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1. MOTIVATION AND SCOPE OF THE CHAPTER

Integrated energy systems are increasingly dominated by the operation and control of power electronic interfaced (PEI)
devices at generation, multi-energy storage, transmission, and distribution, and responsive demand [1], [2]. Simultaneously, the
so-called, voltage source converter technology (VSC), is positioning as the preferred option for implementation of PEI due to its
versatile and flexible operation and control modes [1], [3]. The progressive phase-out of conventional alternating current
technologies (e.g. synchronous generators), and their replacement by VSC-based PEI brings major changes in the dynamic
behavior of the emerging forms of DC-AC system topologies [4]. For instance, reduced, limited, or absent control capabilities
may entail unprecedented frequency or voltage deviations, which could happen in shorter time scales (e.g. less than a fraction of
a second), when compared to typical deviations observed in conventional systems dominated by synchronous generators [4], [5].
This motivates a renewed emphasis and significant research efforts towards the development of models of multi-area and multi-
energy HVDC-HVAC cyber-physical power system, which enable a trustworthy computer-aided investigation of new forms of
dynamic stability phenomena [4], [6].

This chapter particularly focuses on the problem of the implications of altered active power balance on the dynamic frequency
performance of cyber-physical power systems. To this aim, and, in line with the current state-of-the-art, it is considered that the
PEIs of new component additions may be equipped with emerging method(s) for fast frequency support (FFS) as a function of
the underlying operation and control capabilities of the latest VSC technologies [7]. Hence, FFS is assumed as an available
functionality of new key components like turbines (WTs)[8], solar-photovoltaic systems (PVs)[9], HVDC links [10] and power-
to-gas conversion units (e.g. electrolysers) [11].

FFS working under the control principle of active power gradient is one of the promising options of effective mitigation of
undesirable fast and significant dynamic frequency deviations [12]. This technique can be tuned for one or several disturbances
affecting the active power balance. This can be done by considering two settings, i.e. the amount of active power (AP) to be
quickly injected/absorbed, and the rate or gradient (APG) at which the active power is adjusted. Due to the different dynamic
properties of PEI distributed across a multi-area and multi-energy HVDC-HVAC cyber-physical power system, achieving an
optimally effective FFS constitutes an open research challenge [12][13]. For instance, the investigation discussed in [12]
illustrates the limited effectiveness of uncoordinated tuning, taking as an example the challenges of calibrating the active power
gradient based FFS applied to two-terminal VSC-based HVDC interconnector.

The risk of ineffective FFS is specially higher in systems with low headroom and adverse interplay of the resources guided
by FFS under different forms of active power imbalances[13]. Recently, attempts to tune FFS is systems with few selected PEIs
have been conducted based on single parameter parametric sensitivities. Nevertheless, as shown in [13] and [14], optimal
effectiveness under diverse operating conditions and disturbances is not ensured.

Hence, proposing a suitable optimization oriented problem statement is also challenge tackled in this chapter. The goal is to
obtain an effective coordinated tuning of PEIs. To this end, and for illustrative purposes, the proposed multi-area and multi-
energy HVDC-HVAC cyber-physical power system assumes FFS attached to VSC-HVDC links interconnecting the synchronous
areas of the system as well as attached to proton exchange membrane (PEM) electrolysers. The example shown in the chapter
considers the occurrence of a large-size active power imbalance.

The proposed optimization statement targets the enhancement of the overall frequency stability by properly and cooperatively
mitigating the imbalance through controllable active power resources that are in service in the synchronous areas, also taking
into account their own characteristics and limitations for FFS. The model is implemented by using library components of the
software package known as DIgSILENT PowerFactory 2022 (DPF2022), whereas the optimization search process of the mean-
variance mapping optimization (MVMO) algorithm, described in [15] is tailored and deployed in the chapter to find a near-to-
optimal solution within a restricted computational budget (due to the need of repetitively performing RMS simulations.

The reminder of the chapter is structured in the following sequence: The multi-area and multi-energy HVDC-HVAC cyber-
physical power system is presented in Section 2. The proposed optimization problem statement is provided in Section 3. Section
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4 concisely overviews the application of the MVMO algorithm. Findings from numerical simulations are given in Section 5.
Concluding reflections and prospective future subsequent research aspects are summarized in Section 6.

