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Abstract—This paper presents an integration study for the re-
cent power electronic-based fast-frequency response technology,
""asynchronous grid connection'' which operates as an aggregator
for behind-the-meter resources and distributed generators. Both
technical feasibility and techno-economic viability studies are
presented. The fast-frequency response characteristics, validated
against Power Hardware-in-the-Loop experiments, are integrated
into an IEEE 9-bus system in DigSilent PowerFactory for system-
level dynamic analysis. It demonstrates that droop-based control
enhancements to local distributed generators allow their aggre-
gation to provide grid-supporting functionalities and participate
in the ancillary service markets. To this end, a long-term simu-
lation embedding the system within the ancillary service market
framework of PJM has been performed. The fast-frequency
response regulation is subsequently used to calculate the potential
revenue and project the results on a 15-year investment horizon.
Finally, the techno-economic analysis provides recommendations
for enhancements to access the full potential of distributed
generators on a technical and regulatory level.

Index Terms—Ancillary services, Asynchronous grid, Inverter-
based resources, Power system dynamics, Renewable energy
sources

I. INTRODUCTION

HE transition towards Renewable Energy Sources (RESs)
T is crucial, as the International Renewable Energy Agency
(IRENA) advocates for a 91% share in electricity generation
by 2050 [1], [2]. This shift presents new challenges, particu-
larly in maintaining frequency stability, historically managed
by synchronous generators [3], [4]. The replacement of fossil
fuel-based plants is not only necessary to meet the emission
targets but also economically viable, given the increasing cost
competitiveness of RESs [5]. Of the technological barriers
to realize this transition, this paper addresses the challenge
of providing reliable and efficient Fast-Frequency Response
(FFR) services [6]. Although regional system operators may
recognize this service under different market terms, rules, and
mechanisms, for ease of reference, in the remainder of this
text it is referred to as FFR. This applies when the service
is delivered within 10 seconds of an event or contingency in
order to participate in the respective service framework and
subsequently become entitled to compensation.
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In the past two decades, various technologies have emerged,
based on controllable power electronics, as tangible solu-
tions for providing such capabilities; specifically, converter-
interfaced RESs have demonstrated significant advantages [4].
Implementing FFR through RESs requires minimal control
modifications, such as embedded droop characteristics during
frequency events, though this may impact economic returns
through power output reductions. Moreover, support during
under-frequency events necessitates continuous suboptimal op-
eration of RESs, significantly affecting economic viability [7].

Among the feasible solutions for FFR services, the use of
low density, behind meter resources to support bulk power
systems is gaining popularity and the utilities continue to
implement and launch Demand Side Response (DSR) pro-
grams [8]. Promising control strategies in the field utilize the
control margins of refrigerator fleets, selectively disconnect
household appliances during emergencies, or exploit load sen-
sitivities for adaptive power set point changes [9]-[11]. This
requires a well-developed infrastructure for direct integration
into a hierarchical control structure, or a sufficiently accurate
network model for indirect control purposes [12]-[15]. More-
over, while the use of Vehicle-to-Grid offers additional storage
capacity, it is at risk of low acceptance by the end user due to
accelerated battery degradation [7]. A significant impediment
to the extensive adoption of DSR is that a large number of
devices must cooperate to provide a sufficient magnitude of
power and allow participation in ancillary markets.

While Virtual Power Plants (VPPs) offer promising op-
portunities for distributed resource cooperation and subse-
quent participation in energy markets [16]-[18], several chal-
lenges remain. For extended time horizons, decision tree-aided
load regulation successfully mitigates potential over-frequency
events [19]. Recent attempts to aggregate a diverse set of
participating units into simplified generic models have reduced
the impact of varying latencies for frequency contingency ser-
vices [20]. Nevertheless, communication constraints continue
to pose challenges for VPPs in FFR applications, requiring
low latency (<500ms) while executing complex control al-
gorithms that include non-transparent black-box models and
robust optimization [21]. This is precisely where the recently
developed concept of the power electronic-based system called
Asynchronous Grid (ASG) can improve latencies and reduce
complexity by acting as a physical aggregator of distributed
resources [22]. Effectively exploiting existing Distributed Gen-
eration (DG) units based on their local control objectives
and responses without the need for additional communication
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Fig. 1: Conceptual visualization for the asynchronous grid
introduction.

infrastructure. Staying in the power plant analogy, the ASG
essentially operates an aggregated power plant, instead of a
virtual power plant. A schematic illustration of this concept
is presented in Fig. 1 and explained as follows. In this
technology, an asynchronous grid connection is established
by the AC/AC block in the center of the figure, representing
any power electronic system capable of that type of connec-
tion, e.g., Three-Stage Solid-State Transformer, AC-AC Direct
Matrix Converter or a Back-to-Back Converter in series with
a Line-frequency Transformer (LFT). Recent research has
shown that the idea of creating an asynchronous cluster within
a grid is technically feasible, as validated by experimental
Power Hardware-in-the-Loop (PHIL) testing [22], [23]. De-
tailed information on design parameters and power electronics
associated with this technology are available in a previous
study where a prototype was tested and validated [22].

