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Abstract—The increasing introduction of power electronics
into electric power systems requires more effort to maintain
the stability, reliability, and security of grids. Among these,
the frequency stability is worsened by the displacement of
conventional generators. Demand response has been considered
as an alternative to ensure grid stability. The present work
proposes a combined frequency control for railway systems to
support grid ancillary services without risking the circulation
of trains and the comfort of passengers. In contrast to current
demand response algorithms, it provides primary and secondary
frequency control, and virtual inertia. In addition, due to
the rising dynamics complexity in grids, this work presents a
performance-based methodology to assess the interaction among
frequency controllers without needing detailed models. Simula-
tion and experimental case studies are presented to exemplify
and validate the proposed method. The results demonstrate the
effectiveness of the methodology in allowing a fast and low-
complexity assessment. In addition, the benefits of the proposed
control are demonstrated by several performance metrics. The
coherence between simulation and experimental results validates
the reliability and implementability of the proposed method in a
real microgrid.

Index Terms—Frequency control, Thermal inertia, Railway,
Demand response, Hardware-in-the-Loop.

I. INTRODUCTION

HE interest in using renewable energy resources for elec-

trical power generation has increased in recent decades.
The successful integration of renewable energy sources into
electrical grids involves overcoming a variety of challenges,
including political, technical, and social obstacles [1]].
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A. The Big Picture

In terms of technical challenges, grids with high penetration
of intermittent resources and power electronics converters
present different characteristics from traditional ones. The
converter controls mostly determine the dynamics under faults,
during transients, and in the steady state. These dynamics
are characterized by multiple and diverse time constants. The
power of the primary power source is practically decoupled
from the electromagnetic power of the grid, thus leading to a
null inertial response. In general, electric generators connected
to the grid through power electronic converters present a
dynamic behavior different from conventional generators. As
expected, these distinctions influence stability problems [2].

Angle stability is affected by the change in power flows,
the displacement of large synchronous generators, and the
location of the new converter-interfaced generation. Voltage
stability can be affected in the short and long terms due to
converters’ fast-acting and power limits. Frequency stability is
mainly affected by the decrease in inertia. Converter-interfaced
generation does not intrinsically provide inertia and primary
frequency control. Furthermore, some economic aspects of
renewable-based generation restrict the possibility of power
curtailment. Thus, frequency control in low-inertia grids faces
new difficulties, driven by the extent of the frequency devia-
tions, the increase in the rate of change of frequency (ROCOF),
and the reduction of inertia, leading to a more oscillatory
behavior in the grid [3]. However, it has been widely demon-
strated that, with adequate controllers, converters can provide
frequency control [4].

B. Related work

Extensive research has been conducted on frequency con-
trol strategies. For example, a good review can be found
in [3], where the strategies are classified into three cate-
gories: generation-based, transmission-based, and load-based.
The first category includes classical trends for conventional
generators and current trends for photovoltaics (PV) and wind
generators. Most studies have focused on deloading, power
curtailment, DC-link capacitors, delta power, and inertia em-
ulation. The second category includes the use of inducverters
and virtual synchronous generators (VSG), energy storage
systems (pumped hydro, supercapacitor, flywheel, battery, and
compressed air, among others), and dynamic thermal rating.
The last category includes load modulation, energy storage
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systems, and under-frequency load shedding (UFLS). How-
ever, in the literature, it is evident that there are few studies
on frequency control demand response approaches.

Several authors have studied how loads can operate smartly
to provide virtual inertia [S]-[7]. The authors of [5]] highlighted
the feasible contribution of inertia from DC links and energy
storage systems. In [6] and [7]], the authors proposed loads
that can actively change their consumption depending on
the voltage values to mitigate fluctuations in the AC and/or
DC grids. Electric vehicles have also been considered for
providing frequency control. The authors of [8] used the
power hardware-in-the-loop (PHIL) technique to demonstrate
how to reduce frequency deviations in a microgrid employing
decentralized coordinated control of the state of charge and
the scheduling. In [9], the authors proposed a robust mixed
controller for making electric vehicles contribute effectively
to load frequency control under different scenarios and high
uncertainty, thus partially relieving conventional generation
from this task. The authors of [[I0] proposed a new design
for providing frequency and voltage control to the public
grid from electric vehicles. The proposed method presents
low computational cost and low-complexity modeling and is
experimentally validated using the PHIL technique.