2. THEHVDC-HVAC CYBER-PHYSICAL TEST POWER SYSTEM

The first version of the PST16 power system is presented in [15]. This system is modified and utilized in this chapter for the
purpose of testing the proposed optimization statement on a futuristic multi-area and multi-energy HVDC-HVAC cyber-physical
system. This entails using the model to perform the diverse RMS simulations of interest when tackling the challenging
optimization search process. The topological layout of the multi-area and multi-energy HVDC-HVAC cyber-physical system is
shown in Fig.1. It is worth pointing out that the weak HVAC tie-lines in the original system are replaced with three VSC-based
HVDC links in different areas. Taking into account the forecasted hydrogen demand scenario shown in [16], 30% load demand
of each area is replaced with eleven PEM electrolyzers. This essentially done to investigate the importance and possible collateral
impacts of the considered installation location with respect to disturbance altering the active power balance and overall dynamic
frequency performance of the system. In this way, the proposed system basically allows investigating the effectiveness of an
assumed form of FFS to be attached to the considered controllable active power sources, like the VSC-HVDC inter-area links
and the PEM electrolysers. Additional details about adopted component models and the parameters used in the multi-area and
multi-energy HVDC-HVAC cyber-physical system are available in [17].
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A model provided by DIgSILENT which is detailed in [17] and developed under the guidelines outlined in [18], is utilized
for modelling the steady-state and dynamic performances of the VSC-HVDC inter-area links in DPF2022. The model comprises



of two converter stations which exploit the current-vector control strategy proposed in [19]. On the DC side, the converters are
configured in a bi-polar layout and on the AC side, they are connected to the corresponding local synchronous area through
conventional three winding power transformers. Specific active and reactive power setpoints are provided to the HVDC links for
recreating the power flow profiles of the AC tie lines that were used in the original PST16 system. These setpoints are used by
the inverter stations to control the power output. The rectifiers operate based on the DC voltage and reactive power references
and are responsible of maintaining the active power balance. Fig. 2 shows the modified P/Vdc controller of the links, which
enables FFS from the HVDC links. Basically, the APG control loop is introduced which controls the amount of power (AP) and
the active power (APG) injection rate when a systemic frequency deviation is detected. As envisioned in this chapter, the
parameter selection is determined based on the solution to a formally defined optimization problem. This is done by using the
proposed formulation, which considers the time evolution of the dynamic frequency responses of each synchronous area
considered in the optimization of the FFS attached to the involved controllable resources for active power support. This aspect
is elaborated in Section 3. It is assumed that the VSC-HVDC links can adjust their power flows for FFS, once in each simulation,
with an activation delay of approximately 0.3 s after the occurrence of a disturbance altering the overall active power balance.

VDC_meas
Vo ref Vidc droop control
_—>
Pref_max
ld_ref
Pac_ref Rate Limiter _
R R > N » PI [—
(dP/dt) S
kN Pref_min
AP APG
fA(t) Pmeasure
— >
fB(t) Enabler of APG d
— > Controller
fe(t)

Fig. 2. Structure of the proposed modification for P/Vdc controller attached to the VSC-HVDC inter-area links.

In this chapter, the modelling of PEM electrolysers has been done considering them as electromagnetically decoupled general
loads, which are interconnected to the local grid through conventional power transformers. This assumption is motivated by a
similar modelling approach reported in [20]. The electrolysers are activated for FFS and their consumption is dynamically
controlled in proportion to the measured systemic frequency deviation. The overall control structure considered in this chapter
for the PEM electrolyzers is shown in Fig. 3. The available bid and the ramp rate determines the tuning of the proposed frequency
controller. The APG control block presented in Fig. 3 is used for the dynamic active power adjustment. It operates as per the
solution of the optimization problem under the proposed formulation, which is explained in detail in Section 3. The alternative
representation of PEM electrolyzers, as discussed in [20], offers a versatile, yet trustworthy model for numerical simulation based
power system stability assessments. This representation has a primary focus on the critical parameter of interest, which is the
ramp-rate of the electrolyser’s active power consumption.
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Fig. 3. Proposed frequency controller for PEM electrolysers.

3.  STATEMENT OF THE OPTIMIZATION OF FFC FOR PEI

A system with multiple synchronous areas that are electromagnetically decoupled through VSC-HVDC inter-area links
entails a particular characteristic of the dynamic frequency response for each individual area. Hence, any active power imbalance
occurring in one of the synchronous areas shall be in principle confined within the affected area [21]. In other terms, without the
intervention of the VSC-HVDC inter-area links, the frequencies of the other areas remain constant at their corresponding nominal
values. The VSC-HVDC inter-area links can, however, be controlled to dynamically alter the inter-area power exchange to



provide FFS to the affected area. In such a case, the supporting synchronous area undergoes a deviation of frequency from the
nominal value as a function of the defined form of controlled variation of the power exchange between the involved synchronous
areas.
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Fig. 4. Example visualization of the optimal tuning of FFC.

