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Abstract

There is a wide consensus about substituting fossil fuel-based electric generation with renewable resource-based one. However,
the displacement of conventional power plants with power electronics-interfaced plants implies several technical issues that must
be addressed. Among these needs, providing ancillary services to electric power systems is fundamental to maintain power quality
and system reliability. There is a considerable amount of literature about providing ancillary services from renewable power plants
and an increasingly important effort to complement these services with loads. However, the contribution of railway systems to
these services has been less explored. Considering the world-wide expansion of railway systems, it is appropriate to consider them
as relevant contributors to ancillary services. The present work presents a novel approach to assess the possibilities of contribution
of railways to grid primary frequency control based on the thermal inertia of trains. This approach aims at determining how railways
can support frequency control tasks without affecting the circulation time of trains and thermal comfort of passengers. This paper
proposes to act on the power consumption of the air conditioning system of trains as the way of making the train whole consumption
responsive to frequency deviations. In addition, the paper proposes a methodology for analyzing the effectivity of the approach. It
defines the extent of the modeling detail of railway and electric power system, and the coupling between them. To validate the
feasibility, its application is illustrated with a case study. The results show that frequency deviations can be reduced without
affecting passengers’ thermal comfort.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the current worldwide energetic transition, renewable energy-based power plants are increasing their
presence in electric power systems. This growing is towards the reduction of the usage of fossil-based energetic
resources and the mitigation of adverse effects on environment [1]. Contrary to conventional power plants, the
renewable energy-based power plants do not intrinsically have the capacity to provide ancillary services as: response
under fault, frequency-power control, reactive power-voltage regulation, etc. Therefore, if these novel power plants
displace a considerable amount of conventional plants, the rest of the actors of electric power systems (not only
generators but also consumers) must modify their conventional behavior so as to cooperate in providing safety,
reliability, and power supply quality [2].

Many researchers have investigated how to face these problems. For example, without the aim of being
comprehensive: Ochoa et al. [3], [4] provided modeling and control methods for wind power plants to support the
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primary frequency control by means of modifying the maximum power point tracking curve and the pitch angle;
Golieva [5] assessed the connection of wind farms to weak public grids; Julien et al. [6] presented a hierarchical
control system for photovoltaic plants to provide ancillary services to grid and to mitigate the generation variability;
Pierro et al. [7] proposed a flexible photovoltaic plant structure, for the mitigation of system imbalance, based on
proactive power curtailment and storage fully managed as secondary reserve; Kryonidis et al. [8] reviewed the most
important ancillary services (voltage regulation, voltage unbalance mitigation, congestion management, power
smoothing, reactive power support, inertial response, and frequency response) for future application into distribution
and transmission networks; and Tamrakar et al. [9] reviewed the role of virtual inertia, considering different
approaches and applications.

Apart from recognizing the complexity of maintaining stability in power systems, the integration of new market
mechanisms and grid codes is needed to seize the possible benefits [10]. Many reviews on actual regulation framework
have been done. Some, as Carroll et al. [11], are focused on assessing the current regulations, codes, and standards to
anticipate the needs of updating them. Others, as Gokhale-Welch et al. [12], attempt to extract the best practices of
world-wide codes to address a technological challenge in a region which lacks appropriate codes.

In Literature, there are many published works on the integration of renewable energy-based power plants in the
grid. On the other hand, due to the current technological development on communication and control techniques,
consumers can also participate in grid support tasks by adjusting their consumption behavior. This is generally known
as “demand response”, which can be based on the response to different signals (energy prices, incentives, or physical
magnitudes, among others) [13]. Similarly to optimization programs applied to power plants, it is also possible to
optimize the demand behavior as function of energy costs/prices, peak hours, pollution, technical restrictions in electric
grids, preferences of consumers, etc. [14]. Hence, the demand response integration must include a deep analysis of
load requirements, grid operational limits, and even the interaction with other energy systems as heat and/or fuel hubs,
microgrids, islanded grids, etc. [15].

It is possible to find several recent works on demand response. Among others, Yumiki et al. [16] developed an
autonomous Vehicle-to-Grid (V2G) for providing primary frequency control and voltage amplitude regulation to
transmission and distribution grids, respectively, from onboard batteries. Ledro et al. [17] studied the contribution of
electric vehicle fleets, seen as virtual power plants, to compensate the power fluctuations induced by wind-based
generation. Blatiak et al. [18] proposed a framework for optimal trip scheduling of electric vehicle fleets based on
mixed-integer linear algebra. Also, the quantifying of potential profits for commercial electric vehicle fleets is done.
Diaz-Londono et al. [19] presented a conceptual framework for network aggregators to contribute to the flexibility
required on the generation and demand side. Here, different types of loads are managed according to their capabilities
of providing ancillary services but restricted by their dynamics and flexibility.

In summary, those loads with a considerable presence in electric power systems can contribute significantly to the
provision of grid ancillary services. According to the International Energy Agency (IEA) [20], the railway sector
represents the 1.9% of global energy consumption. This energy amount is smaller than other sectors’ due to the current
high efficiency in railway technology. Nevertheless, railway demand response has been studied from different
perspectives, as distributed generation integration, recovery of regenerative braking energy, microgrids, etc. [21]-[23],
the main focus being the energy trading between the railway and the grid.