This paper integrates a Solid-State Transformer (SST)-like
system as FFR-enhancing device within a power system and
studies its system-level impacts using computer simulation.
First, a system-level representation of the technology is de-
veloped using experimental measurements from PHIL tests.
Then, the obtained model is integrated into an IEEE 9-bus
system to conduct dynamic performance analysis in DigSilent
PowerFactory [24] . This analysis offers a proof of concept
for the adoption of this new technology and focuses on the
assessment of the ASG’s impact on power system dynamic
performance. To achieve this, the behavior of the system
with the FFRs-enhanced technology is then compared with
that of the base case, which is simply the case without the
ASG, and the results indicate an improvement in the system’s
dynamic performance, proportional to the capacity of the
employed ASG. Subsequently, the economic implications of
such concepts are examined and how they can participate in
the energy markets. To this end, the financial value of the
FFR service is evaluated, based on a specific market tariff and
operational limits discovered during the technical assessment.
For the market analysis, minor enhancements to the local

control of DG units are proposed that allow their aggregation
by deploying an ASG within the Eastern Interconnection/PJM.
It is recognized that this enhancement introduces the mix of
a North American tariff with a European connection rule for
low voltage (LV) generators, and that these provisions have
been designed according to the specific needs of their region.
However, this amalgamation allows for the demonstration of
how a different approach to FFR tariffs or the enhancement
of connection rules for DG units could yield increased FFR
capabilities on both sides of the Atlantic, which is precisely
one of the objectives of this study. Finally, the market analysis
is used to form recommendations on the market environment
and policy.

The contributions of this paper are threefold, and they are
put forth as follows.

1) This paper evaluates the dynamic performance enhance-
ments of ASG systems for FFR, quantifying their contri-
bution to power system stability and support.

2) It develops a techno-economic analysis of ASG systems
for FFR, building a business case by quantifying the value
proposition and the revenue potential.

3) It provides a critical perspective on market structure
and incentives for DG, focusing on SST and regulatory
considerations to hedge investment risk.

In addition to the FFR service provision explored in this
study, the physical, asynchronous aggregation, and clustering
of the power system sections can yield advantages such
as: intentional islanding; enabling autonomous downstream
grid operation; upstream grid support, e.g., reactive power
compensation and limiting fault and disturbance propagation.

The remainder of this paper is organized as follows. Sec-
tion II presents a detailed explanation of the model devel-
opment of the ASG system. Section III evaluates the impacts
of this technology on the power system dynamic performance.
Section IV develops a comprehensive analysis of the economic
implications of the proposed technology. Section V presents
a critical opinion about market incentives and regulations that
could help mitigate investment risk. Section VI concludes and
closes the paper.

II. ASYNCHRONOUS GRID RESPONSE MODELING

The recently developed asynchronous grid connection tech-
nology [22] utilizes two Back-to-Back connected low-voltage
converters in series with a conventional LFT. This configura-
tion ensures sufficient power supply to a downstream grid, as
shown in Fig. 1. PHIL testing of the prototype, successfully
demonstrated the control of the active power flow at device
level around its original operating point. This control of active
power flow allowed the support of the upstream grid during
frequency contingency events.

The active power flow control concept is based on a form of
DSR that is mandatory for all converter-interfaced generation
units newly deployed within the German power system due to
the standards VDE-AR-N 4110 and 4105 for medium voltage
(MV) and LV respectively [25], [26]. The standard requires
the implementation of a droop characteristic, essentially cre-
ating an active power-to-frequency sensitivity, defined as the
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Fig. 2: ASG model, including controller and converter average model, implemented within an RMS simulation in DigSilent

Power Factory.

variation of active power with respect to a frequency change,
as follows:
_ AP/Py

- Af/fo

where K¢ is the sensitivity of the units’ active power to
frequency, f is the frequency, P is the active power, fj is the
nominal frequency, and P, is the rated active power. Following
the above-mentioned German standards, if the frequency of a
LV grid is outside of a [49.8, 50.2] Hz deadband, the active
power of a generation unit must follow the frequency with
a sensitivity of K,r = —20 for the generation units and
Kyt = —20 (resp. Ky = 50) for an energy storage unit
for over-frequency (resp. under-frequency). The asynchronous
grid connection then utilizes the flexibility to adjust the
downstream frequency (fiy) within the boundaries of the grid
code and therefore enforces an active power response from the
downstream units. Using this mechanism, the active power
flow can be controlled around the current operating point
which is an effective lever for the provision of a fast-frequency
response service.

For the following system integration analysis, an abstracted
model of the ASG technology was developed that captures
its non-linear properties and matches the behavior observed
in PHIL testing. Focusing on FFR applications, the model
represents active power behavior and control processes over
several seconds while omitting less significant dynamics. The
mathematical model development is detailed below and vali-
dated against experimental data to ensure accuracy.

Ky (1)

A. Mathematical Model

A reduced-order representation of the control system that
operates the proposed ASG technology is visualized by the
block diagram shown in Fig. 2. The governing principles
of this control system and their mathematical models are
explained throughout this subsection.

