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ABSTRACT The current trend of massively incorporating renewable-based generation into power systems
is affecting frequency stability. This generation does not inherently provide inertia owing to its electronic
interface. Therefore, many approaches have been proposed to address the problem of inertia weakening.
Beyond the new trends of making new generation and storage responsive to grid needs, this study addresses
the problem from the role of consumers. The use of railway consumption to contribute to frequency control
tasks, without affecting train circulation, is proposed. For the first time, the provision of virtual inertia
combined with primary frequency control is presented. This is achieved by means of the power consumption
of ventilation and air conditioning systems, while maintaining the thermal comfort of passengers. To illustrate
this new concept, a case study of a real metro line is presented. The results demonstrate the benefits of
using the thermal inertia of trains to contribute to grid frequency control. Also, some insights into technical
requirements and possible issues are provided. An appropriate combination of primary frequency control
and virtual inertia can reduce technical requirements and provide better frequency performance.

INDEX TERMS Frequency control, virtual inertia, railways, demand response, thermal comfort.

I. INTRODUCTION
Due to efforts to reduce climate change, power systems have
been facing successive changes in their structures, operation,
and technical requirements. Toward a system with low
emissions, technological developments are oriented to the
integration of renewable energy-based generation. Likewise,
in addition to distributed generation, different types of storage
systems, loads, and electrical and communication networks
are being integrated. This implies new challenges, one of
them being the maintenance of stability, safety, and reliability
of power systems [1].

The participation of emerging generating technologies
implies integrating many electronic converters into the power
system. These displace some conventional power plants
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and must operate in harmony with the rest. In addition,
the deployment of smart grids is also based on electronic
converters. However, electronic converters do not intrinsi-
cally provide several ancillary services (voltage regulation,
power-frequency control, fault response, etc.). Among these,
frequency control is attracting research interest due to the
reduction of power systems inertia and to the active power
fluctuations of renewable generation, such as solar and wind
power [2].

Consequently, many authors have focused their research
on the provision of frequency control by renewable energy-
based power plants. For example, Ramesh et al. [3] made
a detailed review of frequency control in systems based
on solar and wind energy, provided a systematic summary
of the possible lines of research, and proposed a control
capable of handling primary and secondary regulation, and
virtual inertia. Piero et al. [4] proposed a structure for flexible
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photovoltaic generation based on power curtailment, and on
storage operated as secondary reserve. Padhy and Panda [5]
proposed a new optimization tool for frequency control in
systems with distributed generation, consumption, and stor-
age, where better performance is achieved in regulation tasks
compared to other controls and optimizers. Rezk et al. [6]
presented a new optimization algorithm to determine the
optimal gains of secondary frequency controllers in a two-
zone system with thermal, hydroelectric, wind, and solar
generation.

Apart from power plants, other participants of power
systems can also contribute to ancillary services. This
contribution is included in the demand response concept.
Particularly, consumers can collaborate in frequency control
tasks [7], [8].

In a previous work [9], the authors reviewed some of
the recent trends in frequency control based on demand
management. In addition, the participation of railways in
primary frequency control tasks is studied, based on the
variation of the power consumption of the air conditioning
system of trains, without affecting the thermal comfort of
passengers. This was done by modeling the electrical power
system by the oscillation equation, and the railway system
by train kinematics and thermal characteristics. The thermal
model was limited to a second order one to consider the
thermal inertia of air and mass of trains. The air conditioning
model determines the thermal power needed to maintain
the thermal comfort. They limited the work to studying
the contribution of trains to primary frequency control
considering the train thermal envelope characteristics.

The present work uses the same modeling methodology,
but with the aim of assessing the possible contribution of
trains to the inertia of the electric power system and its
combination with primary control to enhance frequency
behavior. In literature, there are few studies related to the
development of virtual inertia [10] by loads. Among others:
Fang et al. [11] reviewed several techniques for improving
the inertia of power systems by means of virtual inertia,
where the feasible participation of DC links, batteries, and
ultracapacitors was remarked; Chen et al. [12] analyzed the
possibilities of virtual inertia contribution by “smart loads™,
that can operate at different voltage values, as long as the
voltage operation range is not infringed; Yang et al. [13] also
implemented ‘“‘smart loads” with a very similar topology
to [12], but focused on the mitigation of voltage fluctuations
in a DC microgrid with renewable generation, storage
systems, and critical loads.

However, it is significant the little amount of research
related to how the railway sector could provide inertia to
electrical power systems. In [9], the authors observed the
absence of studies on the contribution to primary frequency
control. For the present work, only two papers related to
virtual inertia provision were found: Hao and Chen [14]
proposed an improved algorithm for the emulation of inertia
by a bidirectional converter in the catenary of a direct
current railway, in which voltage fluctuations were reduced
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by means of a virtual capacitor; and Yu et al. [15] proposed
a novel control, based on virtual inertia, to mitigate low-
frequency oscillations usually present in high-speed AC
railways, where a virtual capacitor is also emulated to
mitigate voltage fluctuations in the DC link on board the train,
which also reduces low-frequency oscillations in the catenary.
In both cases, virtual inertia is applied to the mitigation
of voltage fluctuations, but not to power system frequency
control.

The main contributions of this work are: the identification
of this research gap; the proposal of contributing to fill
this gap with the provision of inertia from railway systems,
individually and together with primary frequency control;
and the proposal of one possible approach to achieve it
by using some train auxiliary consumptions. The latter is
complemented with an assessment of the virtual inertia that
heating, ventilation, and air conditioning (HVAC) systems
onboard could provide to the grid, without compromising
the thermal comfort of passengers. This evaluation allows
estimating the possible benefits that the grid could receive
from railway systems, but also allows knowing the technical
capabilities of HVAC systems to achieve a certain level of
contribution.

The article is structured as follows: section II contains the
explanation of the modeling of electrical and railway systems,
aimed at evaluating the frequency deviations of the grid and
their relation to controllers aggressivity; section III presents a
case study inspired by the operational characteristics of a real
train; section IV shows the results of the case study, where
the combinations of controllers and power system events are
considered, and a statistical study; and section V exposes the
main conclusions.

Il. METHODOLOGY

The evaluation of the contribution of trains to the inertia of
electric power systems requires considering the frequency
behavior of grids and the railway performance. For this, it is
necessary to model both systems coherently. Electric power
systems can be modeled with different levels of detail, as can
be seen in Ochoa and Martinez [16], where the primary
frequency control is studied with two models based on power
flows and on the oscillation equation, respectively. Similarly,
railway systems, depending on the traction technology
and the electrification configuration, can be modeled with
different approaches [17], [18], [19], [20], [21], [22], [23],
which will depend on the nature of the study (dynamic,
mechanical, electrical, electronical, etc.). In this work, the
same modeling approach the authors presented in [9] is
used (Fig. 1). Apart from modeling details, a statistical
analysis of temperature, frequency, and power is done to gain
insights into the efficiency and technical requirements of the
contribution of railways to frequency control.

A. RAILWAY SYSTEM
For the aim of this work, to achieve participation of trains in
grid frequency control tasks, it is appropriate to describe the
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FIGURE 1. Schematic representation of modeling. CG: conventional generation. (N)FD: (Non) Frequency

dependent.

railway system electrically, but in response to instantaneous
dynamic requirements. This implies considering the resulting
energy directly dependent on traction as the center of the
modeling. Also, railway power estimation must consider the
dynamics of the auxiliary systems, specifically the HVAC
system.