Recently, railway systems have been considered potentially
relevant grid elements that can provide benefits to the public
grid. Apart from many studies focusing on the railway elec-
trification system as an energy hub (distributed and renewable
generation, energy storage systems, and connections to the
grid, among others) [11]], railways can also be considered
as adjustable loads. In [12] authors proposed the use of the
thermal inertia of trains to provide primary frequency control
through heating, ventilation, and air conditioning (HVAC)
systems onboard trains. The authors of [[13]] also proposed the
use of HVAC systems including the provision of virtual inertia.
In [14]] authors oriented the foundations established in [[12] to
relieve renewable generation from frequency control tasks. The
authors of [15] studied possible combinations of primary and
supplementary frequency controls using a low-computational-
cost tuning methodology. Previous studies investigated the
use of onboard HVAC systems to provide different frequency
controls. However, as noted in the literature review, most stud-
ies on frequency control-based demand response approaches
do not consider providing combinations of more than two
frequency controls. Thus, no insights into the interactions
between the control schemes and tuning have been provided.

The present work intends to fill this gap when more than
two frequency control strategies from loads are combined
and the study of the interactions among demand response
frequency controllers is needed. For this, on the one hand,
a new frequency control scheme for allowing railway systems
to support grid frequency is introduced. It comprises a combi-
nation of primary and supplementary frequency controls with
virtual inertia. On the other hand, a frequency performance-
based assessment methodology is proposed. This allows the
study of the impact of each frequency control scheme on the
grid frequency behavior. Although both the frequency control
scheme and methodology are introduced in a railway-based
framework, it is worth mentioning that they can be applied to

different types of consumptions and control algorithms.

In addition, the PHIL technique was used to test the
implementation of frequency controls. Real noise, delays, and
non-linear characteristics must be addressed by the proposal.
Its performance in a real environment is built up with real
electrical machines, loads, converters, controls, and connec-
tions. Additionally, it corroborates the coherence of the results
provided by the computational application of the proposed
methodology.

The remainder of this paper is structured as follows. Sec-
tion [[I| describes the scope, composition, and purpose of the
methodology. It includes methods for modeling power systems
(Section [[I-A); railways, including the proposed frequency
control scheme, (Section ; and controller interaction stud-
ies (Section [[I-C). Section [II] presents a case study using
real training data. This includes a computational simulation
(Section [III-A)) and an experiment in a real microgrid (Sec-
tion [II[-B). Finally, Section [[V] summarizes the contributions,
findings, challenges, and future work.

II. METHOD

A controller interaction assessment requires the description
of system dynamics, power systems, and railways, and an
exhaustive analysis of their couplings. This requires a high
computational effort and sufficient background on the oper-
ation of both systems. However, an intermediate complexity
level, focused on the performance of the variables of interest,
can be suitable for achieving realistic behaviors.

Toward this goal, in this paper, we propose a methodol-
ogy that includes: the modeling of systems (i.e., controllers,
devices, etc.); the selection of objective functions, relevant
parameters, and operation ranges; and the use of mathematical
and/or statistical procedures to assess the performance of
objective functions. A more detailed model may be appropriate
depending on the scope of the study.

A. Power system modeling

As seen in the literature review of Section many studies
have focused on frequency control using low-frequency control
schemes to simplify modeling and accelerate the analysis of
frequency behavior. A model based on Kirchhoff’s laws is
proposed for implementation in real grids [16]]. This allows for
the interaction of voltages and currents as well as the effect
of more detailed dynamics.

The foundation for modeling the most common power
system elements (e.g., lines, transformers, FACTS, electrical
drives, and loads) is well described in [16]]. Some previous
studies, such as [11]], also require the modeling of distribution
lines due to their scope. Although almost every power system
component may influence the frequency performance, it is
proposed to focus on standard synchronous generators (SGs)
because they mainly define the frequency behavior.

One of the models presented in [[17] for stability analysis
is considered. This model comprises the dynamics of stator,
rotor, and damper windings. Mechanical power and field
voltage are required as inputs. The voltage vector in the rotor
reference frame can be obtained from @ in per unit, where
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s is the Laplace operator. [Vgg] vector includes the stator,
field, and damper winding voltages along dg axis. [R] is a
diagonal matrix of the resistance of the windings in dq axis.
[i] is the current vector. [L] is the matrix of the self and
mutual inductances in dg axis. [W] is the rotor speed matrix,
where all the elements are zero except W(1,2) = w, and
W(2,1) = —w,. It is worth mentioning that depending on
the rotor type (salient-pole or round), the size of matrices can
change. Equation (2)) shows the rotor speed (w;.) calculation in
per unit, where H is the SG inertia coefficient in seconds. T,
denotes the mechanical torque generated by the prime mover.
T, is the electromagnetic torque. F). represents the friction
coefficients.