A set of equations can adequately describe the ASG model
as follows:

K;
Ggoy(S) é PgOv = (f]fV —_ fLV) <Kpgov + gov) (2)
1

Gprop(s) = Py = E “Afmy + Pgov 3)

1 1
Gvsm L= — P, —Pmea——A 4
am(8) S w oT, < it D, w) 4

subject to:

—Piim < Pir < P @)

In Eq. (2), Ggov(s) represents the transfer function of the
governor, which is a PI controller with the proportional gain
of Kpgov and the integral gain of Kigoy. Its goal is to steer
the frequency of the downstream LV grid (A fiv) back to its
nominal value by adjusting the active power set point (FPyoy).
The active power set point Py, is subsequently altered in
Eq. (2), by a feed-forward summation of the amplified MV
frequency deviation (A fyv) as in Eq. (3), where R is the droop
coefficient used to amplify that deviation. The downstream LV
grid-forming controller uses a Virtual Synchronous Machine
(VSM) to regulate the phase angle of the supplied voltage.
Multiple factors influenced the choice of the controller. Among
others the ability to operate in grid-forming mode as well
as grid-following and the flexibility to regain the nominal
frequency value in a quick and smooth manner, lead to a
combination of VSM and PI governor controller. The transfer
function of the VSM Eq. (4), is based on a first-order swing
equation proposed by Sakimoto et al. in 2011 [27]. It consists
of the damping coefficient D, and has a time constant T; that
represents the virtual moment of inertia. The input variables
are the measured electric active power Py, and the enhanced
active power set point Py, with the goal of adjusting the fre-
quency set point w* to achieve the desired active power flow.
The active power set point is subject to the limitation expressed
in Eq. (5). This is needed to ensure the LV frequency set point
w* stays within the LV distribution grid code boundaries, 47.5-
51.5Hz [28].

The reaction of the active LV distribution grid to the fre-
quency set point w* is based on a simple droop characteristic
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Fig. 3: Back-to-Back Converter in the double PHIL test bed.

with coefficient Kp¢(cv), shown in Eq. (6). This factor is subject
to the composition of load/generation in the LV distribution
grid at that specific time, defined by «, where a € [0,1],
representing 0-100% of power absorbed/injected by active
units obeying the German grid codes mentioned previously.

w - Kpe(a), if [Aw| > 200mHz
0 otherwise

Gy £ Pascliag) = { (6)
subject to:
0<a<i1 (7

The different control processes described above are high-
lighted by colors in the block diagram shown in Fig. 2. The
ASG controller with the governor, frequency propagation, and
swing equation (Egs. (2) to (4)) is located in the blue box. In
the green shaded box, the calculation of the power response
of the LV distribution grid droop characteristic (Eq. (6)) takes
place. The LV-side calculation is followed by the set point
feed-through to the electrical representation of the ASG and
its connection to the power system in the yellow box. The
transfer functions in Fig. 2 represent a grid-forming converter
model based on a PI governor and a VSM, with the addition of
a power set point adaptation based on the upstream frequency.
This adaptation leads to the active power adjustment of LV
DG, which is injected/absorbed by the current source in the
yellow box.

As depicted in the yellow box, the upstream converter of the
ASG functions as a current source due to its grid-following
operation with supporting features. Calculated currents are
interfaced with the interconnection point to the grid. Since
active power control forms the foundation for FFR, the devel-
oped model emulates the active power of the LV distribution
network interfaced by an asynchronous grid connection.

B. Model Validation - Power Hardware-in-the-Loop Testing

To ensure accuracy of the derived model, it was vali-
dated against the experimental data collected in a previous
study [22]. The validation test case is based on a PHIL
experiment, testing the ability of an ASG system to adjust
the downstream active power set point using the frequency of
voltage vry. A single line diagram of the setup is illustrated
in Fig. 3, where the back-to-back converter is shown in the
center, connected to two power amplifiers, representing the
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Fig. 4: The green line in a) shows the low-voltage frequency
of the developed model, while the blue line represents ex-
perimental benchmark acquired in the PHIL experiment. As
a result of the frequency the active power flow adaptation is
illustrated in b), using the same color code.

medium and low voltage power systems, respectively. The
amplifiers are controlled by a central Real-time Simulator
executing both a single machine MV power system model
and the LV distribution grid model, using a 24 us time step.
In Fig. 3, the MV power system is represented as a voltage
source (vypy), while the primary (left) side of the ASG directly
connected to the medium voltage side is acting as a grid-
following active front-end converter, which can be model as
a current source (analog to the yellow section in Fig. 2).
This current source behavior is responsible for supplying
the secondary side LV converter with sufficient power. The
secondary side converter is thus operating as grid-forming
node. It is supplying the LV distribution grid with the needed
power and can be modeled as a voltage source connected to the
emulated LV grid represented by a current source (iry). The
parameters used for this validation are based on the parameters
used in a previous hardware-related study. The Root-Means-
Square (RMS) deviation is used as the metric to quantify
the precision of the analytical model and the data from the
PHIL tests. The model fitting was conducted by minimizing
the following objective function:

n

S G lt) — pan(top))? ®)

i=1

RMSD =

Here, yexp(ti) represents the experimental data at time ¢;,
Ysim (ti, P) represents the simulated data at time ¢; given the
parameter vector p, and n is the number of data points within
the specified time window. The final parameters used are given
in the appendix in Table IV.
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Fig. 5: Single-line diagram of the IEEE 9-bus system [24],
[29].

The test event is triggered by a frequency disturbance on the
MV side of the connection (fyry), which causes the system to
initiate the FFR. fiy in Fig. 4a, represents the reaction of the
downstream frequency of the developed model in green, and
the actual PHIL result in blue. The RMS deviation between
the model and experimental results yields a 0.027 % mean
deviation during the frequency disturbance, which is small,
thus, acceptable. Fig. 4b, illustrates the resulting adjustment
of the active power flow due to the altered set point of the
frequency fry. The RMS deviation between the active power
curves yields a 0.5 % mean deviation, which is also small and
acceptable. These results validate the mathematical model with
sufficient accuracy to represent the proposed FFR response in
system-level integration studies, which will be the subject of
investigation in the subsequent section.