1) ROLLING STOCK AND CATENARY MODELING

Given the objectives of this analysis, it is acceptable to
ignore some very specific dynamics of railways, such
as: pantograph-catenary interaction, wheel-rail interaction,
joints between cars, catenary thermal effects due to load
variations and environmental temperatures, etc. Each train is
described as a controlled current source where the imposed
current will depend on the instantaneous voltage of the
catenary and the instantaneous electrical power required
(Pelect total)- In the following equations: m is the mass of the
train, a is its acceleration, Fec 1S the movement resistance
force, v is the speed of train, 1w iS the total power
efficiency from catenary to wheels, Pyyx is the auxiliary
power consumption (HVAC, lights, communications, etc.),
Faero 1s the aerodynamic component of movement resistance
force, A is an aerodynamic coefficient related to mass, B is
an aerodynamic coefficient related to the involved stiffness
of the train, C is an aerodynamic coefficient related to the
aerodynamic profile of the train parts, Fijope is the component
of movement resistance force imposed by the slope of railway
layout, g is the gravity acceleration, anggsiope i the slope
of railway layout, Fcyve is the component of movement
resistance force imposed by railway layout curvature, R is
the radius of curvature, Li,in is the length of the train,
angy is the deflection angle, Fipnel is the component of
movement resistance force of running through tunnels, Lyynnel
is the length of tunnels, QHVAC is the heat power output
of the HVAC system, COPpean is the average coefficient
of performance of the HVAC system, P; is the j™ power
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consumed by the n auxiliary consumptions, V is the flow
of air injected by the HVAC system, p is the density of the
injected air, C,, is the specific heat at constant pressure of the
injected air, and AT is the temperature difference between the
injected air and the air inside the trains.

COPmean

(ma + Fyec) v
Pelect total = — + Paux (1)
Ntotal
Facro = A + Bv + CV? @)
Fslope = mg sin (angslope) &)
0.6 mg
s R = Ltrain
Foo ] R @
curve 0.0105 mg(ang,) R
—_—, > Lirain
Lirain
Fuumel = 1.3 x 10—7mngme1 )
QHVAC : -
Py = + Z , Onvac = VpCp AT (6)

The electrification system can be represented as a circuit
made up of the catenary, rails, and traction substations. The
catenary, which includes all the conductors involved (feeders,
return, etc.), is represented by impedances, as well as the
rails. Traction substations, which may be previously supplied
by an internal railway circuit or directly by a distribution
grid, are represented as voltage sources at catenary voltage.
Depending on the type of supply (AC or DC), the topologies
of substations, the connectivity between catenary sections,
the inductive and capacitive terms, and the direction of
power flow in the substations, the model adjustment may
vary. However, the system coupling variable with the electric
power system is the total railway power. This allows to omit
certain details during implementation.

2) THERMAL MODELING
The need for a thermal model of trains lays on modeling
the technical requirements and dynamics of HVAC systems.
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These systems respond to the resulting heat flows in the
trains and to frequency deviations, but subject to thermal
comfort restrictions. There are several works on the thermal
modeling of trains [24], [25], [26], [27], [28], [29], [30], [31],
where extensive discretizations are made to represent each
component of the envelope in great detail. These studies are
aimed at evaluating the thermal comfort and/or the thermo-
dynamics of trains, internally and externally. According to
the scope of this work, the model in [9] is used, which uses
some approximations made in [31]. Equations (7) and (8) are
used to represent the thermodynamics of trains by a second
order system with one-dimensional heat flow. Equation (7)
represents the dynamics of the inner air temperature of
trains, where TM,, represents the thermal mass of the air,
T, is the air temperature, Qmixl is the global thermal power
load seen by inner air (people, radiation through windows,
infiltrations, etc.), Uy, Aao is the product of the thermal
transmittance between the indoor and outdoor air times the
surface involved, T, is the temperature of the outdoor air,
Uy Ay 1s the product of the thermal transmittance between
the interior air and the body of the train times the surface
involved, TM; is the train body thermal mass, T; is the
train body temperature, and Qmix2 is the total thermal power
load seen by the body of the train. The following equations
describe lumped systems. The air heat equation and the train
body equation assume that all the air in the train is lumped
at a single point, as the mass of the train is. In addition, all
those masses that do not have enough thermal mass to be
considered as individual systems can be added to the two
mentioned systems.

dT, .
TMa dt = Qmix] + UaoAao (To - Ta)
+ UnAat (Tr — Ta) — Onvac (7
dT, .
TMfd—t’ = Omix2 — UaAat (T, — Ty) ®)

Among the terms mentioned, the thermal power of the
HVAC system is the one which is usually controlled to
adjust the thermal state of trains. Equation (6) represents a
simplified model, which only considers the HVAC system
as the air flow injected into wagons. This can be modeled
in different ways, depending on whether its operation
is through an on/off logic [32] or a variable frequency
drive [33], [34], [35]. The latter allows to adjust continuously
the thermal power by altering the speed of motors. This
indirectly affects each of the terms in (6). Depending on the
HVAC system used, the terms can be controlled individually
or together for power tracking. In this work, it is done as in [9],
where there is a proportional integral controller to act on V
and, separately, the operating temperature is linearly adjusted
to provide primary frequency control. Due to the scope of the
model, altering the setpoint temperature, or any other implicit
or explicit factor in equation (6), is mathematically equivalent
to computing another power term. Thus, (6) can be rewritten
as (9). Likewise, a similar equivalence can be obtained if it is
decided to modify the injected air flow for an identical follow-
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up of power, as shown in (10). In these equations, the terms
with an asterisk («) represent the alteration of parameters by
some specific control. The quantities QHVAc1 and QHVAcz
represent the power added to the normal operation of the
HVAC system to fulfill a desired output.

Onvac = VpC, (AT + AT*) = VpC,AT + VpCpA

T* = VpCpAT + Qnvaci &)
Onvac = (V + V*) pC,AT = VpCpAT + V*pCpA
T = VpCpAT + Onvace (10)

Therefore, in the present work a simplified model of the
HVAC system and its control is used, where the dynamics
of its individual components is considered in an aggregated
form. Some works do describe each of the components of the
HVAC thermodynamic cycle [34], but this level of detail is
not needed for estimating the HVAC system contribution to
frequency control tasks. Of course, if the interest were on each
element thermal behavior, more detailed studies could be
done by considering the disaggregated individual dynamics
of each component, as in [36]. Then, deeper insights and/or
different results on HVAC system frequency control can be
obtained.

The added power term (Quvaca) varies proportionally to
frequency deviations and its derivative to provide primary
control and virtual inertia [10], [12], [13], [37], [38],
respectively. Equation (11) shows the computation of the
added power, where Af is the frequency deviation, D)
is a term that relates the HVAC system power variation
to frequency deviations, D, is a term that relates the
HVAC system power variation to the derivative of frequency
deviations, and K, and K, are coefficients for adjusting the
sensitivity of primary control and virtual inertia, respectively.
Mathematically, K, and K, can also be used to limit the
contribution of each of the controls, making it easier to
evaluate their combinations.

. dAf
Ouvaca = A](Dpr + TDVKV (11

Itis important to clarify that (11) is valid for HVAC systems
in cooling and heating mode. If there is a positive frequency
deviation (frequency increase) the control indicates that the
thermal power must be increased. If there is a decrease,
it should be decreased. In heating, this would represent
that the heat injection must be increased or decreased,
respectively. In cooling, it would represent the same, but
injecting more or less cold air, respectively. The injection
of hot or cold air is proportionally linked to electrical
power consumption, which is the magnitude that influences
frequency deviations.

