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Abstract—Power electronic dominated power systems
formed nowadays are characterized by fast and frequent
dynamics, limited short circuit support, low inertia conditions
and lack of inertial support. Under these conditions, coping with
active power imbalances in a power system may becomes a
significant challenge for transmission system operators (TSOs)
that may experience extensive frequency deviations and steep
rates of change of frequency (RoCofs). To deal with the
frequency stability issues encountered, power electronic
interfaced (PEI) units can rapidly respond to provide fast
frequency support (FFS) taking advantage of their
controllability levels and their rapid response to setpoint
changes. FFS may depend on the active power gradient (APG)
control strategy that determines the required amount of active
power, and the rate the power injection takes place. However,
when multiple elements try to regulate simultaneously the
frequency adverse control actions such as insufficient or over
frequency regulation may be encountered. To solve this issue,
this paper proposes a formulation for the optimal and
coordinative tuning of the APG controllers of PEI elements
installed in a multi-area, multi-energy hybrid HVYDC/HVAC
power system with modular multilevel converter (MMC) HVDC
links and proton exchange membrane (PEM) electrolyzers. This
formulation focuses on creating an artificially coupled
frequency response for an electromagnetically decoupled multi-
area system taking advantage of the available active power
reserves and the inertia levels of each area. In that way, an active
power imbalance can be optimally shared among the
interconnected areas leading to effectively improved frequency
response for the affected and supporting areas. The proposed
formulation is solved using the mean variance mapping
optimization (MVMO) algorithm after a series of RMS
simulations is performed in DIgSILENT PowerFactory 2021.

Keywords—Active power gradient, fast active power-
frequency support, frequency controllers tuning, mean variance
mapping optimization, MM C-HVDC links, PEM electrolyzers

L. INTRODUCTION

Power systems nowadays are characterized by an
increasing number of power electronic interfaces (PEIs)
[1][2]. Power electronics (PEs) are met at various system
points such as for the renewable energy sources’ (RES’)
interconnection to the grid, to enable HVDC transmission via
VSC-based HVDC links, in distributed energy sources
(DERs) interconnection, in energy storage systems (ESSs), in
hydrogen-based units and in critical demand units [1][3].
Hence, the form and the structure of modern power systems is
altered, leading also to various impacts on its dynamic
response [4]. In fact, such systems face fast and frequent
dynamics, reduced short circuit contribution, low inertia
conditions, lack of natural inertial response and lack of load-
frequency regulation [4][5]. As a result, preserving the
frequency within acceptable operating state limits becomes
one of the main challenges for transmission system operators
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(TSOs) as large frequency deviations and steep rates of change
of frequency (RoCofs) may be encountered for common
active power imbalances [4][6].

To solve this issue, PEIs of newly introduced elements
may be enhanced with frequency control systems to provide
fast frequency support (FFS) to the grid when necessary,
taking advantage of the control capabilities of PEs [7]. FFS
may be provided by various elements such as wind turbines
(WTs)[8], solar-photovoltaic systems (PVs)[9], HVDC links
[10] and hydrogen-based units [11]. Among the different
techniques, the active power gradient control strategy
presented in [12] has shown high potential for FFS through
the control of two parameters, the amount of active power
(AP) and the rate (APG) this power is provided to the grid
following the disturbance. This strategy may be easily applied
to PE converters of various elements installed in the grid
aiming at cooperative FFS in case of an active power
imbalance. This task, however, may be challenging if an
optimal tuning of the parameters of the frequency controllers
of the elements providing FFS is not achieved [12][13].
Research conducted in [12] has proven the difficulty in finding
the optimal tuning parameters in case of a point-to-point VSC-
based HVDC link providing FFS in case of two-area system
with similar inertia characteristics. The situation gets worse
when more elements with different response characteristics
participate in the regulation as has been observed in [13]. To
solve this issue, current state-of-art research aims to find an
optimal tuning method of the parameters of frequency
controllers attached to various PEI elements with the
provision of FFS to the grid. In[13] and [14] different problem
formulations have been proposed to tune the parameters of
frequency controllers attached to HVDC links and proton
exchange membrane (PEM) electrolyzers to improve the
frequency stability margin of two-area, low-inertia multi-
energy systems. Although these formulations may achieve
significantly improved responses against commonly occurred
active power imbalances, the determination of a coordinative
tuning strategy in more complex multi-area systems with an
increased number of FFS elements constitutes an open
research gap.