ITII. SYSTEM INTEGRATION AND DYNAMIC ANALYSIS

This section seeks to understand the fast-frequency response
capability that an asynchronous grid connection can offer and
its impact on the dynamic performance and system stability
when integrated within a power system. The dynamic perfor-
mance analysis was conducted using the modified IEEE 9-bus
benchmark power system [24], [29].

A. Computer Simulation Procedure

Implementation in DigSilent Power Factory began with ini-
tial parameter validation of the ASG. A Static Generator block
implements the response algorithm, acting as a controllable
power source capable of injecting or absorbing active power
calculated by the ASG control structure shown in Fig. 2.
Through an automated Python interface, the combined IEEE
9-bus system and ASG model enables iterative parameter
changes and comparative analysis across different cases. Fig. 5

— 0MW —2 MW 5 MW —10MW|

59.754
604 [
59.745
59.9] .74 | }
= 508 15 20 25}
59.7- T T T T T T T 3

0 5 10 15 20 25 30 35
(@)
Py 2 1 1 1 1 1 1 1
=
=
g
St i
[a W)
[
=
g 0 S ; ;
0 5 0 15 20 25 30 35
time (s)
(b)

Fig. 6: Plot of the system frequency at bus 6 in a) for a
frequency response of the ASG for different power ratings
of the ASG, the respective active power flow shown in b).

illustrates the single-line diagram of the 9-bus system, includ-
ing the ASG and the load step used as a frequency disturbance
trigger. The detailed parameters are provided in tabular form in
the Appendix in Table VI. The controllable power source/sink
block representing the ASG responds to system frequency
dynamics by injecting or absorbing power at bus 5 (the load
bus between generator 1 and generator 2). Bus 5 was chosen
arbitrarily after a preliminary assessment revealed that the
ASG location in this system was not a determining factor for
its impact on the system’s frequency response.

The analysis involved four distinct scenarios: a base case
without an ASG system, and three configurations with ASG
systems rated at 2 MW, SMW, and 10 MW respectively. Each
scenario faced disturbance through a +5 % load change at Bus
6, equivalent to 4.5 MW additional load power (red shaded step
block in Fig. 5). While this creates a relatively large frequency
deviation exceeding 250 mHz, it effectively demonstrates the
proposed concept’s capabilities.

The resulting time series of the frequency at each bus
is subsequently transferred to MATLAB using the Python
library MATLAB Engine. For time-domain analysis and the
subsequent economic evaluation, MATLAB and Python serve
as the main tools.

B. Time-Domain Analysis

Upon system disturbance, the frequency drops due to a
mismatch between generation and consumption. As shown
in Fig. 6, the resulting frequency responses vary with differ-
ent levels of ASG participation, with the baseline behavior
(without ASG) shown in blue. Baseline measurements record
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TABLE I: Comparative performance of different cases
equipped with ASG with respect to the base case - the
measurements are from bus 6.

Pasa ‘ Atnapir % to Base ‘ RoCoF % to Base ‘ AE (kWh)
Base | 16.44s 0.00 5.2 x10~2 0.0 0.00
2MW | 19.20s +15.78 | 5.0 x10~2 -5.7 1.95
21.60s +31.38 | 4.6 x10~2 -12.5 10.99
I0MW | 24.78s +50.70 | 4.2 x10~2 -20.4 38.15

the frequency nadir at 16.44 s, while the ASG implementation
delays this occurrence. Systems equipped with 2 MW, 5 MW,
and 10MW ASG reach the nadir at 19.20s, 21.60s, and
24.78 s respectively. Additionally, nadir frequency values im-
prove from 59.736 Hz (baseline) to 59.738 Hz, 59.740 Hz, and
59.742 Hz with increasing ASG ratings. As evident here, and
as the core functionality of the ASG suggests, its introduction
aids the frequency response in the form of a delayed nadir
time and marginally less frequency deviation (that is lower
nadir). In addition, the Rate of Change of Frequency (RoCoF)
is significantly reduced by 5.7 %, 12.5% and 20.4 %. This
frequency response support is safely attributed to the additional
active power provided by the ASG, as it is the only parameter
that distinguishes these cases. For a more convenient depiction
of this effect, the nadir section is magnified in the top right
of Fig. 6.

For comparative purposes, the response from the three cases
with ASG with respect to the base case was quantified using
the time it takes for the frequency to reach its nadir in seconds,
AtnapIr, and its percentage change (%.) In addition, the
amount of energy injected by ASG, AE was included. Which
is the integral value of active power injection AP, illustrated
in Fig. 6b and highlighting AE as the shaded area below each
line. The quantitative results are shown in Table I. Comparing
the time from the start of the disturbance until the nadir is
reached shows that a 2 MW support system would increase
the time by 15 %, with the possibility of nearly 50 % for a
10 MW support system.