B. ELECTRIC POWER SYSTEM

In order to study grid frequency deviations, the model based
on frequency control used in [9] is adopted. This type of
model has been widely used in literature, both for the study
of the integration of renewable energies into the electricity
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grid [5], [6], [39] and for the evaluation of the possibilities
of demand response (electric vehicles [40], refrigeration
centers [41], etc.). Equation (12) represents the relation
between frequency deviations and power deviations on a
power system with m power plants, where: Aweq represents
the equivalent frequency deviations of the system, APy is
the power deviations seen by the grid, w; is the participation
factor of the i generator into energy dispatch, H; is the
inertia of the i generator, D;(s) is the transfer function
that represents the dynamics of the i’ generator, S;(s) is the
transfer function that represents the dynamics of the speed
controller of the i generator, and s is the Laplace operator.

Aweq(s) -1

APLS) (g i H,.) §+ Deg + 3 WiDIS(5)
i=1 i=l

12)

The resulting load profile of the railway system under study
is considered as the load that normally produces frequency
deviations (APr). Also, APp can represent load events.
The participation of railways in frequency control can also
be taken into account by means of AP;. This is possible
by adjusting the instantaneous consumption of the HVAC
system of trains, defined by (12) and (11). Then, the HVAC
system consumption depends on thermal comfort and on
grid frequency behavior. By using (11), it is possible to
emulate power profiles similar to those from conventional
generators under frequency deviations. The contribution of
a conventional generator is showed in (12), where it reacts
to frequency deviation and its derivative through its speed
controller (S;(s)) and its inertia (H;), respectively.

lll. CASE STUDY

To illustrate the possibilities of contribution of trains, a case
study based on Panama Metro Line 1 (PML1) is considered in
this section. The same general characteristics showed in [9]
are used (see appendix for further details), where a railway
system powered by direct current is partially modeled. This
contemplates a circulation of four trains, on two tracks,
through three traction stations, and five passenger stations
(the reader is suggested to review the previously commented
article to see the specific characteristics of the model, as well
as the speed profiles). However, in this occasion the operating
limits of the real ventilation and air conditioning (VAC)
system is considered, as well as the environmental and load
conditions used in the PML1 sizing.

According to the managing company of PMLI1, the trains
have four tractor wagons and one non-tractor wagon. Two
electronic converters are installed in the non-tractor wagon
to drive, mainly, the VAC units installed in the train. The
two electronic converters have a total estimated capacity
of 484 kW with a minimum load limit of 96.8 kW. Each
wagon has two VAC units with a cooling capacity of 38 kW.
Therefore, the total train has a cooling capacity of 380 kW.
As the entire air mass and the body of the train are being
considered lumped at a single point, the physical distribution
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of the VAC system is not considered. This implies that all the
thermal power involved is grouped in the Onvac term of (7).

To determine the values of D), and D, of (11), an iterative
method is used. It starts from considering the maximum
power of the VAC system and frequency limits. After
obtaining the initial values, they are varied until determining
the point where the thermal capacity of the VAC system is
exceeded. Finally, the aggressiveness of each one, individu-
ally and/or collectively, is adjusted by means of k, and &, to
analyze the response of the control. It should be noted that,
for this case study, the initial values of terms were calculated
as folloyvs: D, = Qmax /Afmax and Dy, = Qmax /ROCOF 4%,
where Onmax is the maximum heat power developable and
ROCOF5x is the maximum rate of change of frequency
(ROCOF) allowable. D), and D, can also be calculated by
applying optimization algorithms to find the best values
according to an objective [6], but this is not strictly needed for
assessing the train HVAC system contribution to frequency
control tasks.

According to the regulations considered [42], the max-
imum acceptable frequency deviation is £ 0.8 Hz. The
absolute ROCOF is usually limited between 0.1 Hz/s and
1.0 Hz/s [43]. Based on the results observed in [9],
a maximum allowable deviation of & 0.1 Hz/s is selected.
These limits, along with the maximum available thermal
power, 380 kW, provide the values of D, and D,. Initially,
these are 475 kW/Hz and 3800 kWs/Hz. After iterating, it is
found that the first values that provide the maximum thermal
power are 2020 kW/Hz and 551 kWs/Hz.

It is worth mentioning that the applied iteration method is
going to be used in the next case studies. Although droop
coefficients relate power to frequency, this control shares
the same topology as the one in [9]. Therefore, the control
strategy and its stability margins have already been tested
under acceptable VAC system operation ranges. The decrease
of gain margin due to the increase of frequency control gains
is also shown in [9]. In the present work, gain values are
chosen according to this and based on real VAC system
requirement, avoiding its saturation.

The electric power system is modeled as in [9], a 60 Hz
system with two hydroelectric plants. These provide the
total energy supply and primary and secondary frequency
control. Both plants have an inertia constant of 4.0 s and
a power capacity of 1.0 p.u. at a base power of 180 MW.
In addition, a load damping factor of 1% is used. The model
is able to easily simulate sudden load or generation loss
events.

Finally, two general scenarios are studied: sudden loss of
load and sudden loss of generation. The first one studies a loss
of an equivalent load of 0.1 p.u. The second studies a loss of
a generation plant of 0.1 p.u. and an inertia constant of 2.0 s.
Each general scenario considers three possible cases: primary
control, virtual inertia, and primary control combined with
virtual inertia. In the first two cases, K}, and K, are varied
from 0% to 100% in intervals of 20%. In the latter case,
the two controls are combined in the following proportions:
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(Kp, Ky) = (0.8, 0.2); (0.6, 0.4); (0.4, 0.6); (0.2, 0.8); (1,
1), where the contribution of each control is also limited to
half the remaining capacity of the VAC system. That is, the
power available after generating the thermal power setpoint
exclusively based on (6).

IV. RESULTS

The realization of models and the development of case studies
are carried out in Matlab/Simulink, in discrete mode with a
sampling period of 0.25 cycles of 60 Hz. For the model of the
railway system in direct current, the tools of the Specialized
Power Systems library are used, but for the electric power
system, and its coupling to railway model, conventional
Simulink blocks are used.
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FIGURE 2. Load frequency control responses following a load shedding
under different control aggressivity. Primary frequency control.

A. CASE STUDY 1. NON-RAILWAY CONSUMPTION.
RESPONSE TO A SUDDEN LOAD SHEDDING

In the first place, a general case study is presented without
considering the disturbance in the grid caused by the
railway system. In other words, the same model is used,
but without including railway consumption. A load with the
same capacity of the two electronic converters of the PML1
trains is considered. It operates at half capacity, and it has
the possibility of providing primary frequency control and
virtual inertia by means of (11). As in the previous section,
the terms D), and D,, are determined first. These are calculated
based on the available power band, i.e., 0.0012 p.u., and
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the frequency and variation rate limits considered. Finally,
different values of K, and K, are considered to evaluate the
behavior.
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FIGURE 3. Load frequency control responses following a load shedding
under different control aggressivity. Virtual inertia.

