability con-
straints (i.e. active power 𝑃 , reactive power 𝑄 and apparent power 𝐴) 
of the associated devices according to the requirement a. Therefore, 
for each 𝑖th controllable device, with 𝑖 = 1,… , 𝑛𝐶𝐺, the following 
inequalities must be satisfied: 
𝑃 𝑖
𝑚𝑖𝑛 ≤ 𝑃 𝑖

𝐱sol1
≤ 𝑃 𝑖

𝑚𝑎𝑥 (11)

𝑄𝑖
𝑚𝑖𝑛 ≤ 𝑄𝑖

𝐱sol1
≤ 𝑄𝑖

𝑚𝑎𝑥 (12)

0 ≤
(

𝑃 𝑖
𝐱sol1

)2
+
(

𝑄𝑖
𝐱sol1

)2
≤
(

𝐴𝑖
𝑚𝑎𝑥

)2
(13)

The second group of inequality constraints accounts for the geomet-
ric positioning of the operating point within the hyperspace. Following 
the stability assessment framework outlined in [24], let 𝐍𝑗 denote the 
unit normal vector to the 𝑗th facet of the CH, and let 𝐕𝑗−𝐱sol1

 represent 
the vector from the centroid of that facet to the operating point 𝐱sol1 . To 
ensure that the operating point lies within the CH (and is thus feasible 
with respect to requirement a) the scalar quantity 𝑐𝑗𝑝sol , that quantifies 
the signed projection of the vector 𝐕𝑗−𝐱sol1

 onto 𝐍𝑗 , must satisfy the 
inequality in Eq.  (14). Simultaneously, it is necessary to check Eq.  (6) 
to ensure the desired 𝑠𝑚 according to the requirement b. 
𝑐𝑗𝑝𝑠𝑜𝑙 = 𝐍𝑗 ⋅ 𝐕𝑗−𝐱sol1

≥ 0 ∀𝑗 = 1,… , 𝑁𝐹 (14)

The most desirable solution, 𝐱sol1 , if it exists, would be sent as 
the set-point 𝐱′𝑝 = 𝐱sol1  to the 𝜇G. Therefore, 𝜇G would operate in 
a practically feasible, stable, and secure condition, very close to the 
economically optimal one. However, this problem may not converge to 
a solution. In such a case, the proposed algorithm would proceed to the 
second control strategy.

2.3. Control strategy N.2

If the most desirable solution cannot be autonomously achieved 
by the 𝜇G, considering an operational configuration of the 𝜇G in 
parallel with the distribution network, the second control strategy 
involves support from the external grid. Therefore, the objective of 
this optimization problem is to find 𝐱sol2  such that it satisfies all the 
previous requirements, except for d (i.e., Eq.  (10)). The optimization 
problem representing this control strategy, therefore, will have the 
overall mathematical formulation as in Eq.  (15), where the indices used 
are ∀𝑖 = 1,… , 𝑛CG and ∀𝑗 = 1,… , 𝑁𝐹 . 

min
𝐱sol2

𝑑(𝐱sol2 ; 𝐱𝑝)
2 = min

𝐱sol2

(
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⎩

min
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Fig. 6. PrInCE Lab 𝜇G layout.

If 𝐱sol2  exists, it will be the new operating condition 𝐱′𝑝 to be sent 
to the 𝜇G control system. Although this solution may depart from the 
economically optimal configuration due to the altered power exchange 
with the distribution grid, it nonetheless represents a technically robust 
and strategically justified outcome. The adopted formulation prioritizes 
the stable and secure operation of the 𝜇G, representing a rigorous 
and well-balanced compromise that ensures system reliability while 
preserving an acceptable alignment with economic performance. Since 
the new solution is constructed to be geometrically as close as possible 
to the economically optimal one, the resulting power setpoints will 
deviate only marginally from those corresponding to the minimum cost, 
thereby ensuring a near-invariance of economic efficiency. However, it 
may still happen that the problem does not converge even in this case, 
forcing the algorithm to proceed to the last control strategy.

2.4. Control strategy N.3

If none of the previously outlined strategies produce a feasible 
solution, a more substantial corrective intervention is required. This 
situation typically occurs when prior optimization attempts fail due 
to instability issues associated with non-controllable nodes or load 
demand. In such cases, the only effective course of action involves 
systematically reducing the output of non-dispatchable generation units 
and, if necessary, curtailing load demand. These adjustments arise nat-
urally from the optimization framework itself, representing the unique 
configuration that satisfies all stability and security constraints without 
relying on predefined curtailment policies.