Vsa(s)] = [Rl[i(s)] + s ([L[i(s)]) + W (s)]([L][i(s)]) (1)
— Te(S) —

Tm(s)
1
* 2Hs

2Hs + Ty, (s) — Te(s) 2)
2Hs + F,

wy(s)

The mechanical torque variations, AP,,, can be modeled
based on the prime mover dynamics. Equation (3), in per
unit, groups several simplified models of the most common
prime movers used in [[16]], [18]. The variation in the gate
(valve or injector) opening is denoted by AOp. There, 7 is
the time constant, and F' is the power fraction. The subscripts
wa, hp, rh, ch, v, f, cd, and c refer to the water flow
path in the hydraulic turbines; high-pressure, re-heater, and
main inlet volume in steam turbines; valve, fuel supply, and
compressor discharge in gas turbines; and combustion in diesel
engines; respectively. The governing system of each generation
technology can also be found in [[16], [18]], [19].

ﬁ ,hydro turbine
14 FpTrns .
APy ) GFrns)(Tbrms) , steam turbine 3
AOp ! , gas turbine

(A1+71y8)(1+7¢s)(1+Tcas)
e Tes

,diesel engine
To achieve stabilized SG operation, an excitation system and
a power system stabilizer (PSS) are also required. Depend-
ing on the SG topology, there are several excitation system
possibilities [20]. PSS topologies are also presented in [20].
However, a generic PSS model @), in per unit, may be suitable
for most frequency control studies. Vpgg is the output signal
of the PSS, which is added to the voltage reference of the
excitation system. The first quotient includes the rotor speed
deviation (Aw,.), overall gain (kpgg), low-pass (Ip) filter, and
high-pass (hp) filter. The second quotient includes two lead-
lag filters. The time constants of the first filter, 7,1 and 7,2,
are much smaller than the ones of the second filter, 7,; and
Tb2-
Aw,(s)kpss Thps (1 + T418)(1 + T15)
Vpss(s) =
(14 71ps) (1 + 7hps) (1 4 Ta28)(1 + Tvas)

“4)

B. Railway system modeling

The authors of [21] broadly describe the topology of the
most relevant railway systems worldwide. Based on the desired

railway system for modeling, many considerations must be
taken into account. Because of the scope of the present work
and previous railway studies on frequency control, a DC
railway system model is preferred. It is worth mentioning
that, in addition to the railway and frequency control topology
under study, the electrical coupling with the power system is
approximately the same if an AC railway is modeled (except
for the rectifiers, that are not needed).

1) Electrical modeling: DC railway system electrical mod-
els have been extensively implemented over time [22]]. Re-
cently, they were tested using the PHIL technique, thus
validating many proposed models [23]. Electrical modeling
can be divided into two parts: electrification system and
trains. On the one hand, the first is mainly composed of the
connection to the grid, a step-down transformer (three- or
single-phase, depending on topology), an uncontrolled rectifier
(six or twelve pulses, commonly), and the catenary (including
feeders, contact line, rails, etc.). For frequency control studies,
it is feasible to neglect high-frequency phenomena that require
more details on the conductors, semiconductors, and magnetic
core models. Therefore, the traditional models of power elec-
tronics [24], conductors, and electrical machines can be used.

On the other hand, trains can be described in detail as
required, as noted in the literature [11]], [23]], [25]. However,
a lumped model (3)), in SI units, is typically used to obtain
the instantaneous power requirements. Here, P, t.qin 1S the
electrical power of a single train. The first addend represents
the consumption due to circulation. Fi..s is the total resistance
force (bearing drag, friction, track deformation, aerodynamics,
slopes, tunnels, and curvature [11]]). m a is the product of the
mass and acceleration of the train. v is the train speed. 74,
is the power conversion efficiency, and ~ is an auxiliary term
used to differentiate the power flow from traction (y = 1) to
braking (y = —1) operations. P; is the j** out of n auxiliary
consumptions. Finally, Pgy 4c, represents the electric power
consumption of the HVAC systems.

Fres +ma)v -
((771)’Y)+ij+PHVAC (5
glo

j=1

PeAtrain =

For multi-train operation modeling, the approaches in [23]
and [25] can be applied. Each train power is calculated
individually, as in (3)), and is set as the setpoint of the current
source. By means of power flow algorithms, the aggregation
of all consumptions in the railway system as seen by the grid
(Prailway) 1s obtained.

To provide grid frequency control, it is not necessary
to simultaneously calculate the power system dynamics and
electric consumption of trains due to motions. This is because
the power of HVAC systems has been considered to provide
frequency control [[12]-[15], and the motions and any other
consumption will not present relevant changes over time due to
power system performance. Therefore, the approach proposed
in [[11] can be implemented. Thus, the power profile of the
railway system can be calculated separately and coupled with
the power system model in a single system experiment. Finally,
by the quotient between the per-phase power (Prqiiway/3)
and the phase to neutral RMS voltage at the public grid
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node (Vyo4e), @ classical current injection model, I(t) =
(Praitway(t)/3) /Vnode(t), can be applied, where I(t) is the
line RMS current (changing over time) at unity power factor.