C. Modal Analysis

Looking at the time-domain traces, one could reasonably
argue that all cases studied have similar frequency trajectories.
Herein lies the motivation for modal analysis to learn how this
technology may alter dynamical modes that are excited during
the frequency response as the focal point of the analysis.
To this end, Prony’s analysis is applied to the time-domain
frequency signals recorded in the simulation [30]. Prony’s
method is a data-driven technique for studying dynamical
systems because of its ability to estimate eigenvalues of a
nonlinear system that emerge from small-signal disturbances
by using a measured data sequence to fit a linear combination
of complex exponential terms with damping in form of [31]:

N

ft) = Z A;eiteos(wit + @) )

i=1
where N is the number of terms and A; is the amplitude,
o; is the damping factor, w; is the frequency, and ¢; is the

phase of ith term, representing the eigenvalue in the form of
)\i =0; + + le

In this analysis, the two-term solution was sought; yielding
a pair of complex conjugate roots, given that the frequency
response of generators in a power system around its fundamen-
tal frequency resembles the response of second-order harmonic
oscillators [4]. The outcome of the modal estimation regarding
the frequency response for differing levels of support from the
ASG are shown in Table II.

TABLE II: Dominant modes of the frequency response.

Pasa A12 f ¢
Base -0.174 £ 5 0.184 0.029  68.61
2MW  -0.178 &+ 7 0.162 0.026  74.01
-0.182 + 5 0.145  0.023  78.31
I0MW  -0.186 £ 7 0.127 0.020 82.55

The results yield a negative root for the oscillatory modes,
which was expected for time-domain signals being all stable,
in all cases considered. They show that the frequency of
excited modes, denoted by f, becomes smaller proportional
to the increase in contribution from the ASG. This frequency
is computed as f; = (27) 'w;. The lower this frequency, the
less oscillatory the response; therefore, the more desired. The
higher contribution from the ASG technology also appears to
increase the damping ratio of oscillatory modes, . The damp-
ing ratio is a dimensionless metric that relates to the decay of
system oscillations following a transient. It is computed as
G = % x 100 and ranges between 0 and 100; the higher

ai2+wi

the damping ratio, the better the dissipation of transients.
This suggests that the additional fast power injection by the
ASG technology helps eigenvalues migrate further away from
the imaginary axis and simultaneously move closer to the
real axis. The injection provides an additional damping-like
support without changes to inertial momentum in the system.
This observation is corroborated by the analysis shown in [4]
for the signature characteristics of increased damping in the
system.

The time-domain results and eigenvalue analysis collec-
tively established that the use of the ASG technology can
offer a positive contribution by improving frequency nadir
and ROCOF. Next, the financial viability of deploying such
technology under current market incentives, tariff structures,
and subject to performance limitations, will be explored.

I'V. EcoNOMIC EVALUATION

Having established technical feasibility, this section investi-
gates the market participation potential of the ASG technology
in frequency response services, focusing on revenue stream
identification. This analysis explores the deployment of the
ASG in North America, specifically within the Pennsylvania-
New Jersey-Maryland (PJM) market. As a Regional Trans-
mission Organization (RTO) in the Eastern Interconnection
of the United States, PIM operates an electric transmission
system across 13 states within the Eastern Interconnection
grid. This analysis proposes an enhancement to the PIM
protocols related to the DG units, following German standards,
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Fig. 7: The time series in a) shows 30 minutes of the regulation
signal RegD in blue paired with the ASG regulation for
different power ratings in green, yellow and red. b) is a
zoomed in version of the same data, highlighting the difference
between the power ratings and the impact of the deadband and
ramp rate limitation.

such that newly connected DG units are required to provide
active frequency response through droop characteristics, as
discussed in Section II and described in Eq. (6) [25], [26].

The proposed integration of PJM-style regulation markets
with German-inspired DG features would enable power elec-
tronic systems like the ASG to aggregate DG fleets physically,
offering profitable frequency response services. Most notably,
such an approach eliminates the need for additional communi-
cation infrastructure or complex control hierarchies typically
required for aggregating dispersed DG.

A. PJM Regulation Concept - RegD/A

PIM, operates a real-time ancillary service market, in which
the frequency regulation service is based on an Automatic
Generation Control (AGC) concept, sending regulation signals
to participating units, to help maintain a balanced system.
The signals for frequency regulation are divided into two
signals, RegA and RegD. RegA represents a low-pass filtered
Area Control Error (ACE) signal for traditionally slow-acting
resources. RegD is a high-pass filtered ACE signal designed for
fast response resources, e.g. SSTs or Energy Storage Systems.
In this scenario, given the fast-responding nature of the ASG,
the participation in the RegD regulation scheme is investigated.

PJM sends the signal in intervals of 2 seconds to participating
systems, with normalized values of -1 to 1. This value is not
directly applicable as an active power set point within the ASG
controls; therefore, by rescaling it as outlined in Eq. (10) a
scaled frequency set point will be generated.

(10)
Kigov) (11)

S

fivse = rescale(regD) - fry

Ggov(5) = Poov = (fLvse — fLv) (Kpgov +

In Eq. (10) the correct adjustment of the frequency set point
is ensured. This in turn provokes the respective droop control
reaction within the DG units, due to the enhanced behavior
introduced by the German standard VDE-AR-N 4105 [26].
To adjust f{,, which is in per unit and is usually set to 1,
the RegD signal is rescaled to adjust the frequency to up to &
1 Hz. For a 60 Hz system that requires a rescaling of the RegD
signal from [—1 .. 1] to [0.935 .. 1.0165] as in Eq. (10). The
governor previously described by Eq. (2), now Eq. (11), uses
the value fi,. as the new set point of the nominal frequency.