Such modifications apply across all nodes, including non-dispatc-
hable sources and loads, to restore the operating point within the 
permissible boundaries defined by the stability region’s geometric con-
straints. Consequently, the relevant system equations, Eqs.  (7) and (8), 
are updated in accordance with the constraints specified in Eqs.  (16) 
and (17), while controllable nodes maintain full flexibility to modulate 
their output as needed.

Although economic optimization is not explicitly incorporated at 
this stage, the resulting operating point 𝐱sol3  ensures a secure and stable 
𝜇G configuration. This outcome may involve some underutilization 
of renewable energy resources and load curtailment, but such trade-
offs are consciously accepted to prioritize the fundamental goal of 
system stability. This approach guarantees the reliable and continuous 
operation of the 𝜇G under a range of conditions, consistent with the 
6 
Table 2
Assumed variability ranges for the generation of the random MG 
operating points.
 Bus id Rated power Variability range
 An [kVA] P [kW] Q [kVAr] 
 1 50 [0; 50] –  
 2 60 [−60; 60] [−60; 60]  

preventive nature of this control phase. Thus, the optimization problem 
representing this strategy is summarized as in Eq.  (18).

Through this practical preventive control method, the operating 
point provided by the economic dispatch algorithm that does not 
meet the desired security level will be modified within a time frame 
compatible with the traditional management of the electrical system. 
In fact, within the quarter-hour required for the system to provide the 
subsequent operating condition, it will be possible to verify its practical 
stability and, if necessary, find a new operating point that aligns with 
the security level chosen by the operator. 
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(18)

3. Case study: The PrInCE 𝝁G

The method described above has been tested on the static model of 
the 𝜇G installed at the PrInCE Lab of the Polytechnic University of Bari, 
whose complete layout is shown in Fig.  6. The 𝜇G has a radial config-
uration and it consists of 7 nodes and 6 lines, but for convenience of 
representation, the subset highlighted in red in the figure is referenced 
here. This allows for the derivation of a 3-D graphical representation 
useful for demonstrating the validity of the proposed method.

The capability curves of the devices considered in the analysis 
are those shown in Table  2 and allow for the determination of the 
feasibility region corresponding to the considered subset, similar to the 
one identified in [24].

At this point, it is assumed that the economic dispatch algorithm 
provides the optimal solution 𝐱𝑝, represented in red in Fig.  7.

This is certainly feasible from a technical standpoint, as it lies 
within the identified CH, but to be considered a secure operating 
condition, it must be verified that it maintains a distance from the 
perimeter of the structure at least equal to the desired 𝑠𝑚. Starting 
from the identification of the vertex closest to the point of interest, the 
vertex 𝐱𝑣 is selected, and the hyperplanes associated with it, shown in 
green in Fig.  7, are identified. Among these, the hypersurface closest 
to the point 𝐱𝑝 is determined by applying the procedure described 
in Section 2.1, whose graphical representation is provided in Fig.  8. 
Specifically, among the 𝑛 = 10 facets initially selected as the  nearest 
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Fig. 7. Identification of the facet closest to 𝐱𝑝 and its projection onto the main planes.
to the point 𝐱𝑝, the one highlighted in red is identified as the facet 
for which the projection of the vector 𝐕 along the direction of vector 
normal to the hypersurface (Fig.  8a) satisfies the condition expressed 
in Eq.  (5). The comparison between the computed minimum distance 
𝑑𝑚𝑖𝑛 and the assigned security margin 𝑠𝑚 (equal to 10 kVA in this pilot 
example) clearly shows, as illustrated in Fig.  8b, that 𝑑𝑚𝑖𝑛 < 𝑠𝑚. To 
bring the 𝜇G to operate in a secure condition, the control strategy 
proposed in Section 2 is applied.

As indicated in Section 2.2, the desired solution is the one that, 
while being close to that provided by the economic dispatch, allows 
the 𝜇G to autonomously meet its load by simply re-dispatching its 
controllable units.