2) Thermal modeling: The process of thermal modeling of
trains is presented in [12]-[15]. This is based on a previous
study of [26]. A one-dimensional second-order lumped model
was used. There is one differential equation for each thermal
system: the wagon inner air and the wagon mass. The air
volume of each train is lumped into one air point, and the
bogies and mechanical joints, among other components, into
one body point. Equations (6) and (7), [12], [13], [15], in SI
units, describe the dynamics of the air temperature (7},) and
train mass temperature (73), respectively. U A is the product
of thermal transmittance and the related surface, where the
interactions between different parts of the thermal model are
represented by the following subscripts: ta (train mass — inner
air), oa (outside air — inner air), and at (inner air — train
mass). T'M is the thermal mass, where the subscripts a and
t represent inner air and train mass, respectively. T, denotes
the outside temperature. Qr and Q, represent the heat gains
associated with the k** and I** components, respectively,
within the systems that involve g and p heat gains. These heat
gains contribute to changes in the temperature of the inner air
and the train body. COP,,cqn is the average Coefficient Of
Performance of the HVAC system, defined as the ratio between
the thermal power delivered and the electric power consumed.

dTa UtaAta anAoa
= T, —1T, T, —1T,
ar ~ o, T, T
+ ZZ:l Qk - (COPmean)PHVAC
(TM)q
dr]:‘ U(LtAat ffl Ql
- = T(l _ T —=i=1 v° 7
dt (TM)t( 0+ (TM), @
Equation (), [12], [T3]l, [15], in SI units, describes the

mathematical approach used to relate the grid frequency devi-
ations (A f) to Pyy ac. As highlighted in [[13]], this approach
considers a simplified model of an HVAC system. This means
that the exact method of modifying the HVAC operation has
not been studied. It has been found in the literature that by
adjusting the operation of converters that control compressors,
pumps, and valves, it is possible to allow thermal-fluidic
systems to provide frequency control [27]-[30]. In 8), p is
the air density, C), is the specific heat at constant pressure,
V is the injected air flow rate, and Ts.; corresponds to the
setpoint temperature of the HVAC system.
- PCP V(Tset(Af) - Ta)

Pyvac = COP ®)

As noted in Equation (B), Ts.: varies according to Af.
In contrast with previous works, for the first time, here we
propose to provide primary and supplementary frequency
control, and virtual inertia simultaneously from the load side,
specifically from HVAC systems onboard trains. Equation (9},
in SI units, describes the basis of the proposed control for
making the electric consumption of HVAC systems responsive
to the grid frequency state. The primary control is based on

[12], the supplementary on [[15]], and the virtual inertia on [[13]].
Then, Cy, Cs, and C5 are the gains for the three mentioned
frequency controls, respectively. The function g(7,, Afpp,)
is used to reset the integral term when 7, exceeds the
comfort band or when Afpp, changes from any value to
zero. g(T,,Afpp,) is equal to the supplementary control
when resetting, being zero otherwise. T.qteq 1S the normal
set-point temperature, i.e., the value of 7., if just the thermal
comfort of passengers is considered (without using Ts.; as a
manipulated variable for frequency control).

Toet(t) = — C1A fpB, (1)
~Co [ Afom 0t +Cag(T Afop) - O)
— C3d(AfpB,)/dt + Trated

As part of the proposal, each frequency control operates with
different dead bands, contrary to what is usually implemented.
The terms Afpp,, Afpp,, and A fpp, are equal to A f when
it exceeds the corresponding dead bands (D By, DBs, orDBs3)
and zero otherwise. This way, each control can be properly
tuned according to the frequency behavior imposed by the
system. The results in [15]] suggest the need for different dead
bands. However, this aspect has not been explored yet.

C. Interaction among controllers

As stated in Section |I} the present work proposes a method
for analyzing the interactions among the frequency controllers
of controllable loads. In the literature, most of demand re-
sponse approaches implement their controls based on simpli-
fied mathematical equations that represent system behavior.
However, modern power systems are being increasingly in-
fluenced by complex and unknown dynamics. Some of these
may endanger the system operation and stability.

Some authors have developed new control algorithms and
methods for determining their setups. In [[18]] authors proposed
the use of a Student Psychology-Based Algorithm to optimally
tune a diesel generator in a hybrid low-inertia grid. The
authors of [31] analyzed the negative interaction between
some FACTS control loops (current and PLL) and VSG, and
proposed a solution. In [|32]] authors presented a method for the
synchronization, active power regulation, and inertia provision
of a VSG, improving the stability of the grid in a system with
a low short-circuit ratio.