There are few works about railway demand response for grid supporting tasks, and even less about contributing to
grid frequency control. For example, He et al. [24] proposed a novel frequency regulation framework based on day-
ahead capacity estimation, real-time response, and frequency control parameters dispatch. To satisfy the frequency
control requirement, and a multi-train response strategy, a novel sequential cutting plane algorithm was developed to
coordinate individual train dynamics and solving optimally the capacity estimation and power dispatch problems. By
means of numerical studies, He et al. [24] verified the effectivity of the proposed framework and concluded about the
high potential of supporting frequency control. However, the application of this approach requires the use of
optimization methods, large differential equation constraints, considerable computational resources, etc. Moreover,



3

the proposed frequency regulation framework demands the modification of the running processes of trains. Hence,
although the average circulation time can be achieved by compensating decelerations with accelerations, and
reciprocally, the dwelling and arrival times can be affected, as well as other mechanical considerations.

In the present work, we propose an alternative method for the railway to contribute to grid primary frequency
control without affecting the circulation time of trains. It is based on the variation of the electric power consumption
of the air conditioning system of trains in response to grid frequency variations. This consumption variation modifies
the instantaneous load seen by the grid and, therefore, can contribute to primary frequency control. As thermal
dynamics of trains are much slower than grid primary frequency dynamics, this can be done with a low affection to
thermal comfort of passengers. Apart from reducing grid frequency fluctuations due to non-railway events, the
proposed approach can be also used to minimize the adverse effects of certain train operations on grid frequency. To
the best of our knowledge, this is the first time railway HVAC systems are considered to contribute to grid frequency
control. The main contribution of the present work is the novel way of providing support to grid frequency control
tasks from railways without risking the effectiveness of passenger transport. This relies on the coupling between the
railway thermal performance, and its electrical interaction with the grid.

To validate the feasibility of the proposed approach and to explore its possibilities, we present a case study and the
behavior of electrical and thermal magnitudes facing different situations. Section 2 of the paper describes models of
the railway system, the electric power system, and their coupling. Section 3 presents the case study and Section 4 the
analyzed situations. Section 5 draws the main conclusions.

2. Methodology

Changing the operation of heating, ventilation, and air conditioning (HVAC) systems as a way of demand response
from office and commercial buildings has been extensively studied, for example [25]. The thermal modeling of
buildings, which includes the envelope characterization and analysis of heat fluxes, is mandatory for an appropriate
building demand response [26], [27]. Similarly, in the case of railway systems, apart from the electrical and dynamic
modeling of the rolling stock, railway layout, and catenary, a thermodynamical modeling of trains is needed. On the
other hand, since the study is oriented to grid frequency control, the power system modeling must be based on
frequency related parameters, as the damping of load, rotative equivalent generator mass, speed regulator topologies,
etc.

2.1. Railways

Railway models have been extensively developed [28]-[34], where the model accuracy varies according to the
study scope. For the type of assessment proposed in the present work, the calculation of the individual power
consumption of a train is needed, specifically including auxiliary power consumption (Pauw). The train power is
described in equation (1), where: m a represents the product between the mass and the acceleration of the train, Fmec
stands for the mechanical resistance forces, v is the instantaneous train speed, 7ot iS the global efficiency, and Paux
represents the auxiliary consumption, as communication services, lighting, HVAC system, etc.

(ma+E,.)v
Petect total = me + Paux M)
Ntotal

Fmec is the sum of all the resistances based on aerodynamics (Faero), Slope (Fsiope), radius of curvature (Feure), and
tunnels (Funnet). Equations (2)-(5) represent their models, respectively. Here, A, B, and C are the Davis equation
coefficients for aerodynamic resistance defined by mass, stiffness, and damping, respectively; m g represents the
product between the train mass and the gravity acceleration; angsiope is the rail layout angle; R is the radius of curvature



4

of the rail layout; Liin is the train length; angg is the deflection angle; and Luwnne is the length of the tunnel [35].
Generally, the input data of equations (2)-(5) can be obtained from railway companies, especially those related to
track layout (v, angsiope, @nga, and, R). Davis coefficients and train characteristics are given by manufacturers.

Faero=A+Bv+Cvz (2)
Fsiope =m g Sin(anglePE) )
0.6m

( R g , R < Ltrain
Fourve = { 0.0105m g (angy) @

I , R > Ltrain

train

Funner = 1.3¥107"m g Lynner ®)

On the other hand, according to the focus of the present work, the auxiliary power, Pau, is mainly defined by the
power required by the HVAC (Qyv4c) as shown in equation (6). The heat power delivered by the HVAC system varies
depending on: the injected air flow (V), the air density (p), the air specific heat at constant pressure (Cp), and the
difference between the train inner air temperature and the injected air temperature (AT). As an approximation, the
injected air temperature is equal to the HVAC setpoint one. The total electrical auxiliary power can be computed by
adding the resulting heat power divided by the average HVAC system efficiency (COPnean) and the rest of the other n
auxiliary consumptions (P;).