Fig. 2 and Fig. 3 show the evolution of frequency, ROCOF,
and load power after a sudden load shedding of 0.1 p.u.
Fig. 2 shows the results with just primary frequency control,
and Fig. 3 with just virtual inertia. On the one hand, the
results of the primary control share similarities with the
results of [9] and [44], where higher gains result in higher
power consumption from the controlled load and, therefore,
better frequency control. Furthermore, it is noticeable that
the ROCOF does not change appreciably. On the other hand,
the virtual inertia is configured to reduce the ROCOF, which
also impacts on frequency deviations. It is worth mentioning
that, as the part of the power involved in the control is just
a small fraction (0.26%) of the power of the whole electric
system, the impact of the proposed control can not be easily
appreciated with the scale used in Fig. 2 and Fig. 3. However,
this scale allows to show the overall behavior. For example,
the maximum frequency deviation can be clearly identified
around t = 220.7 s.

To better appreciate the details, Fig. 4 and Fig. 5 use the
same results of Fig. 2 and Fig. 3, but showing the deviations
from the reference case. l.e., the values of the case without
frequency control have been subtracted from those of each
case with frequency control. Every negative value seen in
Fig. 4 and Fig. 5 represents a reduction, while positive ones

VOLUME 11, 2023



J. Araliz, S. Martinez: Use of the Thermal Inertia of Trains for Contributing to Primary Frequency Control and Inertia

IEEE Access

%1073 Grid frequency differences from the reference case
T T

=3

n
T
I

Frequency (Hz)
&
O o
T
I

20 225 230 235
Time (s)

%1073 Rate of change of frequency differences from the reference case
T T

ROCOF (Hz/s)
°

-5
220 225 230 235
Time (s)

107 Load power differences from the reference case
T T

Power (W)

sk o

I L

220 225 230 235
Time (s)

20% 40%

Kp |

0%

60%

80% 100% |

FIGURE 4. Load frequency control responses following a load shedding
under different control aggressivity. The reference case (without
frequency control) has been subtracted from each case. Primary
frequency control.

stand for increases. The trivial case (blue horizontal line)
is kept just for reference purposes. This way, it is easier
to notice the effects of both controls. Primary frequency
control (Fig. 4) mainly impacts on frequency deviations and
on the amplitude of load power variations. On the contrary,
virtual inertia (Fig. 5) mainly impacts on ROCOF and on
load power fluctuations. Primary frequency control provides
longer frequency reductions (first row) and power increases
(third row) than virtual inertia. Virtual inertia slows down
frequency variation faster than primary frequency control
(second row) but requires higher power fluctuation than
primary control (third row).

It is worth mentioning that positive differences at fre-
quency deviations and variations, which mean worsening in
the load shedding scenario considered, are found at some
moments. However, the presence of the negative differences,
which mean improvement in this scenario, takes place at the
most important moments: around the maximum frequency
deviation (about r = 220.7 s), in the case of primary
frequency control, and just after the disturbance, in the case of
virtual inertia. In addition, higher aggressivity improves the
behavior in both cases, but it can saturate the action of VAC
systems faster, apart from temporary deteriorate frequency
performance in some instants.
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FIGURE 5. Load frequency control responses following a load shedding
under different control aggressivity. The reference case (without
frequency control) has been subtracted from each case. Virtual inertia.
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Fig. 6 shows the results of combining both controls, where
each curve corresponds to a pair (K,, K,). Likewise, those
controls with more aggressive virtual inertia saturate and
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TABLE 1. Statistical analysis following a load shedding event. Frequency control in the case of non-railway consumption.

Freq. deviation (mHz) ROCOF (mHz/s) Load
Cases Gau;(s (Kp, Power extrema (p..) Power denvat/lve extrema
v) Max. RMS Max. Min. RMS Energy (p.u. s) (p-u/s)
Max. Min. Max Min.
Reference 0,0 131.9358  51.3609 375 557522 51.0517 0.001176 ~ 0.001176 0.017644 0 0
02,0 131.6884  51.3119 375 -55.6087  50.9899 0.001400  0.001759 0.018361 0.0007 -0.0001
0.4,0 131.4421  51.2631 375 -55.4674  50.9283 0.001622  0.001176 0.019077 0.0014 -0.0002
lg(‘)ﬂ‘;g 0.6,0 131.1965  51.2145 375 553257  50.8671 0.001844  0.001176 0.019793 0.0022 -0.0003
0.8,0 130.9517  51.1661 375 -55.1848  50.806 0.002065  0.001176 0.020507 0.0029 -0.0004
1.0,0 130.7077  51.1179 375 -55.0456  50.7453 0.002285  0.001176 0.021200 0.0036 -0.0005
0,0.2 131.5725  51.3555 375 -54.8368  50.7788 0.002055  0.001044 0.017644 0.1175 -0.0018
0,0.4 131.2533  51.3539 375 -54.0044  50.5895 0.002352  0.000917 0.017571 0.1866 -0.0035
Virtual Inertia 0,0.6 131.0644  51.3618 375 533792 50.5321 0.002352  0.000792 0.017374 0.2792 -0.005
0,0.8 130.9440  51.3732 375 -52.8714  50.5034 0.002352  0.000688 0.017143 0.2822 -0.0061
0,1.0 130.8609  51.3864 375 524304 50.4863 0.002352  0.000547 0.016896 0.2822 -0.0071
0.8,0.2 1305936 51.1608 375 -54.2808  50.5357 0.002309  0.001168 0.020508 0.1203 -0.0009
0.6,0.4 130.6276  51.2148 375 -53.7569  50.4922 0.002352  0.001160 0.019638 0.1875 -0.0024
ngr‘ft’;gfd 0.4,0.6 130.7033 512717 375 -53305  50.4893 0.002352  0.001151 0.018727 0.2798 -0.004
02,0.8 130.7810  51.3289 375 -52.8637  50.487 0.002352  0.000861 0.017812 0.2822 -0.0056
1,1 130.4023  51.1794 375 52,9846  50.4627 0.002352  0.001135 0.020127 0.2822 -0.0042
decay faster. Those with high primary control remain with 6.0%
greater contributions once the maximum frequency deviation 3.0%
has passed, contrary to those with higher virtual inertia. 0.0% =g =nc lan Lunan |1 1L ,I .I o Ll L
. . . . 0 ]
In summary, a higher weight of primary frequency control 300 |
. . . =J. 0
enhances the behavior of frequency deviations, whereas a 60
higher weight of virtual inertia improves response speed, 9'00/0
which also reduces the time the VAC system is out of normal e
. o . . . . . - 0,
operation. However, much participation of virtual inertia 12.0%
. . _ 0,
control can impact negatively on frequency, saturate the VAC 15.0%
system, and require it to change drastically its operation point. -18.0%
Beyond the previous qualitative analysis, Table 1 contains -21.0%
. . . Q. QO O _ 9.9 % o N> b
some statistics to evaluate the performance of controls during A RN QQ O QQ% SN, »Q% W
the studied period (between t= 220 s and ¢ = 235 s): RN
maximum value and root mean square (RMS) of frequency Kp, Kv
deviation, maximum and minimum values and RMS of B Max. Freq. Dev. ®Min. ROCOF  ® Extra energy

ROCOF, maximum and minimum values of power and
power derivative of the load, and the energy involved. Some
conclusions are immediate: the greater the contribution of the
controls, the lower the maximum frequency deviations; the
minimum frequency deviation is identical for all cases due to
the nature of the event; the maximum ROCOF is practically
the same since the inertia of the system has not changed and
due to the small actuation delay of controllers; and the higher
the control gains, the more energy and power changes are
required.