Among other works, managing all system information or
using simplifications is required to assess the performances.
Due to the possible lack of knowledge of system charac-
teristics, non-deterministic methods are suggested for use.
These are based on probabilistic and statistical methods. In
recent years, sensitivity analysis-based approaches have been
used for power flow and stability analysis [33]]. Then, it is
proposed to apply similar techniques to study the influence
of the parameters of different frequency controllers of distinct
devices on frequency performance metrics. Furthermore, this
can be applied to study the mutual impact among control
schemes of generators and controllable loads, such as onboard
HVAC systems of trains.
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A general workflow in sensitivity analysis starts with gen-
erating parameters samples (design of experiment principles,
probability distributions, etc.), followed by defining the re-
quirements to be fulfilled (i.e., creating cost functions), and,
finally, evaluating the requirements with the values of the pa-
rameters (e.g. using Monte Carlo simulations). Subsequently,
the results can be statistically analyzed to determine corre-
lations and define the relevance of the parameters [34]. For
example, (I0) is a widely used measure for sensitivity analysis.
It is a standard deviation (o)-based normalized form, where
S7 is the sensitivity of the ut? factor of the Z factor array,
and Y is the output vector.

_0,,0Y

7 = 1
% = oy om (10)

III. CASE STUDY

The case study system is composed of two main parts: a
railway system model and a power system. The first part,
railway, is adapted from previous works [12]-[15]. It is a
model inspired by the characteristics of the Panama Metro
Line 1 (PML1). The model is extensively detailed in [11].
The adapted version consists of two tracks, four trains, three
traction substations, and five passenger stations. To evaluate
the frequency control in low-inertia grids, the power system
is formed by one SG and a resistive load, in addition to the
railway feeder. The thermal comfort band to limit the HVAC
system operation is Ty.qteq £ 2.5 °C, as set in previous works
(TT‘ated = 2600) [12]—{15].

The case study also compares the effect of the intrinsic
uncertainty of reality (i.e., uncertainties due to commercial
components’ imperfections, unrepeatable conditions, etc.) with
that of computational simulations. The computational simula-
tion allows the study of multiple scenarios and determines the
relations among the control parameters and selected metrics.
The experimental test proves the effectiveness of the proposed
control, supports simulation results, assesses the frequency
performance of real systems under the proposed demand
response contribution, and estimates the behavior of the HVAC
systems during their contribution, among other aspects.

To compare the results obtained by simulation and ex-
perimentation, a gray-box approach is considered (i.e., to
neglect detailed specs by aiming at main patterns). Equation
(]'1;1'[), in per unit, is an elaboration of (]Z[) to show the fre-
quency deviation evolution taking into account the interaction
among load deviations (AP (s)), equivalent inertia of rotating
machines (H.q(s)), inherent equivalent grid damping factor
(Dey), lumped effect of dynamics and control schemes of
generators (G(s)), and controllable loads (L.(s)) sensitive to
frequency deviations.

Af(s) = 2Pus)

" 2H.y5+ Deg + Lo(s) — G(5)

(1)

The exact G(s) and H., may not be obtained in real
grids and commercial equipment, as it is confidential infor-
mation. Furthermore, an accurate value for D, cannot be
obtained at all, as it is an overall description of the frequency
dependency of all the loads of a power system. Therefore,

RT-Lab & OPAL & EGSTON AC connection
Simulink EGSTON control unit amplifier bus bar
Railway

system
modelasin ]
Section I1I-B

MATLAB/Simulink
C1, C, Cs

Simulations
based on the
proposed

Real railway data e

Controllable
resistive load

Natural gas
generator

Fig. 1: Interaction between simulation and experimental tests:
power (red), data (blue), real-time flow (solid arrows), data
transmittable online and offline (dashed arrows).

the simulation and experimental frequency behaviors can not
be exactly the same. However, a similar response under
the proposed frequency control can be achieved. Since the
proposed methodology for analyzing interactions claims that
many of them can be assessed only using performance metrics,
a highly detailed computational model may not be critical.
The computational model should match the overall frequency
response for a specific load event. Specifications from real
machines are included, and the railway model, along with the
HVAC system and the frequency control proposal, is also the
same in simulation (Section @ and experimental (Section
[[I-B) tests. In both tests, a sudden load shedding of 10 kW
produces a maximum frequency deviation around 1.2 Hz.
Similar interactions are observed in both tests.

The gas-based generator (GG) and the resistive load pre-
sented in [35] are used. The GG is a 56 kVA, 4-pole,
salient-pole, and self-excited synchronous machine driven by
a 56.8 kW natural gas generator. This set presents a constant
power fluctuation which poses a random frequency deviation
around +0.3 Hz. Fig. [I] shows the overall case study scheme.
Although simulation and experimental tests are not carried
out simultaneously, the results of the first one are expected to
provide similar performance in the environment of the latter.