A 30-minute window of the simulation data is displayed in
Fig. 7a, the active power adjustment is only triggered after the
frequency set point is outside the 200 mHz deadband, which
translates to 20 % of the allowed + 1 Hz frequency deviation.
The influence of the deadband is illustrated in the zoomed plot,
in Fig. 7b, where the regulation signals react after the RegD
signal is outside the deadband of 20 %. Additionally, this plot
highlights that a power electronic system with a higher power
rating might be limited by the ramp rate at which it is allowed
to change its output power, thus not reaching its nominal power
before the regulation decreases its demand again. This leads
to a reduced overall regulation, with respect to the power
rating, which will subsequently impact the potential revenue,
discussed below.

B. Short-Term Revenue Forecast

PIM’s frequency response service compensation follows a
pay-for-performance model, aligned with FERC Order No.
755. Compensation depends not only on the volume of regu-
lated active power but also on signal adherence precision [32].
The performance evaluation combines actual integrated power
regulation (capability or mileage, Mge,p) With performance
score (p) to determine five-minute remuneration credits. A
publicly available PIM excel tool yielded p = 0.5, resulting
in a smaller value than the suggested default for demand
response units (p = 0.76) [33]. In addition to capability and
performance score, the mileage ratio 3 is used and defined

as:
M MRegD

B 12)

B MRegA
where the mileage (Mgegp) is the integrated movement of the
regulation control signal, as shown for RegD below:

N
MRegD = Z |RegDz - RegDi—1|

i=1

13)

here N=150 is the number of 2-second samples in the 5-
minute evaluation window. This calculation process subse-
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Fig. 8: Monthly revenue within PJM regulation from 09/23-
08/24 for three ASG power ratings.

quently yields the regulation credit (Crg) for a 5 minute
window, based on the following equations:

Creg = MRegD P ()‘C + ﬂtM : )\P)

with the Regulation Capability Clearing Price as A¢ (in
$/MW), Mgep (in MW) integrated regulation within the
time window and the Regulation Performance Clearing Price
represented by Ap (in $/AMW). Both clearing prices are
sourced from the historical data during the investigated time
period. The database is freely accessible through PIM’s open
data miner interface and provides the full 5 minute resolution
clearing prices [33], [34]. During the study period (09/23-
08/24), Ac ranged from 0 to 238.5$/MW and Ap ranged
from 0 to 2.8%/A MW, with average values of 2.2$/ MW and
0.08%/A MW respectively. In the scenario studied, an average
distributed power generation of 2, 5 and 10 MW within the
downstream grid is assumed, offering its active power through
the droop characteristic of Eq. (6). Using Eq. (14), the monthly
revenue of an ASG system indirectly controlling downstream
DG, is in the range of 4,000 - 10,000 $/ MW, as illustrated
in Fig. 8. The revenue bar chart also highlights the slightly
reduced revenue per MW, for a system with higher power
rating due to the ramp rate limitation and subsequently a worse
performance score (p), as mentioned above.

(14)

C. Long-Term Cash-Flow Forecast

The long-term financial evaluation of the new technology
begins with calculating the Net Present Value (NPV), which
serves as a primary indicator of investment profitability over
the chosen 15-year horizon. The NPV uses the future cash flow
(Cf) discounting its value back to the present day to ensure
that all future earnings and expenses are accounted for, the
calculation is based on the following formula:

— Cf()
NPV = ; Loy

where T is the total number of periods (years) and r is the
discount rate applied to the cash flows. The initial annual
revenue of ~ 80,000/ MW and the operation and maintenance
costs (com) are estimated to increase with a growth rate of 6%.

5)

The com costs are assumed to amount to an initial value of 2%
of the initial investment cost I. The growth rate is subject to
various economic factors within the global economy, which
is why a reliable prediction into the future is impossible.
The rate has therefore been chosen based on historical data
and recommendations by the Inter-American Development
Bank [35]. Naturally, the result is very sensitive to the growth
and discount rate, the reference discount rate is aligned with
the growth rate to r = 6%, which leads to a NPV for a
2MW system of 1,016,500 $/ MW over a 15-year investment
horizon, as shown in Table III. Changing r to 8%, reduces
the NPV to 995,670 $/ MW, while a much bigger increase of
r = 20% results in a NPV of 885,360 $/ MW. This leads to the
conclusion that the investment is profitable, even for very high
discount rates of up to 20%. All economic parameters for the
performed analysis are listed in tabular form in the Appendix
in Table V.

The second metric to be considered in the long-term analysis
is the Internal Rate of Return (IRR). The IRR over a range
of investment costs, as illustrated in Fig. 9a, emphasizes the
economic viability of the ASG system, as in the presented
scenario of DG aggregation in the PJIM region. Scaling the
investment cost for the ASG system in the range of 1 to 5
times the base investment cost always yields a minimum IRR
value of more than 0.13. This shows that the results are reliable
even for higher costs of production or material. Thus, even
with investment costs five times higher, an interest rate of
13% is required to make the investment more profitable than
the ASG, according to the assumptions of this study. The IRR
is determined as the rate that brings the NPV equal to zero,
instead of the previously predefined discount factor r. It is
calculated numerically by solving the following equation:

T o)

0= ——
< (1+ IRR)’

(16)