This paper aims to shed light on this research gap by
proposing a new formulation to achieve an optimal and
coordinative tuning of the frequency controllers attached to
MMC-based HVDC links and PEM electrolyzers installed at
various points of a multi-area, multi-energy hybrid
HVDC/HVAC power system following the occurrence of a
significant active power imbalance. This formulation aims to
improve the frequency stability margin of the system by
sharing the imbalance among the available areas taking
advantage of their active power reserve characteristics and
their inertia levels. In fact, it tries to achieve similar frequency
responses to all the interconnected areas in order not only to
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improve the frequency response of the affected area, but also
to minimize the impact on the supporting areas at the
maximum extend. To solve this optimization problem, a series
of RMS simulations is performed in DIgSILENT
PowerFactory 2021(DPF). The frequency responses obtained,
act as inputs to the optimization problem developed under the
proposed formulation in Python 3.8. Finally, the optimization
problem is solved with the aid of the mean variance mapping
optimization (MVMO) algorithm that has achieved results of
high quality in short number of iterations in power system
problems with high computational burden [22].

The structure of the paper is as follows: Section II gives an
overview of the test system, the modified PST 16 power
system considered in this study. In Section III, the proposed
problem formulation is presented in detail. In Section IV the
MVMO algorithm is briefly explained. In Section V, the
obtained numerical results are discussed and finally in Section
VI the conclusions of the current study and proposals for
future work are provided.

II.  THE MODIFIED PST 16 BENCHMARK SYSTEM

To test the tuning methodology proposed in this paper and
perform the RMS simulations of interest, a modified version
of the PST 16 power system presented in [15] has been
utilized. In the modified system shown in Fig. 1, three MMC-
based HVDC links have replaced the weak HVAC tie-lines
among the areas of the original system. Also, 30% of the
original load demand of each area has been replaced by eleven
PEM electrolyzers according to the expected hydrogen
demand scenario analyzed in [16]. Electrolyzers are installed
at various points to examine the importance of location of
installation with respect to the disturbance. In that way, a
multi-area, multi-energy HVDC/HVAC power system can be
represented. Further details about the modified PST 16 system
can be found in [27].
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Fig. 1. The Modified PST 16 benchmark system.

For the modelling of the MMC-HVDC links in DPF, a
model provided by DIgSILENT presented in [17] has been
considered developed under the guidelines in [18]. It consists
of two converter stations controlled with the aid of the current-
vector control strategy presented in [19]. The converter
stations are connected on the DC side in a bipolar
configuration and on the AC side via power transformers to

978-1-6654-0823-3/22/$31.00 ©2022 IEEE

the local grid. During steady state, the necessary active and
reactive power setpoints have been provided to the HVDC
links to facilitate the normal power flows of the original
system. The inverter stations control the power output with
respect to active and reactive power setpoints and the rectifiers
according to DC voltage and reactive power setpoints to
maintain the active power balance across the link.
Furthermore, to enable FFS from the HVDC links, the P/Vdc
controller of each link has been modified according to Fig. 2
with the APG control loop to control the amount of power
(AP) and the injection rate of the active power (APG) in case
of a sensed frequency deviation. The parameter selection is
done according to the solution of the optimization problem
under the proposed formulation according to the frequency
responses of each area as it will be explained in Section III.
The HVDC links alter their power flows for FFS once per
simulation, 0.3s following the disturbance to consider an
activation delay.
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Fig. 2. Modified P/Vdc controller of MMC-HVDC links.

PEM electrolyzers have been modelled in this study as
electromagnetically decoupled general loads interconnected
via power transformers to the local grid according to [20]. The
consumption of the electrolyzers is dynamically controlled
proportionally to sensed frequency deviations when they are
activated for FFS following the control structure shown in Fig.
5. The frequency controllers are tuned in terms of the available
bid and the ramp rate the injection takes place considering the
APG control block shown in Fig 3. This block determines the
available bid and the ramp rate according to the solution of the
optimization problem under the proposed formulation as
explained in Section III. The latter representation of the PEM
electrolyzers is a simple yet accurate representation for power
system stability studies as explained in [20] considering the
main parameter of interest, the ramp rate of the consumption
of the electrolyzers.
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Fig. 3. Dynamic frequency controller of PEM electrolyzers.