. n
Quvac . .
Ppux = m + Z b, Quvac = VpCpAT (6)

i=

The term AT depends on the inside air temperature. This varies according to the total thermal loads and the thermal
characteristics of trains. Consequently, the thermodynamic modeling of trains is needed. There are several works
about the thermal modeling of trains [36]-[43], usually focused on passenger thermal comfort. According to
thermodynamic theory, each train element can be modeled individually (furniture, doors, windows, walls, floor, etc.).
However, it is a common practice to lump furniture mass to air mass, as well as to considerer all chassis structures as
one. Apart from these considerations, the more individual thermal systems are considered, the more differential
equations need to be solved, thus, more computational resources will be necessary. To avoid high computational cost,
a second-order model is selected in this work. The model showed in Hofst&dter et al. [43] is used, but adding more
heat sources as follows.

Equation (7) describes the thermal modeling of the inner air of trains. This equation can be used to model each
individual wagon air volume, but also for an average approach where all air volumes are aggregated. Here, TMa
represents the air thermal mass; T, is the inside air temperature; T, is the outside temperature, which it is considered
constant along the train envelope; T is the temperature of the train body; Ua, and A4 are the total thermal transmittance
and the related area between inside and outside air, respectively; U and Ay are the total thermal transmittance and
the related area between inside air and train body; Qy 4 represents the heat power delivered by the HVAC system to
provide thermal comfort; and Q,,,;, ; is the sum of other thermal loads as passenger latent and sensible heats, radiation
through windows, leakages, illumination inefficiency, etc. Depending on the desired precision of net thermal load,
each one may be modeled individually. Consequently, materials, people behavior, and equipment characteristics may
be considered. Note that equation (7) considers heat fluxes into the train air volume, however, it also works with
outgoing heat fluxes. Moreover, the usage of negative Qy 4c is because of the assumed direction of heat. Since the
heat goes from outside to inside, the HVAC system operates in cooling mode.
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The behavior of outside temperature, To, depends on environmental conditions, contrary to Ti. The train body
temperature, Ty, varies according to the body thermal mass TM, and related heat fluxes, as seen in equation (8). In this
model, the mass of wheels, bogies, motors, etc. are lumped into a single mass. The Q,y,;, » describes radiation from
surroundings, and heat exchanges with rails and ground. This term depends on local weather data and surrounding
reflective characteristics. It can be defined by means of a highly detailed thermal modelling, or by adjusting its value
to meet acceptable values of T:.

ar, .
TM;—= = iz = UatAar(Te = To) (®)

The power Qy4c depends on how both thermal masses interact under specific thermal load and environmental
conditions. If there are little heat gains and/or large thermal mass, the passenger thermal comfort will not be
compromised and, therefore, the operation of Qy 4¢ is not critical. The HVAC system can be operated by on/off logics
[27], as well as by varying the compressor and/or blower performance [26]. The last approach would modify the
amount of injected air (V) as well as its thermodynamic characteristics.

Finally, trains and traction substations are modeled as controlled current sources, and voltage sources, respectively.
The value of the current can be calculated by dividing the train electrical power (1) by the instantaneous catenary
voltage, Uca. The controlled current source is connected to the catenary as in Almaksour et al. [28]. However, although
the impedance between traction substations and trains varies according to the movement of trains [44], this impedance
variation can be neglected. This is only valid if the considered traction substations are supplied by the same grid
feeders. Because, in grid frequency studies, the interaction between loads and the grid is described in terms of power,
it is not strictly necessary to calculate the power managed by each traction substation, and the power seen by grid
feeders is enough.

2.2. Electric Power System

Since the analysis of frequency behavior is the main focus, a primary frequency control scheme is selected to model
power systems [1]. Here, an appropriate frequency-based description of power plants and loads is needed. Related to
power plants, it is required to know their: per unit participation in the instantaneous dispatch of energy (wi), transient
behavior [45], and speed regulator topologies. On the other hand, the modeling of loads implies their transient
behavior, which must include their frequency response, commonly described by means of damping factors (Deg).
Equation (9) describes the relation between grid frequency deviations (Aweq) and load variations (4P.). It can be seen
how a load increment results in a frequency decrement. Moreover, the grid equivalent inertia (Heq), imposed by its
global rotational mass, and the load damping factor are inversely related to the grid frequency. The equivalent inertia
of the m plants of the system can be calculated by equation (10), where H; represents the i plant inertia constant. The
presence of power plants in the energy dispatch, along with their inertias, stablishes the equivalent grid inertia. This
equation helps to understand how the integration of renewable energy-based power plants can reduce the grid inertia.
The terms Di(s) and Si(s) represent the frequency-based dynamic behavior and the operation scheme of speed
controllers, respectively. The “s” stands for the Laplace operator.

Aweq(s) -1
AP,(S) ~ 2HeyS + Dog + X1 w; Di(5) Si(s) )
Heq = Z wiHi (10)

i=1



Therefore, taking as an example the diagram presented by Ochoa et al. [46], adapted here as Figure 1, it is possible
to use the previous equations to study the frequency deviations. The blocks labeled with “HG” contain the product of
Di(s) and Si(s), as shown in equation (9). Any type on power plant can be represented in the diagram if its frequency-
based dynamics is known [45]. Figure 1 also shows how the railway model can be integrated into the power system
model. The railway model includes non-frequency dependent (NFD) and frequency dependent (FD) consumptions.

Additionally, in this work, railway consumption is considered as the only electrical load deviation (A4P.), although
the presented model allows to include non-railway consumption. However, as primary frequency regulation is related
to the first seconds after an event [9], just a part of the railway consumption profile is enough for the study. Apart
from railway running consumption fluctuations, AP, varies according to the HVAC system operation, which has been
proposed to change depending on train air temperature and grid frequency deviations.