Both previously introduced metrics are based on future cash
flows, the sum of the total revenue of the simulated year
(initially ~80,000 $/ MW). To forecast the potential long-term
revenue for the next 15 years, the rather conservative revenue
growth rate of 6% is applied [35]. The yearly cash flow (Cf) is
calculated by subtracting investment cost (I) and operation and
maintenance cost (com) from the annual revenue (XCpeg(t)), as
in:

CE(t) = DCeg(t) — I() — com(t) 17)

com is estimated as a percentage of the capital investment
(2 %), increasing with the capital growth rate, and I is only
included as a negative cash flow in the first year of the project.
The resulting revenue per MW increases to up to 184,000 $
displayed in Fig. 9b, and is used to calculate the resulting cash
flow during the 15-year period. The cumulative cash flow in
Fig. 9c displays the forecast for a 15-year investment period. It
includes variations in the initial investment cost (I), shown in
dark green, green, and light green lines. These lines represent
factors of 1, 2, and 3 times the base investment cost of
137,500$%/ MVA or 137.5$/kVA. This assumes that the investor
has to buy a full B2B system in addition to a traditional LFT
if it is not already available. These capital costs are on the
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Fig. 9: The figures display the IRR for a variation of the capital
cost of a Back-to-Back Converter (B2B) + LFT by a factor
of 1 to 5 in a), the projected yearly revenue for a 15 year
horizon based on the annual revenue in b). The top legend
applies to figure a) and b) while figure c¢) has its own legend.
c¢) shows the cumulative cash flow forecast for a 2 MW system
and variations of the investment cost 1.
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conservative side, Huber and Kolar estimated the material
cost for a full SST to 52$/kVA back in 2014, where the
cost for power electronics decreases with their maturity [36].
Nonetheless, the exact cost figures are a result of confidential
discussions within industrial and academic working groups,
which is why a diverse analysis for a range of investment
costs of up to 3 times the base 135$/kVA is offered. Analysis
of the cumulative cash flow in Fig. 9c evidently shows that
the system breaks even after at least 5 years for all the shown
cases, but could break even after only 2 years.

TABLE III: IRR, NPV and Revenue for 1x Capital Cost.

Pasa IRR NPV (per MW)  Revenue 09/23-08/24 (per MW)
2MW 0.80 1,016,500 $ 81,578$

0.78 986,220 $ 79,439 %
10MW  0.75 936,090 $ 75,897$

V. DISCUSSION AND PERSPECTIVE

Globally, experts agree on the need for more renewable
energy facilities, leading to power systems with reduced
mechanical inertia and increased frequency volatility. This
shift requires enhanced transmission infrastructure to trans-
port clean energy from remote locations to demand centers
and updates to aging systems. The evolving technological
landscape presents an opportunity to adopt SST-like power
electronic systems in substations as alternatives or supplements
to traditional transformers.

This study demonstrates the technical merits of a fast-
frequency response facilitated by an aggregator based on an
SST-like power electronic system [37]. Still, there remain open
questions and investigations to be answered and performed,
including the integration of one and/or multiple ASG systems
in large and more complex power systems with high pene-
tration levels of inverter-based resources. The main section
of the study, the economic analysis, finds the ASG to be a
promising, market-competitive asset and filled a long-lasting
gap within the research landscape regarding the economic
viability of SST-like systems, also known as energy routers
or smart substations. The technical motivation for the intro-
duction of an increased number of power electronic systems to
manage the power system is extensive; one major bottleneck
for system operators or private investors has always been
the question of economic viability. Despite the fact that the
analysis suggests the financial viability of the ASG technology,
based on a combination of American and German standards
and concepts, it is expected that the changing nature of the
grid will naturally create a better financial environment and
most importantly compatible regulatory frameworks. This is
due to the likely increase of ancillary service prices within
the foreseeable future due to the expected continued trend of
reduced inertia and a possible reduction of the capital cost as
power electronics technologies continue to mature. However,
the increase in the prices of ancillary services will not be
indefinite, as the FFR capacity may grow accordingly and lead
to more competitive pricing. Nonetheless, recent developments
show that the transformation of the power system could take
a very long time (perhaps decades) to reach the worldwide
emission reduction targets. Thus, it is concluded that the time
scales in which a ASG system providing FFR breaks even are
much shorter than the general transformation time scales of the
power system. Furthermore, providing a long-term prediction
for the future trajectory and timeline of FFR markets is beyond
the scope of this work.

It is evident that the economic viability of an ASG system
necessitates a certain set of market tariffs, policies, and regu-
latory frameworks. The lack of such could act as constraints,
barring novel concepts, such as the ASG from implementation
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and commercialized use. Illustrated by the results presented in
this paper, the operation of the ASG system in the PJM market
is only financially profitable with the use of a German standard
for DG units that allows the aggregation of downstream DG
and the exploitation of their power flexibility without any
additional communication infrastructure. This concept would
not be feasible within PJM nor in Germany. On the European
side, the European Network of Transmission System Operators
for Electricity (ENTSO-E) regulatory framework for frequency
regulation does not offer a way for smaller and/or fast-acting
units to participate in any fast-frequency response service, as
PJM offers RegD. The finest granularity for a frequency re-
sponse service is the Frequency Containment Reserve (FCR),
bidding for 4-hour windows [38].