Fig. 7 compares some of the most important characteris-
tics. It is noticeable that the primary control provides lower
frequency deviations, and the virtual inertia provides lower
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FIGURE 7. Reduction of main metrics with respect to the reference case.

frequency variations. However, the primary control demands
an increase of net energy consumed, contrary to virtual
inertia, where it is possible to reduce the net consumption.
The combination allows to obtain the benefits of both
controls without increasing energy consumption or constantly
requiring sudden power variations. According to the results,
under the scenario considered, it seems that a bit of virtual
inertia with high primary frequency control (K, K, =0.8,0.2)
can provide the third lowest frequency RMS, and the second
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lowest maximum frequency deviation, although it consumes
nearly 17% more energy than the reference case.

The following sections consider the railway consumption
profile shown in [9]. The statistics are calculated during a
multi-train circulation period when the power system faces
a sudden load shedding or a generation losing. While trains
are running, VAC systems are permitted to contribute to
frequency control tasks by means of the abovementioned
techniques.

B. CASE STUDY 2. RAILWAY CONSUMPTION. RESPONSE
TO A SUDDEN LOAD SHEDDING

A fraction of the entire railway circulation (between t = 220 s
and t = 225 s) is considered to show the contribution of
railway VAC systems to frequency control. Also, the statistics
are calculated in the same period to delimit the assessment to
the showed period.
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FIGURE 8. Primary frequency control response following a sudden load
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1) PRIMARY FREQUENCY CONTROL

Fig. 8 and Fig. 9 show the absolute results when implement-
ing a control based on the instantaneous frequency deviations.
At first, it is noticeable that more aggressive controls provide
greater frequency reductions. Also, shorter times to reach
maximum frequency values, greater increases in thermal
power developed by the VAC system, and greater temperature
deviations occur. By orienting the control to instantaneous
frequency deviations, a direct improvement on ROCOF
behavior is not achieved. Regardless the aggressiveness of
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FIGURE 9. Primary frequency control response following a sudden load
shedding. Zoom of frequency and rate of change of frequency.

the control, the variation in internal temperature is negligible.
These results fully coincide with the ones in [9], where the
possible contribution of trains to primary frequency control
tasks, by means of their thermal inertia and VAC systems,
is also assessed.

As mentioned in section IV-A, subtracting the reference
case results (without VAC system participation on frequency
control) from individual cases allows to scale figures toward
a better visualization. Fig. 10 shows the same results of
Fig. 8 but compared to the reference case. Apart from
showing clearer behaviors, it allows to appreciate the order
of magnitude of variations among cases. Here, a similar
behavior to section IV-A primary frequency control case
is obtained. The impact on thermal comfort, regardless of
control aggressivity, is negligible. Also, the thermal inertia
effect is appreciated. The temperature only decreased 0.04°C
after almost five seconds of the maximum heat power
injection.

2) VIRTUAL INERTIA CONTROL

Fig. 11 illustrates the behavior of the variables of interest
in the case of implementing virtual inertia control, shown as
their differences from those of the reference case. It is notice-
able that varying VAC electric consumption proportionally to
frequency variation rate also provides improvements in grid
frequency deviations. However, the benefits are lower than
the ones with primary frequency control. The main benefit
of emulating inertia in frequency control lays on reducing
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FIGURE 10. Primary frequency control response following a sudden load
shedding. The reference case (without frequency control) has been
subtracted from each case.

the ROCOF. This requires lower maintained power during
the event and lower air temperature variations (thousandth
of degrees compared to hundredth of degrees in primary
frequency control). As in the presented general study case,
the maximum ROCOF does not vary, although there are
improvements over time. In this circumstance, as the control
is aimed to reduce the ROCOF, it is noteworthy that the
more aggressive control, apart from requiring greater power
variations, can also impact negatively on frequency deviation
performance along time.

On thermal behaviors, under the same sudden load
loss event, the VAC thermal power rapidly decreases and
increases. Here the decrease was longer due to the resulting
variation rate, which was imposed by the event nature. Also,
the train temperature variations are negligible.

3) COMBINED CONTROL

With a combined control, the benefits and limitations of each
individual control are present, as can be seen in Fig. 12.
It is notable that no case risks thermal comfort, but their
performances are significantly different in terms of frequency
and power. The cases K,, K, = (1,0) and K,, K, = (0,1)
present the slowest and the fastest frequency evolution,
respectively, which are related to heat power. The extreme
case K,,, K, = (1,1), which merges at 100% each controller,
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FIGURE 11. Virtual inertia control response following a sudden load
shedding. The reference case (without frequency control) has been
subtracted from each case.
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FIGURE 12. Combination of primary frequency and virtual inertia controls
response following a sudden load shedding. The reference case (without
frequency control) has been subtracted from each case.

is the second best in reducing frequency deviations and
variations, with approximately the average response time of
the individual responses but saturating the power.
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It is not clear which combination is more appropriate since
the benefits in terms of frequency and thermal requirements
are very similar. The selection of cases allows to notice how
frequency and power behavior speed up along time with
the increasement of virtual inertia and reduction of primary
frequency control coefficients.

C. CASE STUDY 3. RAILWAY CONSUMPTION. RESPONSE
TO A SUDDEN GENERATION LOSING

The following results were obtained with the same procedures
as in the previous subsection, but this time a generation losing
is studied. The event period and control settings are the same.
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FIGURE 13. Primary frequency control response following a sudden
generation losing. The reference case (without frequency control) has
been subtracted from each case.

1) PRIMARY FREQUENCY CONTROL

Fig. 13 shows the results of primary frequency control
following a sudden generation losing. Due to the decrease
in generated power, there is a decrease in the thermal power
delivered and, therefore, in the electrical power consumed by
trains. Again, it is noticeable how the frequency deviations
are mitigated depending on the aggressiveness of the control
action. Similar to the results shown in [9], the control
response saturates when reaching the technical minimum or
maximum of thermal power delivered. The saturation time
is inversely proportional to the control aggressivity. At satu-
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ration point, there are no extra benefits on increasing control
aggressivity, but there are still high power requirements. Also,
it can be seen how the saturation allows to maintain positive
differences on frequency deviations, although it impacts on
the normal drop of frequency deviations (first plot) and
frequency variations (second plot). On thermal behavior,
the little impact of varying VAC thermal power on thermal
comfort is shown. It is also noticeable how the internal air
train temperature behaves very similar in those cases where
the frequency control saturates.
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FIGURE 14. Virtual inertia control response following a sudden
generation losing. The reference case (without frequency control) has
been subtracted from each case.

2) VIRTUAL INERTIA CONTROL

Fig. 14 shows the responses of providing virtual inertia
following a sudden generation losing. As in the previous
section, increasing control aggressivity does not necessarily
provide better system frequency deviation performance.
In the ROCOF curve it is noticeable that greater aggres-
siveness allows its amplitude to decrease. However, due
to heat power saturation, a virtual inertia coefficient of
K, = 0.6 would be enough to provide the maximum ROCOF
reduction without demanding much power fluctuation and
disturbing the overall frequency behavior.

From a frequency point of view, the primary control
provides more benefits than the virtual inertia, even con-
sidering that some responses saturated. However, virtual
inertia control allowed to achieve shorter power changes
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than primary control during the same period, although power
curves have larger slopes at the beginning. This also means
that inner temperature deviations are insignificant.
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FIGURE 15. Combination of primary frequency and virtual inertia controls
response following a sudden generation losing. The reference case
(without frequency control) has been subtracted from each case.