Many metrics can be used to assess the frequency per-
formance [18]]. For this study, the average absolute fre-
quency deviation (JAfl|se), the accumulative absolute fre-
quency deviation (|Afl|sccu), the average absolute ROCOF
(JROCOF |qpe), and the maximum absolute frequency devia-
tion (JAf|maz) are used.

A. Computational simulations

The simulation is carried out in Simulink®. It is used
to build the power and railway system models, both based
on Section [[I] equations and the implementation presented in
[12]. The sensitivity analysis is performed using the Simulink
Design Optimization Toolbox and the Statistics and Machine
Learning Toolbox.

By studying the dynamics of the simplified HVAC system
model, it is possible to determine the relation between power
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Fig. 2: Sensitivity analysis results: variation of selected metrics due to the control parameters value.

and set-point temperature. Each coefficient C'y, Cy, and Cj is
obtained by considering the maximum frequency deviation,
ROCOF, and accumulative frequency deviation, with similar
iterative procedures to those in [13], [15]. Subsequently, a
range between 50% and 150% for each one is established.
Finally, their ranges are: 0.0943 °C/Hz < C; < 0.2828 °C/Hz,
1.1475 °C/Hz/s < Cy < 3.4426 °C/Hz/s, and 0.0047 °Cs/Hz
< C5 < 0.01422 °Cs/Hz. The range of dead bands (DB,
D Bs, and D Bs) is set considering the ones in [[36], the results
in [[13]], [15], and the generator technical restrictions. This
is, from +0.301 Hz to +0.317 Hz. The dataset includes 300
combinations of the six control parameters. This is obtained
by applying a uniform distribution to the selected ranges. The
base case is defined as the median of each parameter range.

Fig. 2] shows the results of the selected metrics for each
combination. At first glance, some parameters, such as C
and Cb, have a greater influence on the performance metrics.
(5 also presents a monotonic relationship with some metrics
in specific parts of its range. Dead bands do not present a
coherent and constant relation to the metrics. They seem to
provide similar results with very different values. As well
known in the literature, standalone C; and C5 should present
a strong linear behavior in all metrics. In addition, C5 is
expected to present a clear non-linear behavior, mainly in
|[ROCOF|4pe- These initial results demonstrate the mutual
influence among the controllers, where their normal behaviors
are not presented. The mutual influence among controllers
alters their individual impacts on system performance. The
effect of dead bands and the combination of different values
cause the responses to be more scattered than expected. Dead
bands introduce non-linear and context-dependent effects on
the metrics. As mentioned in [15]], [36], the relation between
frequency control gains and the dead band is not linear and
is highly influenced by the operation ranges. Interactions
between controllers lead to more scattered responses than
standalone analyses would suggest. Evidently, the presence of
other controllers modifies the impact of others on the metrics.
In summary, the combined effects of control parameters must
be considered for accurate system tuning.

Total and partial correlations can be calculated to assess the
influence of control parameters on the frequency performance
metrics. For this, the Pearson and Spearman correlation coef-
ficients are used. Equation (12) shows the calculation of the

Pearson Coefficient (C?¢). For this, the operator cov is the
covariance. X can be any of the studied parameters and M
can be any of the chosen metrics to assess the grid frequency
performance. Pearson correlation is used for linear behaviors.
For monotonic behavior, the Spearman coefficient (C*P) is
preferred [37]. It uses the same equation but requires Rank
transformation to variables (R(X), R(My)).

cov(X, My)

TXOM;

cre = (12)

Analyzing the correlations between the control parameters
and performance metrics allows to assess the impact of these
parameters on frequency performance and the interactions
among them. Table m shows the total correlation coefficients,

CP¢ and C®P, and the partial coefficients, C;:;Tti . and
C;grtial' Because of the nature of the load event and control

topology, |Af|ave and |Af|qce, share the same sensitivity
results. Partial correlations describe the impact of a param-
eter over a specific metric, without considering the impact
of the other parameters [34]. The appropriate selection of
metrics and ranges can simplify the interaction study. Because
the Pearson and Spearman coefficients are quite similar, all
behaviors are monotonic and linear in the selected ranges.
This comparison shows a reduction in the complexity of the
analysis. C; and C; present the largest partial correlations for
every metric. However, C5 does not influence much |A f|,4z-
C3 influences |A f|q2, more than Cs, and |ROCOF |-
DBsj is the only dead band with non-negligible impact, as
seen in |[ROCOF |,y.. However, the correlation is not strong,
as shown in Fig. 2] The differences among total and partial
coefficients demonstrate how one controller is affected by the
others. All partial coefficients in the most relevant parameters,
according to the criteria used, are smaller than the total
coefficients. C; impact is decreased by 15% in |Af]|aves
|Aflaceus and |[ROCOF|qpe, and by 25% in |Aflmaz. Ca
impact is decreased by 39% in |Af|awwe and |Af|aceus bY
45% in |[ROCOF |4pe, and by 31% in |Af|maz. Cs impact is
decreased by 63% and 25% for |[ROCOF |qe and |A flmaz
respectively. Then, it is clear that C; dominates the combined
frequency control effect on the metrics, except for |A f|naz-
In this case, C3 has almost the same theoretical impact.