Non
> HG ]. railway («— Other loads data
consumption

* +

+ - AP: + NFD
@ @)‘_ railway
consumption
+ 4
Railway data
1

FD
railway
consumption

] HG 2 W:2ng
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A

Figure 1. Example of the higher layer of a primary frequency control scheme integrating hydroelectric generators (HG), non-railway
consumption, non-frequency dependent (NFD) railway consumption, and frequency dependent (FD) railway consumption.

The “FD railway consumption” block contains the subsystems needed to describe the HVAC system response to
frequency deviations. As seen, the HVAC system normal response depends on railway thermal envelope and on its
own topology. The “Railway data” input defines the required characteristics. Additionally, grid frequency deviations
(4weq) can modify the delivered heat power by modifying some of HVAC system operation parameters. Depending
on HVAC system model detail, how frequency deviations affect the operation may vary. Equation (6) simplifies this
relation. Thus, injected air flow and its temperature are the only parameters that can be modified (see Appendix A for
more detail).

3. Case Study

According to the purpose of assessing the possibilities of using trains for contributing to frequency control, by
considering their thermal inertias, a case study is presented. Several scenarios are set up, where the railway frequency
control response is studied under different electrical events, and different train thermal characteristics. Although any
railway technology can contribute to frequency control of a power system, a DC railway-based case study is
considered.



3.1. Railway model based on Panama Metro Line 1

The railway system is inspired by the characteristics of the rolling stock and catenary system of Panama Metro
Line 1 (PML1). PML1 is a double track system which operates at 1500 Vpc, has 14 passenger stations, and is fed from
two connection points to the public grid. It distributes the AC power by means of an internal AC circuit to supply 8
traction substations. Some other useful data for modeling are: A, B, and C Davis coefficients are 2547.648 N, 21.6048
Nh/km, and 0.59 Nh?/km?, respectively; total train length, wagon width, and wagon height are 86.094 m, 2.71 m, and
3.859 m, respectively; the rated train mass ranges from 155875 kg to 245405 kg, depending on occupancy; the
maximum and operating train speeds are 80 km/h, and 32.5 km/h, respectively; the dwelling time is from 20 s to 30
s; the headway in peak hours and off-peak hours is 120 s and 250 s, respectively; the catenary contact wire has a

resistance of 0.177 Ohm/km at 20°C; the catenary has a copper equivalent section of 1400 mm?; and the rail resistance
is less than 0.04 Ohm/km.

For a completely accurate model, the information of the railway layout is needed. The profiles of slope, speed, and
radius of curvature define the forces in equations (2)-(5). However, including these profiles can complicate even more
the model elaboration, without adding relevant information to assess the railway frequency control contribution.
Therefore, to reduce the computational cost, null slope and infinite curvature are considered. Moreover, any
mechanical phenomenon, as the interactions pantograph-contact wire and wheels-rails, are neglected since their
influence in the study is minimum. As a result, the speed profile is what mainly determines the train consumption. To
solve equation (1), a standard circulation of PML1 is used, as showed in Figure 2. Here, the rated dwelling time and
headway are considered. The resulting running is replicated to simulate the train transit along 5 passenger stations and
3 traction substations. As previously said, the time framework of primary frequency control is very short compared to
train dynamics. Hence, to focus the resources on the frequency response study, an equivalent circulation of just 2
trains per track is considered. Figure 2 shows speed, acceleration, and displacement profiles of trains in both tracks.
Here, the headway of 120 s and the dwelling time of 30 s can be seen. In addition, the 3 traction substations are fed
by the same public grid feeder. Thus, the grid sees the totalized power consumption of the railway system.
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Figure 2. Considered profiles of speed, acceleration, and position of trains on both tracks. Upper row: profiles for the first train of each track.
Lower row: profiles for second train of each track.

In relation to the train thermal characteristics, the work of Hofstadter et al. [43] is used to study several thermal
configurations and how these influence on primary frequency control. So, the terms TMa, TM;, Ua, Aar, and U, of
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equations (7) and (8) are easily obtained. Additionally, the PML1 train characteristics and the climate data are used to
define Aao, Qpmix 1, and Qpix 2. This is, by considering the train geometry, a maximum Panamanian solar irradiance
(1000 W/m?), an occupancy relative to the maximum admissible train weight, etc., these terms are easily obtained.
The variation of convective coefficients due to train speed is neglected. The thermal comfort zone ranges from 23.5°C
to 28.5°C [47], based on a Panamanian neutral temperature of 26°C [48]. Each passenger represents a thermal load of
116.3 W. The HVAC system operates only in cooling mode due to the climate of Republic of Panama. The HVAC
system is an inverter-based class, where the motor speed varies continuously. A mean coefficient of performance,
COPean, Of 3.4 are considered [38]. As exposed, the HVAC system is modeled as in equation (6), but disregarding
technical restrictions that could depend on the capacities of blowers, compressors, and motors, among other devices.
Hence, how the drives are continuously adjusted to meet comfort conditions is disregarded. Instead, a Pl controller is
used to minimize temperature deviations. Its output, along with injected air characteristics, define the HVAC heat

power (6).