3) COMBINED CONTROL

Fig. 15 shows the result of different combinations of
primary control and virtual inertia following a sudden loss
of generation. Regardless the combination of controls, there
are always benefits in power system frequency performance.
Again, it is noticeable how the benefits of both controls
allow to minimize frequency deviations and ROCOF, and to
maintain less technically demanding thermal power profiles
than in the individual control scenarios.

At first, it is visible how the non-combined cases, K,
K, = (1,0) and K, K, = (0,1), stablish the boundaries on
every plot. This is, the case K, K, = (1,0) is the slowest and
the one which mitigates frequency deviation the most, while
the case K, K, = (0,1) is the opposite. However, the latter
allows the fastest desaturation.

Since all cases reached saturation point, it is not clear
which one performed the best. Nonetheless, the ‘“middle
cases”, K,, K, = (0.6,0.4) and K,,, K, = (0.4,0.6), seem
to present an acceptable trade-off among contribution to
frequency deviation reductions and power variations. This
observation suggests maintaining a balance among primary
frequency control and virtual inertia provision. Furthermore,
the extreme case, K, K, = (1,1), despite saturation, also
presents a balanced behavior, which is quite different from
other cases. Pursuing a balanced combination of controls
represents less technical requirement for VAC equipment and
less energy consumption, while contributing approximately
equally to frequency control.
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D. GLOBAL RESULTS COMPARISON

Apart from the analysis of the previous figures, applying
some statistics to the most relevant variables allows to
evaluate the effectiveness of each control more precisely.
This is especially necessary in the cases with control
combinations, since in the individual cases all the responses
have similar behaviors, but varying speed and amplitude
depending on the aggressiveness of control. Then, the
extrema and RMS values are calculated for the frequency
deviation and its variation rate, considering the assigned
values for each one (60 Hz and 0 Hz/s). Extrema, energy, and
the extrema of its variation rate are also calculated for thermal
power. Only the RMS value is calculated for the train inner
air temperature deviation, based on 26°C.

1) STATISTICAL ANALYSIS OF THE RESPONSE TO A SUDDEN
LOAD SHEDDING

Table 2 contains some statistics to evaluate primary fre-
quency control, virtual inertia, and their combination in
the scenario of sudden load shedding. In the primary
control, what is observed in the graphs is corroborated.
With greater aggressiveness, the maximum and minimum
deviation decrease. The maximum undergoes a greater
reduction because it is due to the load loss event, while
the minimum is caused by the natural consumption of the
railway. In addition, the RMS values allows observing the
impact of each aggressiveness, where a maximum reduction
of 3.8899 mHz is achieved. The effect of the primary control
on the ROCOF is not negligible. The maximum ROCOF is
imposed by the magnitude of the event and the inertia of
the system, so it does not vary appreciably. The minimum
ROCQOF varies with greater rates than frequency deviation
extrema. This depends on the normal railway consumption
that is directly altered by the activation of the control.
Even so, the difference between the frequency deviation
and ROCOF RMS values is negligible. The effects of the
primary control on the interior temperature are insignificant.
However, in the developed thermal power, it is observed that
a greater aggressiveness increases the minimum and reduces
the maximum. The minimum increases due to the loss of
load event, and the maximum decreases because the control
requires following the frequency decrement caused by the
natural consumption of the train during braking. Similarly,
the variation rates of the thermal power grow up with the
aggressiveness of control. Regarding energy consumption,
an increase in total consumption with greater aggressiveness
is appreciable. As expected, greater frequency deviations
require more thermal power injection, and, therefore, more
energy consumption.

According to virtual inertia implementation results, it is
confirmed that it does manage to reduce the maximum
and minimum frequency deviations, but to a lesser extent
than the primary control. This can be appreciated in the
fact that it provides higher RMS, maximum, and minimum
values of frequency deviation than the primary control.
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TABLE 2. Statistical analysis following a load shedding. Frequency control in railway consumption.

Freq. deviation (mHz) ROCOF (mHz/s) Thermal power d—l;iri];tpiir:[(%rg)
Gains
Cases (II((‘{v) Extrema (MW) Enerey Extre?ql\z/i[ \L;l\/e/rsi)vative
Max Min. RMS Max Min RMS (kWh) RMS
Max. Min. Max. Min.
Ref. 0,0 132.096 1.1829 83.1319 375 -55.7833 87.2959 -0.17684 -0.17687 -0.2458 0 0 0.0031
0.2,0 130.0615 1.1733 82.3146 375 -54.5329 86.4113 -0.17578 -0.22057 -0.2743 0.0238 -0.1491 0.0088
0.4,0 128.0934 1.1639 81.5181 375 -53.3368 85.5569 -0.1747 -0.26275 -0.3023 0.0467 -0.2982 0.0145
]g(.;:‘::::){ 0.6,0 126.1869 1.1548 80.7415 375 -52.1922 84.7312 -0.17364 -0.30347 -0.3297 0.0685 -0.4474 0.0201
0.8,0 124.341 1.1458 79.9839 375 -51.0955 83.9328 -0.17259 -0.34281 -0.3565 0.0895 -0.5965 0.0256
1.0,0 122.5563 1.1371 79.245 375 -50.0596 83.1613 -0.17156 -0.38 -0.3839 0.1097 -0.7456 0.0309
0,0.2 131.4225 1.1828 83.1178 375 -54.055 86.418 -0.1704 -0.21758 -0.2463 0.1646 -8.1939 0.0035
0,0.4 130.7685 1.1827 83.1043 375 -52.4121 85.5684 -0.16431 -0.25828 -0.2468 0.6033 -16.3865 0.004
;;:trl:;;l 0,0.6 130.134 1.1826 83.0914 375 -50.8522 84.7459 -0.15856 -0.29898 -0.2474 1.3161 -24.5778 0.0045
0,0.8 129.5174 1.1824 83.079 375 -49.3683 83.9492 -0.15312 -0.33968 -0.2479 2.3028 -32.7678 0.0049
0,1.0 128.918 1.1823 83.067 375 -47.9585 83.1773 -0.14798 -0.38 -0.2484 3.4704 -40.9565 0.0054
0.8,0.2 126.126 1.1457 80.422 375 -51.9691 83.8376 -0.1726 -0.30256 -0.3436 0.086 -8.4445 0.0224
0.6,0.4 125.7033 1.1545 80.8287 375 -50.6653 83.2956 -0.17366 -0.31218 -0.3276 0.1701 -16.3962 0.0199
g;‘::gi 0.4,0.6 126.2488 1.1636 81.4813 375 -48.621 83.1557 -0.17473 -0.30617 -0.3038 0.1225 -24.4626 0.0155
0.2,0.8 127.6854 1.1729 82.2868 375 -48.4458 83.6151 -0.17583 -0.30429 -0.2750 0.2316 -24.6239 0.0099
1,1 123.8752 1.1369 80.1299 375 -46.3763 81.489 -0.17163 -0.38 -0.3543 0.3843 -25.6061 0.0247

Regarding the ROCOF, the contribution to the reduction
of the minimum ROCOF is appreciated, which does not
depend on the load loss event. However, the RMS value
of the ROCOF is identical to that of the primary control,
so there is no extra benefit in its application throughout
the circulation of trains. The effects of virtual inertia on
the interior temperature are lower than in primary control.
It is noticeable that the RMS value is practically null and
constant among cases with different control aggressiveness.
Similarly, the power consumption is approximately equal to
the case with no control implemented. However, the variation
rate of the thermal power is considerably higher than the
primary control. The application of this control demands a
high-power variation capacity by the VAC equipment, which
could be achieved through the activation of the compressor
motors, fans or ventilators, circulation pumps, among other
devices.