To appreciate the benefits of the proposed control, intuitive
configurations are extracted and studied individually, as shown
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TABLE I: SENSITIVITY ANALYSIS RESULTS: PERCENTAGE CORRELATION.

Control [A flave [A flaceu |[ROCOF|ave [AfImaz
parameters C’Pe,C;}’;Mml,CSP,CpSMMZ

C1 -81.57, -96.55, -81.81, -96.12 -81.57, -96.55, -81.81, -96.12 -80.43, -95.93, -81.47, -96.98 -63.54, -82.34, -68.16, -90.96

Ca -56.55, -92.82, -56.00, -91.78 -56.55, -92.82, -56.00, -91.78 -48.22, -88.20, -50.85, -91.66 -16.51, -24.05, -23.55, -49.24

C3 0.53, 6.84, 3.56, 16.53 0.53, 6.84, 3.56, 16.53 -30.52, -78.93, -28.97, -79.05 -60.94, -81.24, -61.61, -89.31
DB, 4.54, 6.18, 4.26, 1.88 4.54, 6.18, 4.26, 1.88 1.59, 3.68, 2.11, 1.86 -1.83, 3.67, -2.56, -0.54
DBy 8.22, 12.42, 7.49, 8.91 8.22, 12.42, 7.49, 8.91 6.52, 4.48, 5.44, -0.11 8.18, 9.00, 7.31, 9.00
DB3 0.63, 9.33, -0.11, 5.69 0.63, 9.33, -0.11, 5.69 4.18, 24.98, 3.53, 25.45 -0.25, 4.08, 2.48, 14.54
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Fig. 3: Absolute frequency deviation evolution under different control setups referred to the maximum value. Left plot shows
the general evolution. Middle plot shows a detail of the first oscillation. Rigth plot shows a detail of the second oscillation.

in Fig. @ Cases 0.5C 2,3 and 1.5C 3 3 represent a decrement
or increment of 50%, respectively, to the specific gain in
the base case. The low and high DBs cases are the base
cases, but the lowest or highest values of the D B3 range are
selected, respectively. Only C' 2 3 cases represent standalone
controllers. The per unit absolute frequency deviation of the
system following a sudden load shedding is shown. It is evi-
dent that all considered configurations improve the frequency
behavior compared to the case with no frequency control
(blue line). In general, the base setup plus 50% performs the
best. Followed by a base setup minus 50% and by the stand-
alone controllers. This result is consistent with the findings of
previous works [12]-[15].

B. Experimental validation

The tests are carried out in the Energy Lab [35]. As shown
in Fig. [T} the grid-forming GG, resistive load, and amplifier
interact using an AC busbar. The amplifier is a DC/AC
converter that operates as the current source and amplifies the
current setpoints provided by the HIL device. This behavior
is based on the model loaded through RT-Lab®, which is the
same railway model used in Section

Fig. @] shows the computation of the selected metrics for
the event described in Section The control setups in Fig.
[] were applied. The vertical axis represents the percentage
variation of a metric compared with the base case results. Pos-
itive variations mean increments. Exceeding the corresponding
dashed lines means worsen the metric compared to the case
with no frequency control. In next results, cases with asterisk
(*) should be compared only with their corresponding dashed
line to determine their trend. Not all the cases improve the fre-
quency performance. Those with reduced gains and standalone
controllers slightly worsen the performance. However, most
cases represent larger improvements than simulation results,
particularly with a high presence of Cjs, the virtual inertia
control in (@). As in the simulation, |Af|.ve and |Af|acen
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Fig. 4: Experimental results: percentage metrics variation in
control setups compared to base case (section [[TI) results. The
dashed lines represent the limit of performance improvement.

share a very similar performance across tests. |A f|,,q, varies
similarly but more aggressively because of the higher rele-
vance of Cj3, as noted in Table [l However, | ROCOF |,y
presents a more scatter behavior in its performance. Here, the
unpredictable effects of dealing with a real GG are appreciated.
As stated in Section the degree of oscillation and noise
affects the virtual inertia controller (derivative term in @[)).

Fig. 5] shows the results for a better assessment of the exper-
imental tests. It shows the same results as Fig. ] but includes
a comparison with the metrics obtained in the simulation (Fig.
B). As previously mentioned, the tested systems were not the
same. Thus, the magnitudes of the metrics are not expected to
be similar, only the trend should be. The horizontal lines are
the corresponding limits of performance improvement defined
by the cases without frequency control in the experimental
and simulation tests. The 0.5C) 33 cases tend to worsen
the frequency performance, whereas the 1.5C7 23 tend to
improve it. Most of the experimental and simulation variations
match their trends. However, the effect of noise inverted the
expected impact of C3, mainly in |[ROCOF |, results. As
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TABLE II: STIUMULATION VS. EXPERIMENTAL RESULT TRENDS.