3.2. Electric Power System Model

The electric power system is modeled as in Ochoa [1]. This approach allows to obtain frequency-based results
without developing complex models. As said, load variations seen by the grid are represented by the railway model,
and, similarly, the electric system power plants are represented by two 180 MW hydroelectric groups. As in Ochoa
[1] and Kundur [45], the dynamics of the power system is represented by a: droop of 5%, gate time constant of 0.2 s,
transient droop of 4%, and water time constant of 1 s, being 180 MW the base power. There is a wide range of possible
inertias depending on the size and technology of power plants. A representative inertia of 4.0 s is chosen for both

hydroelectric power plants, and a typical load damping factor of 1% is used.

By applying the running profiles on Figure 2, railway characteristics in section 3.1, and equations (1)-(5), the power
profile of Figure 3 is obtained, where a railway peak power consumption of about 18 MW can be seen. This means a

5% railway power penetration, compared to the installed capacity [49].
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Figure 3. Railway consumption profile.

To study the interaction between the railway and the power system, six subcases are considered. Some of them
study the response to sudden losses of loads and generation in the power system, and the other ones evaluate how
railway can face frequency deviations due to its own consumption and the influence of thermal characteristics.



4. Results and Discussion

The railway and power system models are developed on Matlab/Simulink. A time step of 16.67 ms is used on
discrete mode. All the results are based on a 60 Hz system, with an outside temperature between 35°C and 38°C,
according to Panamanian climate on critical days [50]. The heat power developed by HVAC systems is oriented to
maintain a neutral temperature (Ty) of 26°C in trains. Equation (11) shows the control method used to update HVAC
setpoint temperature, Tst. Here, a frequency deviation, Af, stablishes a temperature variation rate by means of a droop
control, D, and a dimensionless droop factor, kp.

Tset = Ty — Af Den kp 1)

Consequently, under positive frequency deviations, which can be caused by sudden load shedding and/or
generation increase, the HVAC system reduces its setpoint temperature, therefore, providing an increment of power
consumption. Otherwise under negative frequency deviations, which can be caused by sudden increment of load or
sudden generation loss, the HVAC system reduces its power consumption. To obtain and adequate value for the droop,
it has to be taken into account that the frequency interaction between railway and power system must meet some
standard criteria. According to the standard in [51], a maximum frequency deviation of 800 mHz, and a maximum
quasi-steady state deviation of 180 mHz are allowed. Due to the admissible temperature (+2.5°C) and frequency (800
mHz) bands, a value of Dy, = 3.125 °C/Hz has been chosen. The droop factor, kp, facilitates to change the aggressivity
of the droop control for analysis purposes. In addition, a dead band of +17 mHz is included [52].

In the following subcases, the figures display: grid frequency, rate of change of frequency (ROCOF), air train
temperature, heat power delivered by HVAC system, and load seen by the grid. The thermal behavior of each train is
considered identical to speed up modeling time, except in subsection 4.6 where different thermal states of trains are
considered. The 11%" thermal envelope configuration showed in Hofstadter et al. [43] is used, except in sections 4.4
and 4.5 where multiple configurations are assessed.

4.1. Response to power system disturbances: sudden load shedding

Figure 4 shows the responses following a load shedding of 0.1 p.u. in the power system, with different droop
factors. These factors allow to assess the system response from 0% (i.e., with no contribution of trains to frequency
control) to 500% of the droop standard value, Dw. As expected, larger droops provide faster frequency control, and
reduce maximum deviations. The droop at 500% achieved a maximum frequency deviation reduction of 16.5 mHz,
compared to the 0% case, and the ROCOF variations among cases are negligible. These results are obtained by means
of increasing almost three times the heat power. The temperature deviation ranges from 0.05°C to 0.23°C, not affecting
the passenger comfort.

As seen in Figure 4, the behavior of all cases is similar. When the event occurs, the droop control reduces the
temperature setpoint to provide frequency control. As soon as the event is managed by the power plant speed
controller, the train controllers stop their participation, and each HVAC system return to their base operation.
However, those cases with an aggressive droop control remain with a noticeable temperature deviation that will be
slowly corrected by the HVAC system normal operation (not shown in Figure 4). The thermal inertia role is clearly
observed in the temperature behavior since temperature deviations are minimum under considerable heat power
variations.
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Figure 4. Railway and power system responses following a sudden load shedding event.
4.2. Response to power system disturbances: sudden generation unit loss.

A power plant with an inertia constant of 2.0 s and power capacity of 0.1 p.u. is suddenly disconnected at t = 220
s. This event reduces the grid frequency and the capacity of frequency stabilization since the equivalent system inertia
is also reduced. Figure 5 shows this case, where the benefits of using more aggressive droops can also be noticed. The
ROCOF variations among cases are also negligible. The maximum frequency deviation reduction is 9.6 mHz
compared to the case with 0% droop. However, the reductions of droop at 400% and 300% are also 9.6 mHz, because
in these three cases the consumption reduction has reached the lower level, i.e., a consumption of 0 W. Therefore, the
benefits of using higher droop factors are restricted by the HVAC system operation range. This can be seen in “Train
heat power” and “Railway power” plots. Here, some curves reached a constant power zone defined by other auxiliary
consumptions. Thus, the delivered heat rate is affected, and temperatures remain close to each other. As a result, a
temperature deviation between -0.05°C and 0.12°C is found during the event, which is lower than the previous case.
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Figure 5. Railway and power system responses following a sudden generation loss event.