Therefore, the optimization problem becomes the one outlined in 
Eq.  (19), where 𝐱sol1 = [𝑥sol1,𝑃𝑃𝑉 , 𝑥sol1,𝑃𝐵𝐸𝑆𝑆

, 𝑥sol1,𝑄𝐵𝐸𝑆𝑆
]𝑇 , and the 

capability limits are those expressed in Table  2. 
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(19)

From the constraints of this problem, it is evident that, in this 
specific case, the only variable allowed to move in the hyperspace 
is 𝑃𝐵𝐸𝑆𝑆

𝐱sol1
, but, due to the requirement to satisfy the second equality 

constraint, it will remain constant. Therefore, the optimization problem 
associated with this first step will not converge.
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The second optimization problem aims to search for the optimal 
rescheduling solution for the internal units of the 𝜇G without al-
tering the power exchange, but potentially reducing the power of 
non-dispatchable generation units or the load. In this specific case, it 
is noted that the solution that would satisfy the technical constraints 
would involve a reduction in power values, but this would lead to 
further approaching the operating condition to the stability boundary. 
Therefore, this optimization problem also does not converge.
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(20)

At this point, the only feasible solution is to bring the 𝜇G to operate 
securely by adjusting the power flow exchange with the distribution 
grid, solving Eq.  (20). The optimal solution 𝐱′𝑝 is shown in blue in Fig. 
8.

The security assessment of the operating point provided by the 
economic dispatch, along with the potential application of correc-
tive actions, entails a computational burden that varies depending 
on whether the point already satisfies the predefined security margin 
and on the step at which convergence is achieved, either at the first 
control iteration or at the last. To offer a quantitative benchmark, 15000
plausible operating points, representative of typical behavior of the 
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Fig. 8. Distance evaluation between 𝐱𝑝 and the CH boundary. (a) Projection of 𝐕 onto the direction of 𝐍𝑗 to compute 𝑑𝑚𝑖𝑛. (b) Comparison between 𝑑𝑚𝑖𝑛 and 𝑠𝑚
to determine the updated point 𝐱′𝐩.
system in Fig.  6, were randomly selected. The computational times 
required by the preventive control phase for this dataset are reported 
in Table  3. It is worth noting that, for all operating points in the 
dataset, the total time required for both the security assessment and 
the associated control phase remains significantly under the typical 
computational budget allocated for real-time 𝜇G operation, which is 
commonly set to a 15 min interval. Table  4 summarizes the power 
deviations between the original operating points and the resulting 
points after corrective actions, as well as the total computation times 
required for both the security assessment and the control phases. The 
comparison includes three methods: the geometric approach proposed 
in this work (CH), the method based on the Minimum Volume Enclosing 
Ellipsoid (MVEE, [22]), and the widely adopted Continuation Power 
Flow (CPF, [25]). Each of these methods has demonstrated effectiveness 
in restoring secure operating conditions. CPF is a well-established and 
robust technique, particularly appreciated for its ability to trace system 
trajectories close to voltage collapse points. In the considered test case, 
however, CPF applied a uniform power adjustment across all nodes, 
including those not directly involved in the security constraint viola-
tion. This led to unnecessary curtailment of photovoltaic generation, 
with a resulting increase in operating costs. CPF also required higher 
computation times compared to the proposed approach. The MVEE-
based method offers a favorable trade-off between accuracy and speed. 
Its ellipsoidal representation provides a compact and computationally 
efficient estimate of the stability region. Nevertheless, due to the regu-
larity of the ellipsoidal shape, the approximation may be conservative, 
leading to control actions that slightly deviate from the economi-
cally optimal operating point identified by the dispatch algorithm. The 
proposed CH-based method combines the flexibility of a geometric 
representation with high computational efficiency. It achieves a more 
accurate approximation of the feasible region, enabling localized cor-
rective actions that preserve system security while remaining close to 
the optimal economic solution. The results confirm the suitability of 
this method as a practical and scalable solution for preventive security 
assessment in modern 𝜇Gs operation.
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The effectiveness of the proposed method is further supported by 
the findings in [23], which demonstrate that the convex hull-based 
control strategy achieves markedly higher accuracy than conventional 
geometric approaches. In particular, it enables the system to oper-
ate within tighter security margins, thereby enhancing overall system 
robustness and efficiency. While the computational effort increases 
with the complexity of the network, it is primarily the number of 
facets defining the feasibility region that drives the cost and the cor-
responding number of normal vectors involved with scalar products. 
However, the most significant computational effort is concentrated 
in the offline construction of the feasibility region, which does not 
affect the method’s real-time efficiency. During this preliminary phase, 
all feasible regions and their associated normal vectors are computed 
once and stored, enabling fast and flexible access during 𝜇G operation. 
The framework features a modular architecture that allows seamless 
adaptation to changes in network topology or operational constraints 
without requiring a full recomputation of the feasibility set. When 
the system configuration or equipment limits change, the appropriate 
region can be directly retrieved from the precomputed archive, using 
real-time measurements solely to identify the most suitable parameter 
set. This eliminates the need to relaunch the offline procedure and 
ensures uninterrupted operation.