III. PROBLEM FORMULATION

When a system consists of multiple areas
electromagnetically decoupled via MMC-based HVDC links,
each area is characterized by its own frequency. When an
active power imbalance occurs in one of the areas, the
imbalance is reflected on the frequency of the latter area [21].
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The frequency in other areas remains constant at its nominal
value, unless the HVDC links alter their power flows with the
provision of FFS to the affected area. In the latter case, the
frequency in the supporting areas deviates from S50Hz,
according to the changes in the power flows among the areas.
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Fig. 4. Problem Formulation graphical representation.

According to this representation, in the three-area system
of interest, the proposed problem formulation (OF) aims to
minimize the graphical area among each pair of the frequency
responses of the areas participating in the frequency regulation
as it can be observed in Fig. 4. In that way, it aims to share the
active power imbalance among the areas according to their
active power reserve and inertia characteristics, and thus,
improve the frequency response of the affected area with the
minimum impact on the supporting areas. In fact, it tries to
create an artificially coupled frequency response in a
decoupled multi-area system and thus obtain the best
frequency response for the whole system by optimally
distributing the imbalance across the available reserves of
each area. Mathematically, this problem formulation can be
represented with by (1)-(7).

Minimize: OF (x)= [ [|fs (x,0)-fa (x.0)| + [f(x,0-fe(x,0[+

|fa (x,D-fc (x,0)|dt (1)

subjected to: X . S<XSXpax 2)

Where fi(x,t) is the instantaneously measured frequency in
the k-th area at t instant when the candidate x has been applied.
The optimization vector x contains two variables for each of
the FFS elements that participate in the frequency regulation.
Since three MMC-HVDC links and eleven electrolyzers have
been installed in the modified PST 16 system, 28 optimization
variables constitute X. For the HVDC links the first parameter
reflects the ramp rate of the active power (APG) and the
second one the change in the active power flow of the
corresponding link (AP). For the PEM electrolyzers, the first
parameter reflects the bid size of the electrolyzer (Bid.) and
the second parameter the rate of change of the electrolyzer’s
consumption (APGe). The optimization vector x can be
observed in (3). Finally, each of the optimization variables is
bounded according to the technical limitations of each unit.
For the HVDC links, the new setpoint may not overcome the
rated capacity of the link in both directions [13][14] and the
ramp rate should not exceed the maximum rate the link may
handle [23]. Similarly, for the PEM electrolyzers the available
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bid may not overcome 70% of its rated capacity and the ramp
rate is considered that should not overcome 0.5pu/s as
explained in [20],[24] and [25]. The boundary condition of the
considered optimization variables can be observed in (4)-(7).
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IV. THE MEAN VARIANCE OPTIMIZATION ALGORITHM

To solve the optimization problem developed, a powerful
metaheuristic algorithm, the mean variance optimization
(MVMO) algorithm has been utilized. This algorithm has
shown great potential in solving computationally expensive
problems in power system applications [22]. The complete
MVMO flowchart can be observed in Fig.5. The MVMO
calculates initially a random initial vector within the available
research space defined by the boundary conditions considered
for each variable. Then it applies the selected parameters in
the corresponding element of the system in DPF and performs
an RMS simulation to obtain the frequency responses of
interest. The latter ones are utilized to perform the fitness
evaluation and calculate the value of the OF. The same process
is followed for a number of predefined fitness evaluations
which in this study has been considered to be equal to 100,
acting as a termination criterion of the algorithm. Throughout
these iterations, the MVMO is able to generate offspring
candidate solution vectors according to the optimization
variables of the best achieved parent solution so far and with
respect to the evolution guidelines provided by a mapping
function for each variable having as inputs statistical data such
as the mean and the variance of each optimization variable.
For this reason, the best parent solutions achieved and
statistical data for each variable are stored in an archive of a
predefined size. Finally, when the termination criterion has
been fulfilled the solution vector contains the variables that
achieved the minimum OF value and thus the best frequency
response for the system within the number of fitness
evaluations. This algorithm, operates in a normalized range
[0,1] for each variable and thus, it avoids penalties or
corrections at a later stage. Further details about the MVMO
algorithm can be found in [22].