Tests |Af|ave ‘Aflaccu IROCOF‘a,ve |Af|maac
description Simulation (correlation) vs. Experimental
0.5C1 increase (high) vs. increase increase (high) vs. increase increase (high) vs. increase increase (high) vs. increase
0.5Co increase (high) vs. increase increase (high) vs. increase increase (high) vs. increase increase (low) vs. increase
0.5C3 increase+ (low) vs. decrease increase+ (low) vs. decrease increase (high) vs. increase increase (high) vs. decrease
Low DBs decrease (low) vs. decrease decrease (low) vs. decrease decrease (low) vs. increase decrease (low) vs. decrease
1.5C1 decrease (high) vs. decrease decrease (high) vs. decrease decrease (high) vs. increase decrease (high) vs. decrease
1.5Co decrease (high) vs. decrease decrease (high) vs. decrease decrease (high) vs. increase decrease (low) vs. decrease
1.5C3 increase (low) vs. decrease increase (low) vs. decrease decrease (high) vs. decrease decrease (high) vs. decrease
High DB3 increase (low) vs. decrease increase (low) vs. decrease increase (low) vs. increase increase (low) vs. decrease
Only C1* decrease (high) vs. decrease decrease (high) vs. decrease decrease (high) vs. increase decrease (high) vs. decrease
Only Cy* decrease (high) vs. decrease decrease (high) vs. decrease decrease (high) vs. decrease decrease (low) vs. decrease
Only C3* decrease+ (low) vs. increase decrease+ (low) vs. increase decrease (high) vs. decrease decrease (high) vs. decrease
6.00% 6.00% controls of power systems. The approach is oriented toward
4.00% 4.00% . . . e .
o o, analyzing the performance metrics using non-deterministic
ooy MMy g 000% methods. Thus, the need to handle very detailed data is
2000 O & L P kﬁlaﬁ B N L"lﬂ F20m L &L P AT E . .
DR WA FE L UV TR RES S reduced. The simulation results confirm the benefits of the
0% -600% control and provide an insight of the overall behavior of
-8.00% -8, . . . . .
1000% o controller interaction. It is noticeable that the operation range
S fave e - S-Aimit —— Limit oo - Smit L and selected metrics can considerably change the mutual
@) (b) influence among the controls. These results were used in
1500 — experimental tests, performed with real commercial compo-
oo som nents. Although simulations and experiments do not share
e oo the same dynamics, the results show the same trend. This
& demonstrates the ability of the methodology to accurately
0.00% -5.00% . . . . . . .
CPEF L AL S F & assess the interaction in a grid with unknown dynamics, noise,
-5.00% o & o o o -10.00% .
v qJ°°° and measurement errors, among other issues. Also, most of the
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Fig. 5: Comparison of experimental and simulation results. All
the results are referred to the base setup described in section
The ”S” denotes simulation results.

expected, this metric is strongly related to the effect of noise.
Table [II| presents a comparison of the trends. Those marked
with a positive sign (+) indicate that the simulation slightly
mismatched the sensitivity results in Table [l The accuracy
of the simulation is 90.91%. The global accuracy of the
experimental tests, considering low-correlation comparisons,
is 77.27%. Then, the accuracy of experimental tests, compared
to simulation, is 85%. Additionally, if low correlation compar-
isons are neglected, the accuracy of experimental tests is also
85%. It is worth mentioning that high correlation mismatches
are due to the frequency oscillations mentioned in Section
since the mismatches occur mainly in [ROCOF |gye.-

IV. CONCLUSION

The frequency control from loads can contribute to face new
challenges in current and future low-inertia power systems.
The first contribution of the present work is a combined
frequency control that enables railways to provide primary
and supplementary frequency control, and virtual inertia. In
the literature, loads were not considered to provide multiple
types of control.

The second contribution of this work is the methodology
used to assess these complex dynamics interactions of different

of the GG, which can be equivalent to the implementation of
the proposals in a real low-inertia and high-distorted grid. Both
tests also provide insights into the influence of load events on
the interactions. The Cy parameter has the greatest influence in
the simulation tests, but the parameter C's is highly relevant in
the experimental tests. This is also explained by the frequency
oscillations imposed by the GG. The experimental results
validate the applicability and effectiveness of the proposed
method under real conditions. It is worth mentioning that to
assess certain types of interactions, some dynamics should not
be oversimplified and the metrics should be properly designed.
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