4.3. Response to railway disturbances

The power system can be subjected to disturbances that impact on frequency, as described in subsections 4.1 and
4.2. But the normal variations of consumption of trains, as described in Figure 3, also affect the power system
frequency. The proposed control technique also contributes to mitigate these frequency variations. For example, the
left part of Figure 6 shows the behavior of the variables of interest in the period from t = 311 s to t = 317 s. As shown
in Figure 3, the railway consumption has a sudden drop at t = 311 s, from 17 MW to 1.5 MW, followed by a ramp
increase fromt = 312 s on. The right part of Figure 6 shows a zoomed part of the system frequency and railway power
curves, where a maximum frequency deviation reduction of 11.8 mHz can be seen, compared to the case with 0%
droop. Since disturbances are smaller than the ones in subsection 4.1, reductions are also smaller. Nonetheless, still
higher droops provide better frequency control.

In relation to the thermal behavior, it is remarkable that the temperature deviation ranges from -0.02°C to 0.08°C
among droop cases. This is coherent with the delivered heat power, which is lower than in subsection 4.1. In the
previous 311 s, many load and frequency variations occurred, what led to a different thermal evolution in each case.
This explains why at the beginning of the period shown in Figure 6 the temperatures are different, but due to the same
frequency disturbance all the temperatures evolve similarly.
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4.4. Response to railway disturbances: different thermal envelopes

Figure 6. Railway and power system responses to normal railway consumption variations.

This subsection shows how the proposed frequency control strategy impacts the thermal comfort of passengers
depending on the thermal characteristics of trains. To do so, the aggressivity of the frequency controller is kept at
300%, and the thermal behavior is assessed with thirteen different trains, as defined in Hofstédter et al. [43]. The terms
in equations (7) and (8) are described in [43] as follows: TM; = Cyen, TMa = C, Uao = k, and Ua Aat = Kyen. Table 1
compiles all these values. The usage of these equations attempts to speed up the study of the influence of thermal
inertia in grid frequency control without the need of exhaustively describing the envelope of trains.

Table 1. Thermal envelopes of trains by Hofstéadter et al. [43].

Envelope name Uao (W/m?K) TM, (J/K) Uat Aat (W/K) TM; (J/IK)
Tram 1 25 3.0 x 107 246 1.7 x 107
Tram 2 3.2 1.8 x 107 974 1.0 x 107
Metro 1 2.8 9.4 x 108 464 1.9 x 107
Metro 2 3.1 9.2 x 108 199 9.6 x 10°
Metro 3 2.9 8.0 x 108 47 831 5.7 x 108
Metro 4 2.4 4.6 x10° 230 1.3 x 107
Metro 5 2.9 1.1x107 5479 2.3x 107
Regio 1 17 43x107 484 4.6 x10°
Regio 2 1.3 6.4 x 108 1366 3.1x 107
Regio 3 2.0 3.6 x 10° 217 1.1x107
Regio 4 17 1.3x 107 907 3.7 x 107
Main 1 14 7.2 x10° 93 627 3.9x10°
Main 2 1.6 2.6 x 10° 564 2.4 x 107
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Figure 7 shows the detail of the variables of interest in the same period than subsection 4.3. It is remarkable how
the variation of train thermal characteristics practically does not influence the power system frequency behavior under
the same control scheme and load conditions. On the contrary, the thermal behaviors of trains are different among
cases. By considering the configuration with the worst frequency control, Main 1 (Mal), a temperature difference
between -0.02°C and 0.31°C is found in the period shown in Figure 7, compared to the one with the best frequency
control, Regio 2 (R2). The train heat power curves also show the difference on performance. These differences can be
explained by inspecting the parameters in Table 1. The term Uy, influences the heat gains between inside and outside
air temperatures. The term Uz Aa determines the heat gains between inside air and train body temperatures. The terms
TM: and TM, represent the thermal mass of trains and inside air, respectively. As seen in Table 1, all Uy, terms have
the same order of magnitude, in contrast to the other terms. Ua Aa,, TMy, and TMa present noticeable differences among
configurations. However, the temperature difference between inside air and train body is naturally small, therefore,
the influence of Ua Aa is expected not to be much relevant. The inertia of train body ranges within one order of
magnitude among configurations, thus not being much relevant either. From these considerations, it is understandable
why Main 1 (Mal) presents the worst thermal behavior. This configuration has the lowest air and train body thermal
inertias, and the highest value of Uy A4, i.€., the highest heat gains, but the lowest capacity to manage them. This also
explains why Main 1 (Mal) delivers the lowest heat power. Because of the low thermal inertia, the HVAC system
does not require too much energy to modify the inside air temperature.
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Figure 7. Railway and power system responses to normal railway consumption variations. Sensitivity to different thermal envelopes of trains.