Regarding the results of the combination of the primary
and virtual inertia controls, it is noticeable that it also
manages to improve several parameters compared to the
reference case. The combined control provided reductions
in the maximum frequency deviation up to 8.2208 mHz,
in the frequency RMS up to 3.00 mHz, and in the minimum
ROCOF up to 9.407 mHz/s. The combination K, K, = (1,1)
provided the second, first, third, first, and first best results on
reducing maximum, minimum, and RMS value of frequency
deviations, and the minimum and RMS value of ROCOF,
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respectively. Apart from this, it reduced the power fluctuation
and the temperature deviation RMS.
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FIGURE 16. Reduction rates of relevant frequency-related variables
following a load shedding.

In Fig. 16, the main differences regarding frequency
deviations and ROCOF are easily appreciated. The primary
control directly improves the maximum frequency deviations
and, therefore, the RMS of frequency. It also reduces the
minimum ROCOF and, on a lesser degree, the RMS of
ROCOF. Virtual inertia reduces the maximum frequency
deviations as well as the RMS of ROCOF but does not
improve the RMS of frequency. Virtual inertia mainly
reduces the minimum ROCOF. On the other hand, the
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TABLE 3. Statistical analysis following a generation losing. Frequency control in railway.

Temperature
Freq. deviation (mHz) ROCOF (mHz/s) Thermal power deviation
Gains (&)
Cases (11(?3 Extrema (MW) Energy Extrema (MW/s)
Max Min. RMS Max Min. RMS - (cWh) - RMS
Max. Min. Max Min.

Ref. 0,0 1.4719 -131.792 82.897 72.3071 -375.058 88.3158 -0.17684 -0.17687 -0.2458 0 0 0.0031
0.2,0 1.4598 -129.787 82.102 71.7121 -375.059 87.4454 -0.13114 -0.17577 -0.2147 0.1493 -0.0239 0.0032
0.4,0 1.4479 -127.851 81.328 71.1305 -375.06 86.6067 -0.08694 -0.17469 -0.1841 0.2985 -0.0468 0.0083
Ig(‘:::?{ 0.6,0 1.4363 -126.965 80.725 70.562 -375.06 86.082 -0.07600 -0.17363 -0.1583 0.4478 -0.06 0.0124
0.8,0 1.425 -126.874 80.353 70.006 -375.061 85.8614 -0.07600 -0.17257 -0.1401 0.597 -0.0295 0.0148
1.0,0 1.4139 -126.875 80.130 69.4621 -375.061 85.7473 -0.07600 -0.17154 -0.1279 0.7463 -0.0348 0.0159
0,0.2 1.4718 -131.120 82.883 72.3012 -375.058 87.4515 -0.13614 -0.18339 -0.2454 8.4306 -0.1701 0.0026
0,0.4 1.4717 -130.469 82.870 72.2953 -375.058 86.6173 -0.09540 -0.18945 -0.2449 16.8597 -0.6225 0.0022
}:?;:;1 0,0.6 1.4715 -129.850 82.860 72.2893 -375.058 85.8888 -0.07600 -0.19518 -0.2447 20.1658 -0.2304 0.0019
0,0.8 1.4714 -129.364 82.871 72.2834 -375.058 85.54 -0.07600 -0.20044 -0.2455 18.8146 -0.3196 0.0019

0,1.0 1.4713 -128.997 82.896 722774 -375.058 85.3459 -0.07600 -0.20543 -0.2469 17.4619 -0.396 0.002
0.8,0.2 1.4248 -126.928 80.547 69.9983 -375.061 85.4226 -0.07600 -0.17258 -0.1468 8.7289 -0.07 0.0134
0.6,0.4 1.436 -126.750 80.860 70.5475 -375.06 85.1455 -0.07600 -0.17365 -0.1623 16.8539 -0.1927 0.0117
CC()(::;‘_E'I 0.4,0.6 1.4475 -126.661 81.363 71.11 -375.059 84.9949 -0.07600 -0.17472 -0.1853 16.7537 -0.1302 0.0085
0.2,0.8 1.4592 -127.679 82.110 71.6864 -375.059 85.1335 -0.07600 -0.17582 -0.2156 15.9726 -0.2462 0.0035
1,1 1.4131 -126.795 80.616 69.4279 -375.061 85.1499 -0.07600 -0.17158 -0.1461 12.7257 -0.2288 0.0125

combination of both controls allows to enhance the overall
frequency behavior. It almost entirely combines the benefits
of individual controls.

2) STATISTICAL ANALYSIS OF THE RESPONSE TO A SUDDEN
GENERATION LOSING

Table 3 contains some statistics to evaluate the primary
control, the virtual inertia, and their combination in the
scenario of a sudden loss of generation. The results of the
primary frequency control support what was obtained in the
previous cases. It is clearly observable that the aggressiveness
of the control provides greater reductions of both frequency
deviation extrema and, therefore, the RMS value. It affects
the extrema and RMS of ROCOF at similar rates. The
energy consumption due to the injection of thermal power
also decreased with the increase of the aggressiveness of
the control. The extrema of thermal powers, as well as
their variation rate, also increased. The temperature of the
interior air, although it has small variations compared to
its nominal value, varied more noticeably when faced with
higher aggressiveness.

Regarding the virtual inertia, it is also possible to reduce
the extrema of the frequency deviations and their RMS
values, although to a lesser degree. The virtual inertia did
not have notable benefits on reducing ROCOF extrema but
did reduce the ROCOF RMS more than primary control.
The energy consumption, and the temperature deviation RMS
varied minimally according to control aggressiveness, as it
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happened in the load shedding scenario. Furthermore, like the
previous scenario, it is notable how the aggressiveness of the
virtual inertia imposes greater variations of the thermal power
to be injected.

The combination of both controls, comparing the cases
with same K,, K, does provide greater reductions in the
extrema of frequency deviations. In addition, it allows
obtaining lower RMS of ROCOF compared to the application
of both controls individually. However, in the RMS of
frequency and energy consumption, the combined controls
improved virtual inertia results, but they were similar
to primary control ones. The deviations of the internal
temperature remain negligible. Again, the combination of
both controls also requires lower sudden variations in thermal
power, although in this scenario the benefit obtained is
lower.

Fig. 17 shows some of the parameters that varied most
markedly between the different combinations of controls in
the face of sudden generation loss. The extrema of frequency
deviations and the RMS of frequency and ROCOF were
selected. According to what was previously visualized, the
virtual inertia applied individually does not represent benefits
in any variable, compared to the individual primary control
scenario and the combination of both. The primary control
individually provides similar reductions, to the combination
of the controls, of the lower limit of the frequency deviations,
as the RMS of frequency is also similar. However, combining
the controls (primary and virtual inertia) does provide greater
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FIGURE 17. Reduction rates of relevant frequency-related variables
following a generation losing.

benefits in the RMS of ROCOF and in the reduction of
the maximum frequency deviations, while requiring lower
thermal power variations than a standalone virtual inertia
control.