4. Conclusion and future works

This paper proposes a fast and efficient preventive control strategy 
to ensure the secure operation of a 𝜇G. Starting from the definition 
of a stability hyper-region as described in [24], an operating point 
provided by the system’s economic dispatch that does not meet the 
desired security level is modified. At the end of the time interval 
required for managing the system, the 𝜇G is brought to operate in a new 
feasible and secure operating condition. The proposed approach, based 
on analytical expressions and geometric studies, is applicable regardless 
of the number of devices comprising the overall system. Certainly, 
the offline phase of building the hyper-region representing the feasible 
operation of the 𝜇G will incur a computational burden proportional to 
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Table 3
Execution times for the preventive control strategy applied to 15000 operating points.
 Total time Average time per point Minimum time per point Maximum time per point 
 12′ 58′′ 0.067′′ 1.5e−4′ 1′ 22′  
Table 4
Comparison of power deviations and computation times among 
three different preventive control methods: CH, MVEE, and CPF.
 Method Power deviation Computational burden 
 CH 3.37 [kVA] 1.03 [s]  
 MVEE 5.96 [kVA] 2.04 [s]  
 CPF 5.98 [kVA] 2.86 [s]  

the size of the problem. Meanwhile, the preventive control phase of 
the system’s operating condition will always be compatible with the 
standard operating times of a 𝜇G.

The choice to adopt a limited subset of the experimental 𝜇G in the 
PrInCE Lab as a case study was driven by the desire to provide the 
reader with a visual (two-dimensional or, at most, three-dimensional) 
representation of the method. However, this choice does not preclude 
the possibility of extending the analysis to the entire system and 
achieving robust results even without direct visualization.

From a forward-looking perspective, this study opens up a range of 
promising directions for further development. One particularly fertile 
area involves the integration of machine learning and artificial intelli-
gence tools, which could provide the system with adaptive capabilities 
and enable real-time control decisions in the presence of uncertainty 
and evolving operational conditions. These tools could complement 
the analytical core of the method by learning from historical data, 
identifying patterns in system behavior, and refining the estimation 
of feasible and secure regions over time. Another dimension worth 
exploring involves the potential role of distributed ledger technologies, 
such as blockchain, which could strengthen the transparency, auditabil-
ity, and decentralized coordination of preventive control actions in 
distributed energy environments. In addition to these technological 
advancements, future work should address the refinement of strategies 
for managing non-controllable nodes. In the present formulation, re-
ductions in power output or load demand at these nodes are applied 
without explicit prioritization or economic optimization, stemming 
instead from the geometric constraints imposed by the stability region. 
Although this approach ensures a secure and stable operating point, it 
may lead to suboptimal utilization of renewable resources and load cur-
tailment. This trade-off is intentional, reflecting the primary objective 
of safeguarding 𝜇G security. Nonetheless, the framework is designed to 
accommodate more advanced control policies that integrate economic 
trade-offs and prioritization criteria, which can be implemented in 
future work to improve operational efficiency without compromising 
system security. Moreover, extending the methodology to accommo-
date a broader set of 𝜇G configurations, including both islanded and 
grid-connected modes, will be essential to assess its robustness and 
generalizability across different deployment contexts. This naturally 
entails addressing the associated computational and implementation 
challenges, especially in systems characterized by high dimension-
ality, strong coupling among devices, and time-sensitive operational 
requirements. Finally, hybrid approaches that synergistically combine 
model-based formulations with data-driven enhancements may offer an 
optimal balance between interpretability, performance, and scalability. 
Such advancements would not only enrich the theoretical underpin-
nings of preventive control in power systems but also accelerate its 
transition from concept to practice, ultimately contributing to the de-
velopment of next-generation energy systems that are secure, resilient, 
and economically efficient.
9 
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