In the case of PIM, the granularity of ancillary markets
is much finer, offering 5-minute remuneration windows with
signals in a 2-second time resolution. On the American side, on
the other hand, the droop-activated regulation does not exist,
therefore, whether as an aggregator or a VPP, coordination of
behind-the-meter resources without additional communication
is hardly feasible at the moment. The aggregation process, as
required by regulations such as FERC Order No. 2222, which
could be easily and physically attained by operating DGs
within clusters of asynchronous grids, as discussed earlier, now
necessitates direct communication and interaction with behind-
the-meter resources [39]. This diminishes overall performance
due to additional delays and decreases the probability of
consumer participation if it is an opt-in situation rather than
inherently built into behind-the-meter resources. If all aspects
are accounted for communication and cloud services for data
and edge control management, the economic analysis will be
very different, in addition to concerns around cyber-security
and data privacy, which are beyond the interest of this paper,
but worth noting.

In addition to the fast-frequency response service provision
explored in this study, the physical, asynchronous aggregation,
and clustering of the power system sections can yield the
following advantages:

« Allowing intentional islanding during emergencies and
limiting the distance to which a disturbance is propagated.

o Decoupling the grid into smaller clusters and microgrids
that can be managed autonomously - with the aim, e.g.,
to reach net zero emission, net zero power import, or
enforce different grid codes.

o The asynchronously connected grid can support the up-
stream grid - frequency/voltage support [22], [40], [41].

« It can establish demand-side management exploiting volt-
age and frequency sensitive nodes to offer power flexi-
bility [11], [42], [43].

It is argued that market regulations and tariffs also play
a decisive role in the financial mechanism for cost recovery
and benefit allocation. In the current American energy mar-
ket, there are two general ways to recover asset investment
capital and network upgrade expenditures. For generation
assets, investors recover their costs through revenue in the
wholesale market. For reliability assets, e.g., transformers and
transmission lines, the investors recover their costs through

a guaranteed return rate over a period of time. However, the
cost recovery for a ASG system depends on its classification,
either as a generation asset, which participates in the ancillary
market, or as a reliability asset competing with technologies
such as transformers. A third path would be a hybrid model,
similar to that of large-scale Energy Storage Systems which
are considered Non-wire Alternativ assets. The answer to this
question and the extent to which it is allowed to recover from
each revenue path lies within the regulations and tariffs of the
energy market in which it operates.

On the flip side of revenues and profits, a question looms
about the losses and penalties. In addition to the allocation of
benefits and compensation to the asset owners and its trickle
down to individual household participants, market regulation
needs to determine how the losses and disciplinary actions
for violations are distributed. Besides the financial losses, the
liability and penalties for matters that have an adverse impact
on market operations such as defaulting on power, availability
commitment, or physical damages need to be determined.

Finally, the importance of socioeconomic aspects of cos-
tumers’ direct participation in the mechanisms that underlie
grid reliability and power market is highlighted. A careful
consideration should be given to whether it would succeed
through voluntary programs or it should become mandatory.
This concern arises from the fact that each consumer is not
only the beneficiary of the grid services itself, but also a
burden to it. Answering this question falls into the territory of
anthropology and sociology, thus, although worth pondering,
it is beyond the scope of this paper.

VI. CONCLUSION

This paper presents an integration study for the recently
developed asynchronous grid concept into power systems.
The asynchronous grid connection in this study is deployed
to physically aggregate distributed generation units, exploit-
ing their local control response to a fundamental grid fre-
quency deviation. This approach eliminates the need for using
telecommunication channels. Computer simulations demon-
strated the improved dynamic response for a power system as
a result of fast power injection by those aggregated resources.
The subsequent market analysis shows the economic viability
of investment in this technology as the projected revenue well
surpasses its capital cost of design and installation, after a
maximum of five years. Finally, the critical role of market
regulation and tariffs in the adoption of this technology, as
the modern grids evolve, is discussed.

Whilst this paper presents a proof of concept, future re-
search could evaluate parallel operation of multiple asyn-
chronous grid connections and their interaction as well as
their scalability in larger systems. In addition, a benchmark
comparison with competing technologies such as virtual power
plants or direct demand side management is needed to fur-
ther carve out the distinctive characteristics of the proposed
concept. Furthermore, studying the interactions between the
control systems of this technology and other digital controllers
in the system, including inverter-based resources, along with
their correlation to the system oscillations, particularly using
electromagnetic transient (EMT) models would be interesting.
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APPENDIX

TABLE IV: Parameters - AG Support Model.

Parameter Value
Frequency Propagation R 0.02
Load composition « 1
Proportional Gain Governor  Kpgov 421
Integral Gain Governor Kigov 1287
VSM time constant Ty 3.4
VSM Damping Dy 6.6
f ~ P Droop Kpr 0.4

TABLE V: Parameters - Economic Analysis.

Parameter Symbol Value
Performance Score 0.5
Revenue Growth Rate [35] 6 %
O&M Cost (Initial) CoM 2% of 1
O&M Growth Rate 6%
Discount Rate [35] r 6 %
Investment Horizon T 15 years
Base Investment Cost I 137.5 $/kVA

TABLE VI: Parameters - 9-Bus Power System Model.

Bus P (MW) Q(MW) Line R(pu X (pu) Bus Type
1 14 0.058 Gen
2 170 5 2-7 0.063 Gen
3 80 -10 3-9 0.057 Gen
4 45 002 0920
5 -120 -50 46 002 0920 Load
6 -100 -40 69 004  0.170 Load
7 57 0035  0.161
8 -110 30 7-8 008 0072 Load
9 89 0012  0.101
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