Finally, it is concluded that high thermal inertias provide even more frequency control possibilities. The higher the
thermal inertia, the lower the temperature fluctuation, and, therefore, the wider the HVAC system operation energy
band. As mentioned before, this approach is based on the difference between thermal and frequency dynamics. Having
a slower thermal dynamics allows a more intensive contribution of railway to frequency control within the margins of
passengers comfort.
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4.5. Response to railway disturbances: two thermal envelopes with different droop control

In subsection 4.4, different thermal envelopes were compared under the same frequency control scheme. According
to results, Regio 2 (R2) achieved an average and maximum extra frequency control of 1.1 mHz, and 3.0 mHz,
respectively, compared to Main 1 (Mal). Both configurations under the same droop of 300%. This section compares
both configurations with different droops from 300% to 600%. It is expected to see how much frequency control can
be achieved by increasing control aggressivity.

Figure 8 shows the results of varying thermal characteristics and droop control configurations. Regio 2 (R2) has
little temperature variations among droop cases and along time. Due to its high thermal inertia, the different droop
controls did not lead to considerable temperature variations and, therefore, higher heat power is delivered and
maintained. Note how in 5 s the Regio 2 (R2) temperatures only decreased a maximum of 0.22°C, contrary to Main 1
(Mal) where temperatures fell more than 0.78°C, thus, demanding less heat power and electric consumption. Here,
thermal inertias mainly determine the range of thermal behavior. Within each thermal configuration, similar tendencies
about increasing droop control are visualized. The higher the droop aggressivity, the higher the temperature and heat
power variations.

In heat power and railway power behaviors, due to thermal inertias, Regio 2 (R2) remains with higher powers,
where droop cases differ little among them. In Main 1 (Mal) lower powers remain after the event and thermal behavior
of cases tend to be similar. However, during the transient period, between the first two seconds after the action of
droop control, the highest thermal inertia and droop coefficients seem to not individually define the power behavior,
which also constraints the frequency response. Figure 8 shows a detail of the frequency behavior. As seen in previous
sections, the highest thermal inertia with the most aggressive droop control (R2-600%) provides the greatest frequency
reduction. Also, the lowest thermal inertia with the least aggressive droop control (Mal-300%) provides the lowest
frequency deviation reduction. However, there are some pairs of curves which did not fit the expected: “R2-500%"
vs. “Mal-600%", “R2-400%" vs. “Mal-500%", and “R2-300%" vs. “Mal-400%". During the transient period, the
“R2”-based cases with more aggressive droop control behaved clearly better than “Mal”-based cases with less
aggressive control, with the exception mentioned pairs, where “Mal”-based cases with higher droop control were
temporary better. After the transient, toward the steady-state response, the effect of thermal inertia on curves
predominates. This observed behavior suggests that increasing control aggressivity can compensate transiently the
lack of the thermal inertia.

The results show that an envelope with 8.9 times thermal inertia, under the same control scheme, can provide an
extra maximum reduction of 5.2 mHz on frequency deviations. In addition, if extreme cases are compared, “R2-600%"
vs. “Mal-300%", an average and a maximum frequency deviation reduction of 2.4 mHz and 8.2 mHz are obtained,
respectively. This represents an improvement to behaviors in subsection 4.4.
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Figure 8. Railway and power system responses to normal railway consumption variations. Combined sensitivity to thermal configurations and
droops.

4.6. Response to power system disturbances: sudden load shedding and individual train thermal modelling

All the previous subsections considered that all trains shared the same thermal status. This approximation is
reasonable for a model simplification to focus the study on the grid frequency control. However, it is interesting to
see how results vary when a higher complexity in the thermal modeling of trains is used. This is, instead of assuming
a representative train thermal behavior to trigger the frequency control in all trains, the individual thermal behavior of
each train determines its contribution.

To distinguish each train thermal behavior, a variation of solar radiation while trains are on passenger stations is
studied. Also, the trains of each track transport different number of passengers. Still, all trains have the same thermal
configuration. By means of headway, dwelling time, and new considerations, a different net heat gain at each train is
obtained. Figure 9 shows the results of the individual thermal modeling without the action of droop control. As seen,
during the entire circulation, the temperature remains practically constant with a maximum deviation of 0.55°C.
Among individual temperatures of trains, a deviation band of 0.8°C ~ 0.6°C is found. Since each train temperature
behavior is almost identical, the resulting average temperature curve has little differences. The heat power developed
by each train exposed how thermal requirement of trains vary according to their location (variation of radiation) and
their track (variation of number of passengers). However, since the individual and average temperature responses are
very similar, it is admissible to consider the heat power variations almost irrelevant.
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Figure 9. Railway and power system responses following a sudden load shedding event. Individual train thermal behavior. Null droop control.

The same analysis made in subsection 4.1 is carried out, and the results are showed in Figure 10. Here, each HVAC
system provides different power variations to support frequency control, but the heat power plot is an average curve.
The similarities between Figure 10 and Figure 4 are remarkable, where both present a maximum reduction of 16.5
mHz in grid frequency, comparing their responses of 500% droop with 0% droop. Related to frequency-based events,
an individual train thermal modeling does not provide much more information.

About thermal behavior, a maximum temperature difference between droop cases of 0.2334 °C (Figure 10) is
found. In subsection 4.1 the difference was 0.2352°C, which represents a neglectable difference of 0.0018°C between
the “representative train-based control” and the “individual train-based control”. This suggests that stablishing a single
train as the thermal reference for triggering the control is a valid approximation for this kind of studies. Moreover, for
real-time applications on realistic trains, it can also be valid to measure the thermal state of one train and using it for

triggering all the train frequency controls. However, for thermal comfort assessment in trains, it is not recommended
to simplify thermal modeling.
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Figure 10. Railway and power system responses following a sudden load shedding event. Average train thermal behavior.