The representation in Fig. 4 conveys that the objective function (OF) of the proposed problem statement is conceived to
minimize the graphical area in the three-area multi-energy HVDC-HVAC cyber-physical system. The minimization is done
among each pair of the frequency responses, of the synchronous areas that are participating in the frequency regulation. In this
manner, the problem statement attempts to share the active power imbalance among the areas as per the kinetic energy
characteristics and active power reserves. Therefore, it results in the improvement of the frequency response of the affected
synchronous area, with very little impact on the supporting synchronous areas. The scheme tries to develop an artificially coupled
frequency response, securing the best possible response for the complete system, in a decoupled multi-area HVDC-HVAC cyber-
physical system. This is done by optimally dividing the imbalance across the active power reserves available for each area. The
mathematical representation of the problem formulation is shown in (1)-(7).

Minimize:

OF(x)= f (A xD-fa(x,0] + [fp(x,D-fc(xDI+ [fA(x,D-fc(x,0l]dt (1)
0

subjected to: X . SX<Xpay 2)

where fi(x,t) is the instantaneously measured frequency in the k-th area at instant t, on application of the candidate solution x.
Two variables are present in the optimization vector x for each of the FFS elements that take part in the fast frequency regulation.
In the multi-area and multi-energy HVDC-HVAC cyber-physical system, three VSC-HVDC inter-area links and eleven
electrolyzers have been integrated. Thus, x constitutes of a total of 28 optimization variables x.

The first parameter for the VSC-HVDC inter-area links indicates the APG ramp rate. The second parameter reflects the
corresponding link’s AP. The PEM electrolyzers are characterized by two primary parameters: the first one represents the
electrolyser's bid size (Bid.), while the second parameter signifies the rate of change in the electrolyser's consumption (APGe).
In (3), the optimization vector x is observed. Additionally, each optimization variable is subject to specific bound constraints
based on the technical limitations of each unit. For the VSC-HVDC inter-area links, the new setpoint should not exceed the rated
capacity of the link in both directions [13], [14], and the ramp rate should not surpass the maximum rate that the link can handle
[22]. Likewise, for the PEM electrolyzers, the available bid must not exceed 70% of their rated capacity, and the ramp rate should
not exceed 0.5 pu/s, as elaborated in the references [23], [24], and [25]. The assumed boundary conditions for these optimization
variables are specified in (4)-(7).
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4. SOLUTION BY MEAN-VARIANCE OPTIMIZATION

A powerful metaheuristic solver, known as the mean-variance mapping optimization (MVMO) algorithm, has been utilized
in this chapter for solving the optimization problem. The algorithm has displayed significant potential in the solution of
computationally heavy problems related to power systems, including diverse statements of optimal power flow, and parametric
identification of power system dynamic equivalents [26]. The flowchart of the MVMO algorithm is schematically depicted in

Fig. 5.
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Initially , the algorithm computes a random initial vector, which is within the research space that is defined by the boundary
conditions assumed for each variable. The selected parameters are then applied to the corresponding system element in DPF2022
and an RMS simulation is performed for obtaining the time evolution of the dynamic frequency responses that are of interest for
evaluating the systemic frequency performance. The latter ones are exploited to execute the fitness evaluation and calculation of
the OF value. Numerous predefined fitness evaluations follow the same process. In this chapter, assuming a restricted computing
budget due to time consuming RMS simulations, 100 pre-defined fitness evaluations are considered, which act as the algorithm
termination criterion. During these evaluation, MVMO generates potential offspring solution vectors based on the optimization
variables of the best-performing parent solution achieved thus far. These offspring solutions are generated in accordance with
evolution guidelines established by a mapping function for each variable. These guidelines take into consideration statistical
data, including the mean and variance of each optimization variable as inputs. As a result, the most successful parent solutions
and the statistical data pertaining to each variable are recorded in an archive of a predefined memory capacity. Eventually, once
the termination criterion has been met, the solution vector contains the variables that have minimized the OF, resulting in the
optimal frequency response for the system within the specified number of fitness evaluations. The algorithm operates within a
normalized range of [0,1] for each variable, thereby eliminating the need for subsequent penalties or corrections. More
comprehensive information regarding the MVMO algorithm and its calibration can be found in [26].

5.  SIMULATION ANALYSIS

For assessing the performance of the proposed statement for tuning the FFC attached to the considered VSC-HVDC inter-
area links and PEM electrolysers, a scenario is considered involving a significant and frequently occurring active power
imbalance within the multi-area and multi-energy HVDC-HVAC cyber-physical system. This scenario involves the sudden loss
of the largest synchronous generator unit based power plant (SGU Ala) in the synchronous area with the lowest inertia conditions,
referred to as area A. This event is initiated at the beginning of the simulation, within the first second, and, in response to the
disturbance, all the PEI elements installed across the different areas are activated for providing FFS.