V. SIMULATION STUDY AND NUMERICAL RESULTS

To evaluate the effectiveness of the proposed formulation
for the tuning of the frequency controllers of the HVDC links
and PEM electrolyzers, a significant commonly occurred
active power imbalance in the modified PST 16 system has
been considered. This event comprises of the loss of the
largest generating unit (SGU Ala) in the area with the lowest
inertia conditions, area A. This event takes place at the first
second of the simulation and following the disturbance all the
PEI elements installed in all the areas are triggered to provide
FFS.
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Fig. 5. The MVMO algorithm process.

In case no FFS is provided by any PEI element, the SGUs
in the affected area are the only elements that can shoulder the
frequency control. In this scenario, the frequency in area A
drops rapidly at a rate equal to -0.51Hz/s to 48.8Hz and then
starts to recover before finally stabilizing after almost 15s at
49.55Hz. The frequency in areas B,C remains unaffected as
the HVDC links isolate the affected area from the rest of the
system and no modifications are applied to their power flows.
The latter response can be observed in Fig. 6 in dashed line.
As it is clear, the frequency response in the affected area

violates the acceptable limits set by TSOs in [26] and thus FFS
from PEI units is required.

If now, PEI elements are activated to provide FFS, the
proposed problem formulation can be used to tune the
parameters of their controllers. After the termination criterion
has been fulfilled, the solution vector x has the form shown in
(8) and the corresponding frequency response of the system
may be observed in Fig. 6 in solid style. As it is clear, the
frequency in the affected area significantly improves when the
imbalance is shared among the available areas. The initial
RoCof shrinks to -0.30Hz/s from -0.51Hz/s, due to the rapid
response of the PEM electrolyzers in the affected area. Then,
the frequency in area A drops to 49.76Hz and stabilizes at
49.93Hz within 5s. The frequency in areas B and C drops to
49.92Hz and 49.93Hz, respectively before stabilizing at
49.93Hz and 49.94Hz, respectively. This confirms that the
goal of the proposed formulation to minimize the frequency
drop in the affected with the minimum impact on the
supporting areas can be achieved if proper tuning is
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performed. In that way, the formulation tries to create similar
frequency responses for all the interconnected areas utilizing
the available reserves and thus achieves frequency responses
within the acceptable operating limits set by TSOs in [26].
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24.7,45.9,94.5,118,53.5] ®)
Also, it is evident from (8), that the role of the electrolyzers
is also significantly important for the FFS. In fact, PEM
electrolyzers in area A, are activated to provide rapid support
following the imbalance and arrest the initial drop before the
activation of the HVDC links. After 0.3s, the HVDC links AB
and AC alter their power flows and reduce the exports to areas
B and C to support the affected area, whereas HVDC link BC
changes its flow direction to balance the impact on areas B
and C. In that way, the formulation achieves an optimal share
among the areas according to their active power reserve and
inertia characteristics. PEM electrolyzers in areas B and C are
also activated for FFS to minimize the impact on the
supporting areas and lead to similar post disturbance
frequency responses. As a result, the formulation tries to
achieve a coupled frequency response for an
electromagnetically decoupled multi-area system.
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Fig. 7. Convergence of the Objective Function value.

Finally, considering the performance of the algorithm,

Fig.7 can be observed. As it is clear, the MVMO can
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effectively reduce the value of the proposed OF within a very
short number of iterations significantly reducing the
computational burden and achieving results of great quality in
terms of frequency response.

VI. CONCLUSIONS

In this paper, a new formulation for the optimal and
coordinative tuning of the parameters of the frequency
controllers of PEI elements with the provision of FFS in a
multi-area, multi-energy hybrid HVDC/HVAC power system
has been proposed and analyzed. This formulation aims at
creating an artificially coupled frequency response for an
electromagnetically decoupled multi-area system. In that
way, an active power imbalance can be optimally shared
across the areas according to their reserve and inertia
characteristics and achieve significantly improved frequency
response for the affected area with the minimum impact on
the supporting areas. Also, the formulation can preserve the
frequency in all areas within the acceptable limits set by
TSOs considering the RoCof, the nadir and its post
disturbance steady state deviation. The solution of the
optimization problem achieved results of high quality within
a short number of fitness evaluations when the MVMO
algorithm has been used. In future research, the same
formulation will be applied in a larger scale multi-energy
system combining different FFS sources and considering
different frequency control techniques. Moreover, different
optimization algorithms and initial solutions will be
considered to evaluate the most effective tuning strategy for
large scale multi-area multi-energy systems.
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