5. Conclusions

The contribution of non-conventional systems to grid ancillary services has increased its relevance due to the
displacement of large conventional power plants from the energetic matrix. Therefore, new methods and approaches,
applied to generators and consumers, have been developed.

Railway systems have been barely considered to provide these services. Only one work has been found, and it was
based on modifying the circulation of trains by means of considerable complex procedures. Thus, in this paper, we
propose a novel framework for implementing a railway contribution to frequency control. It consists of varying HVAC
system operation according to frequency deviation and the thermal comfort of passengers.

To study the thermal comfort of passengers, a thermodynamical modeling of trains is needed. Hence, apart from
conventional electric-dynamic modeling of trains and electrification system, a thermal modeling of rolling stock is
required. More precisely, a load-frequency control model of the electric power system is coupled to the resulting
railway system model to represent the interaction between thermal and frequency dynamics.

The results show the capacity of contribution to primary frequency control under external events, as sudden load
shedding and generation loss, and power variations due to normal railway consumption. A droop control based on the
relation of grid frequency and thermal comfort band is used to exemplify the action of HVAC systems to support grid
frequency without risking thermal comfort. In all cases, the simulation results showed a very little variation on
temperature while supporting frequency. Also, the study presented about the effect of thermal inertia and droop control
aggressivity allows to confirm that higher thermal inertias can provide more frequency control, and the robustness of
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droop control can increase even more these possibilities. Therefore, it is appropriate to conclude that this approach
can have a great potential on contributing to primary frequency control to grid.

The results from subsection 4.6 allow to conclude that triggering the frequency control method by considering the
thermal behavior of a single train, instead of computing each train thermal status, provides very similar results on
frequency dynamics. However, the temperature differences between models can be relevant for thermal comfort
studies. Thus, for frequency control studies, it is admissible to simplify the multi-train thermal modeling, but for
thermal comfort studies might be not recommended.

It is remarkable that the relative amplitudes of events, railway consumption, and system inertia define the
contribution of railway to frequency control. For larger railway systems, a more relevant contribution can be achieved.
Furthermore, in future power systems, the tendency is that more and more loads and generators will be incorporated
to grid frequency control tasks. The contribution of each piece of equipment (generator or load) separately is not
significative, but the aggregation of all of them will have an effective impact on frequency control. Thus, the presented
approach is expected to contribute toward this aim.

This paper has demonstrated the technical feasibility of using the thermal inertia of trains for contributing to the
power system frequency control without affecting scheduling. Notice that several model simplifications have been
done. Power system model can consider more realistic dynamics on energy supply/consumption. Railway system
model, electrical and thermal, can include other aspects such as power converters topologies, HVAC thermal circuit
restrictions, occupants’ behavior, multidimensional wagon thermal model, among others. Then, this can be the basis
for further analysis, including more detailed technical aspects and economic considerations.
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Appendix A.

Figure A.1 represents the connection between the model in Figure 1 and the extended diagram of the “FD railway
consumption” block. It can be seen how the HVAC system modifies its output according to frequency deviations.
Moreover, as well as the railway data input, the train inner air temperature (Ta) is still defining the developed heat
power. The composition of the “FD railway consumption” subsystem requires the interaction of two train subsystems:
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thermal envelope and HVAC system. At the same time, these ones also require the interaction of two more subsystems.
It is worth mentioning that the amount of system interactions depends on the detail of models.

FD railway consumption

o0 . Envelope
Train inner characteristics
air thermal Surroundings
model weather data
Non railway 7 - Number  of
consumption Tg T{ passengers
Wagon
Train bOdy dimmensions
APL + thermal - Equipl}'lcnls
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- N
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or . Thermal
Tset” = f (Z‘seb Atweq) comfort criteria
HVAC system
control -

Iy
Figure A.1. FD railway consumption model detail. * denotes those parameters modified by the frequency control.

Apart from detailing HVAC system model and control, a stability analysis can be of interest. In this work, time-
based equations have been used to describe every railway subsystem. To speed up the stability analysis, the Simulink
application Control system designer has been used. This allows to plot some frequency-based graphic representation
and the system response under common inputs (impulse, step). The application interface allows to choose signals and
their location on the system. The heat power delivered by the HVAC system was selected as the output, while the
frequency deviation was selected as the input.

Figure A.2 and Figure A.3 validate the stability of the exemplified HVAC system control. By means of Bode
diagram, Figure A.2 shows the stability of the closed loop response. The results were obtained for kp = 5. At kp = 1,
the gain margins are 14 dB less negative. The pole-zero map of Figure A.3 shows that all points are on the negative
side of the real axis, meaning the system has a stable behavior. The imaginary part of poles represents the little
oscillations on delivered heat power. The responses under common inputs are not presented here, as in the case study,
several possible scenarios were considered, some of them being step perturbations. The stability under real possible
cases was already reported in the results section. It should be mentioned that the stability margin relies on which
control is implemented and how it is calibrated. The viability of implementing the proposed approach may depend on
controls and on all the mentioned technical details.
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Figure A.2. Bode diagram (magnitude and phase). Stability analysis of the HVAC system frequency-based control.
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