Under a condition where no FFS is provided from any PEI element, the SGUs present in the affected synchronous area are
the only elements that can support the primary frequency control. In such a condition, the frequency of the synchronous area A
reduces rapidly with a rate of -0.51Hz/s up to 48.8Hz. Subsequently, the frequency starts to recover and eventually, after about
15s, it settles at 49.55 Hz. The HVDC links isolate this affected area from the rest of the system. Therefore, the frequencies in
the synchronous areas B and C are undisturbed and they are not subjected to any change in their power flow exchanges. This
can be seen in the dashed line in Fig. 6. The affected area frequency response defy the acceptable limits, which are set by
transmission system operators (TSOs) in [27], and this clearly shows the requirement of FFS from PEI units.

In case the PEI elements are operated to deliver FFS, the proposed problem statememt can be effectively utilized for their
FFC parameter tuning. Once the termination criterion is fulfilled, the solution vector x takes the form as presented in (8). The
corresponding frequency response of the system is shown in Fig. 6. It is observed that the affected synchronous area frequency
considerably improves on sharing the imbalance among the available supporting synchronous areas. The initial rate-of-change
of frequency (RoCoF) drops to -0.30 Hz/s from -0.51 Hz/s. This is solely because of the quick response from the PEM
electrolyzers present in the affected synchronous area. Subsequently, the synchronous area A frequency decreases to 49.76 Hz
and it settles at 49.93Hz within a time duration of 5 s. The frequencies in the synchronous areas B and C fall to 49.92Hz and
49.93Hz, respectively, and they eventually stabilize at 49.93Hz and 49.94Hz, respectively. This operation validates the objective
of the proposed statement, which is to minimize the frequency drop in the affected area, while also minimizing the impact on the
active power supporting areas through appropriate tuning of FFC. As such, the formulation aims to establish uniform frequency
responses across all interconnected synchronous areas, by effectively utilizing the available active power reserves, thus resulting
in frequency responses that fall within the acceptable operating limits as defined by TSOs in [27].
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x=[932,-185,796,-377,412,-188.9,95.4,67.5,38.7,72.2,21.4,62.3,242,121,85.6,29.2,186,36.7,12.1,16.4,166,74.5,32.9,

24.7,45.9,94.5,118,53.5] (8)

Equation (8) also denotes that the electrolyzers play a considerably important role for the FFS. On the occurrence of an
imbalance, the PEM electrolyzers present in synchronous area A are activated to offer rapid support and arrest the initial drop,
before the VSC-HVDC inter-area links are activated. The VSC-HVDC inter-area links A-B and A-C start changing their powers
after 0.3 s. The power delivered to areas B and C are reduced such that support can be provided to the affected areas. On the
other hand, the VSC-HVDC inter-area link B-C alters its power flow direction for balancing the impact on the synchronous areas
B and C. In this manner, the optimization problem statement is able to achieve an optimal share of power among the affected
synchronous areas as per their kinetic energy characteristics and active power reserves. The PEM electrolysers present in areas
B and C are also activated for the purpose of FFS and mitigating the influence on the supporting areas, which lead to comparable
post-disturbance frequency responses. Consequently, the formulation strives to achieve a coordinated frequency response within
a multi-area system that is electromagnetically decoupled.
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Fig. 7 shows the performance of MVMO. The algorithm is able to effectively minimize the value of the proposed OF without
the need of too many iterations. This significantly reduces the computational burden and produces high-quality results in terms
of the frequency response..

6. CONCLUDING REFLECTIONS

The chapter presents a multi-area multi-energy HVDC-HVAC cyber-physical power system and an optimization problem
statement for optimal calibration of the parameters of FFC attached to PEI elements. The system can be configured and is
suitable for studying different penetration levels of PEI, which is essential for the design of new HVDC-HVDC architectures.
Such investigations unlock the potential of new technological upgrades for accelerated energy transition towards 100% stable
and affordable sustainable and highly integrated energy systems

The developed case study attempts to illustrate the implications of creating an artificially coupled fast active power - frequency
support within the context of a PEI-isolated (i.e., electromagnetically decoupled) multi-area multi energy HVDC-HVAC
systems. Numerical analysis conducted by using DPF2022 show that active power imbalances can be optimally and effectively
tackled by the PEI elements equipped with FFC, which are deployed in the affected synchronous area, and with the support of
PEIs with FFC like those attached to VSC-HVDC inter-area links and the PEIs with FFC from other synchronous areas. The
proposed optimization problem statement allows defining FFS by other PEIs as a function of the available kinetic energy and
active power headrooms, without altering the intra-area active power balances of the external synchronous areas. Hence, by
using the proposed optimization problem statement, it is possible to target a preservation of the time evolution of the dynamic
frequency response in the involved synchronous areas in line with the operational limits pursued by a TSO. A powerful
optimization solver is needed to tackle the optimization of FFCs of PEI within limited computing budget. The MVMO seems
an attractive option as shown in this chapter. Future research will cover the study of other HVDC-HVAC architectures and
optimization solvers.
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