3) RELATIVE IMPACT INDEX

To better appreciate the contribution of VAC systems of trains
to frequency control, the size of the controllable load should
be taken into account. In the case considered, a maximum
power of 0.0013 p.u. per train is available for frequency
control tasks. Although the number of trains varies over time,
it can be stated that a total maximum load of 0.0052 p.u.
provided the prior benefits in a 2.0 p.u. system (four trains
and two generators). The objective of the presented approach
is not to completely handle the frequency deviations by itself,
but to be just one of many contributors. To better assess the
benefits of its contribution, this section shows relative results,
compared to load size. This is calculated by dividing some of
the most relevant results (percentage reduction) by the total
maximum available load (power capacity in p.u.).
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FIGURE 18. Relative impact index (%/p.u.) of relevant frequency-related
variables following a load shedding.

Fig. 18 and Fig. 19 show the relative impact index fol-
lowing a load shedding and a generation losing, respectively.
In both situations, the percentage reductions of RMS of
frequency and ROCOF are calculated. Due to the diverse
nature of each situation, the relevant statistics to be reduced
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FIGURE 19. Relative impact index (%/p.u.) of relevant frequency-based
variables following a generation losing.

are different. In the case of load shedding, maximum
frequency deviation is expected to increase and it is included
in Fig. 18. In the generation losing case, the same behavior
is expected but with minimum frequency deviation, and it is
included in Fig. 19.

The previous figures show the same strong relations of
primary frequency control with frequency RMS, and virtual
inertia with ROCOF RMS. In addition, the results indicate
how large could be the reductions if more loads (up to 1.0 p.u.)
apply similar frequency controls. Depending on the gain of
controllers, the frequency performance improvement can be
even more relevant. For example, in Fig. 18, the possibility of
reducing up to 27%, 17%, and 25% the maximum frequency
deviation, frequency RMS, and ROCOF RMS, respectively,
can be seen. In Fig. 19, a maximum possible reduction of
12%, 14%, and 14% in frequency RMS, minimum frequency
deviation, and ROCOF RMS, respectively, is showed.

V. DISCUSSION

The integration of non-conventional generation technologies
has required the electrical energy systems to adapt to
continue providing security, stability, and power quality in
the energy supply. For this reason, research has been carried
out around the world on how these new technologies, and
other participants in the sector, can contribute to maintain the
integrity of electrical power systems.

Thus, the contribution of the different types of demand
has been studied so that they participate in the ancillary
services of power systems, reduction of congestion on lines,
or optimum economic consumption, among other aspects.

The relation between the total railway consumption and
the fraction related to VAC systems, the power system
characteristics, and the magnitude of the event largely
define the relevance of railway contribution to frequency
control. Even a small relative variation of consumption can
impact positively on frequency control if the railway, and
the associated VAC systems, are a significant load in the
instantaneous grid power balance.

The result section shows how the control action affects
the minimum ROCOF following a load shedding event (up
to 16.86% reduction), and slightly impacts on its maximum
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value following a generation losing event (up to 3.98%
reduction). These values depend on power system inertia,
which does not vary, and on the instantaneous power
balance. In the model, the VAC system consumption is
considerable smaller than the power involved in the event
and the train traction consumption. Therefore, following a
load shedding event, its magnitude defines the maximum
ROCOF, while the minimum ROCOF is still defined by the
normal power consumption (traction and auxiliaries). This
explains why the railway frequency control only improved
the minimum. In a generation losing situation, the event mag-
nitude defines the minimum ROCOF, while the maximum
ROCOF is still defined by the normal power consumption
(braking and auxiliaries). Since, during braking, the power
exchange between railway and grid is minimum (no injection
of regenerative braking energy and auxiliaries’ consump-
tion) the influence on frequency performance of varying
VAC system consumption is going to be also minimum.
In conclusion, the possible benefits on frequency control can
considerably vary depending on the type of event in the power
system.

The VAC operation status, prior to the activation of the
frequency control, limits its contribution due to operating
boundaries. It has been shown that the frequency deviations
and variations demand amounts of thermal power that tend to
saturate the VAC system, especially in the case of generation
loss, where the lower limit is reached several times. In the
case of a sudden load shedding, if the VAC is handling a
large thermal load (passengers, solar radiation, etc.), it is not
possible to increase much more its electrical consumption to
mitigate the increase in frequency. Similarly in case of sudden
loss of generation, the VAC contribution could be minimal if
the previous instantaneous thermal load is low compared to
its rated power. Regardless the situation, it has been proven
that the thermal comfort of passengers is not compromised.

On the other hand, the benefits of applying these control
techniques should consider the VAC system technical require-
ments. In addition to the reductions on frequency deviations
and ROCOF, there are also reductions on the delivered
thermal power and, therefore, on electrical consumption.
However, these benefits require the capacity of providing
sudden thermal power changes, especially on virtual inertia
cases, where reductions of some millihertz demand variations
of several megawatts per second in the VAC system operation.
Therefore, the doable contribution of train VAC systems also
depends on their operation ranges. Some of the benefits
of combining primary frequency control and virtual inertia,
besides the improvement on frequency performance, is the
reduction of technical requirements while achieving better
frequency performance. Hence, VAC system fatigue, and
other possible issues, can be mitigated. It is also worth
mentioning that controls do not combine linearly, even if the
implemented equation does. The action of one control can
affect the performance of the other one. Then, an appropriate
adaptive combination over time could allow to obtain even
more benefits.
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The presented work is the first levels of technology
readiness. Future development toward real-life applications
will include laboratory experiments and validation. Some
possible challenges can be related to: the VAC systems’ own
dynamics, the actual implementation of their control systems,
and measurement and transmission of grid frequency signal,
among others.

VI. CONCLUSION

The present work is focused on expanding the contribution
of railway systems to frequency control tasks. There are
few studies where the railway infrastructure is considered
as a manageable load and even fewer studies where they
participate in the ancillary services of power systems. The
main contribution of this work is to propose that the trains
contribute to primary frequency control and to the provision
of virtual inertia, by using the thermal inertia of wagons via
their HVAC systems.

The results of the case studies allow to appreciate the

possible positive effects:

o It is observed how maximum and minimum frequency
deviations and ROCOF are mitigated in different pro-
portions depending on the aggressiveness of the control.
Up to 7.22%, 3.89%, 3.98%, and 16.86% absolute
reduction among all cases and control combinations,
respectively.

« Increasing control aggressiveness also demands more
VAC system power variation capacity, especially in
the application of virtual inertia where thermal power
rates increase markedly. Because of this, the operational
limits and dynamics of VAC systems will largely deter-
mine how much trains could contribute to frequency
control tasks. Maximum heat power is reached in cases
where K, or K, = 1.

TABLE 4. Parameters’ values and specifications.

Parameters (units) Values
Generators inertia (s) 4.0
Generators dead band (mHz) +1

Generators PI controller gains -20,-5

Load damping factor (%) 1

Base power (MW) 18

Train weight (kg) 204525
Train power conversion efficiency 95

(%0)
Davis coefficients (N, Nh/km,
Nh%km?)
Train length, width, and height (m)

2547.648, 21.6048, 0.59

86.094, 2.71, 3.859

Dwelling and headway times (s) 30.0, 120.0
HVAC system PI controller gains 50, 1
HVAC system frequency control 117
dead band (mHz)
Maximum solar irradiance (W/m?) 760
Outside air temperature (°C) 30

Thermal envelope characteristics See 11" configuration in [9]
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o Likewise, measuring the rate of variation of thermal

power would allow estimating the degree of fatigue these
devices are exposed to.

APPENDIX A
See Table 4.
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