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SUMMARY

In this thesis, strategies for minimizing the cost of energy utilized for the trip of an electric train

have been studied. Trains are spatio-temporally varying loads. The spatio-temporally varying nature

and the regenerative capacity of the trains provide an excellent opportunity for purchasing and selling

the same magnitude of power at different times and locations, according to the price of electricity, which

also has spatio-temporal variations. This variation is the basis for two new mechanisms for minimizing

the cost of electricity utilization in high-speed electrical trains being pursued in this thesis. In the first

approach, unlike the traditional approach of minimizing the energy, we aim to minimize the weighted-

cost of electrical energy since the cost of the latter varies with the spatio-temporal location of the train.

In the second approach, we outline a transaction mechanism between an electrical train and a real-

time electrical load such that the cost of electricity utilization by both may be reduced. Conventional

approach to transaction is typically based on bulk and unidirectional power flow while this new approach

extends it to distributed and bi-directional power flow. We have analyzed both of these approaches by

varying different factors and have provided directions for future research.

xii



CHAPTER 1

INTRODUCTION

We start by providing the background and motivation that led to this research. We then provide the

literature review that shows the existing work in relevant areas. We conclude this chapter by outlining

the contributions and an overview of each chapter.

1.1 Motivation and Objectives

Diesel locomotives succeeded their IC engines counter-part around 1930s and have been in use even

now in many parts of the world (Van Lessen, 1950). With diesel-electric locomotives, the power is

transmitted from diesel engines to the wheels via eletric transmission. Significant research work has

been done on these types of trains for analyzing techniques to reduce the fuel consumption, which is

essentially minimizing the energy consumed by the trains. Pontryagin’s maximum principle was ap-

plied to this minimization problem that resulted in the optimal 4-mode trajectory-acceleration, cruising,

coasting and braking phases on the flat railway tracks(Ichikawa, 1968; Howlett, 1990; Lee et al., 1982).

But with the development of electric power systems, the diesel locomotives started being replaced by

electric engines in many parts of the world. The advantages of electric locomotives compared to diesel

locomotives as enlisted by the authors of (Moyer, 2016) are as follows:

• As the current trend of electricity prices are falling, it is 50 % cheaper to run electric locomotives

than diesel locomotives.

1
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• The running and maintenance costs of electric locomotives are 30-35 % lesser than that for the

diesel locomotives.

• Replacing all diesel powered locomotives by electric would reduce the carbon footprint and re-

duce air pollution including all harmful gases that get released, which is extremely important as

these trains pass through highly populated areas.

• Switching to electricity powered engines would give a chance to use cleaner fuels like renewable

energy that would lead to lesser greenhouse gas emissions.

But the transition from diesel to electric locomotives really changed these two aspects when considering

the trajectory optimization problems.

• Regenerative braking could be employed in electric trains which can enable bidirectional power

flow (from electric power grid to the trains and from the trains back to the grid) as compared to

the unidirectional power flow in the case of diesel trains (diesel engines to wheels only).

• Because of regenerative braking, the coasting mode could be replaced by the braking phase for

optimal energy consumption (Khmelnitsky, 2000).

In the case of diesel trains, energy minimization implies fuel consumption minimization which inturn

implies fuel cost minimization as the train carries the fuel. But in the case of electric trains, this may

not be the case always,i.e, minimization of energy may not equate to minimization of cost of energy

utilized. The electric train operators may enter into contractual agreements with electricity suppliers

to use electricity at a fixed price or a variable price-like the day-ahead LMPs. Through this thesis, we

would like to explore the cost minimization strategies for electric railways. The different driving strat-
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egy optimization techniques for diesel and electric locomotives are compared in Figure 1.

Energy management in electric railway systems is a huge challenge, considering the number and

Figure 1: Driving strategy optimization of trains

type of players involved in it – trains, electric grid, way-side energy storage systems etc. The devel-

opment of smart railway grids which involve pervasive sensing and coordinated information exchange

between various participants in real time, yields distributed control and thus creates an exciting oppor-

tunity of integrating the scheduling of the train to the economy of its operation. The development of

Electrical Smart Grids (ESGs) has been a major step towards addressing the environment quality and

energy-consumption issues. The ESGs involve integrating information technology with electrical power

systems which enhances their controllability. In a similar manner, the development of Railway Power
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System (RPS) as Railway Electric Smart Grid (RESG) is particularly important because of the following

reasons (De La Fuente et al., 2014):

1. The trains, which are spatio-temporally varying loads, are driven in different ways and hence can

become even a generator during regenerative braking, making a change in power consumption

from 10 MW to -8 MW in a few seconds.

2. The potential use of regenerative braking depends on when and where it is carried out.

3. The RPS span over large distances and may be interconnected to several grids. Efficient control

is required to improve the economic operation of the system.

A pictorial representation of power and traffic flow between the trains and various other compo-

nents of an RESG is shown in the Figure 2 (De La Fuente et al., 2014).

One important aspect of the RESG is the possibility of the overall energy and operating-cost reduc-

tion with the smart interaction between the trains and the grid. The spatio-temporally varying nature and

the regenerative capacity of the trains provide an excellent opportunity for purchasing and selling the

same magnitude of power at different times and locations, according to the price of electricity, which

also has spatio-temporal variations. This is not only effective for the high-speed long-distance trains,

but also for the inter-city trains as well, as the frequency of travel is higher though the trip-distance is

not longer.

The objectives of this thesis is identifying ways for minimizing cost of energy utlized by electric

trains without compromising on their schedule by :
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Figure 2: Bidirectional power flow between the different components of electric traction system

• Designing a weighted energy cost minimization objective framework utilizing the LMP prices or

retail electriciy prices that varies with space and time.

• Utilizing energy transaction between trains and external loads that would reduce the cost of energy

utilized for both the train and the load.

1.1.1 High Speed Electric Rail Network in the US

During the 20th century when most of the countries in the world invested in electric railway trans-

portation, US companies chose to go ahead with diesel-electric technology because of less investment
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costs. The US railroads are private sector owned and would require huge funding for upgrading their

systems to electricity-powered. Thus only less than 1% of the rail network inthe US is electrified.

Amtrak’s Acela express, North East Regional and Keystone services are the only high speed rail net-

work in the US. The US High Speed Railway (USHSR) is an independent non profit organization that

has detailed the plans for a 17000 mile national high speed railway system to be completed in different

phases by 2030. The proposed route map is as shown in Figure 3(ush, ) . The development of this HSR

Figure 3: Proposed high speed rail network in the US

is projected to reduce congestion and carbon foot print along with improving the economy. Electricity
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costs occupy a major share of the running costs. We explore cost minimization strategies that would

become beneficial for the developing high speed railway systems in the long run.

1.2 Literature Review

In this section, we review the existing methodologies for energy minimization of diesel and electric

trains and transactive control as applied to other domains.

1.2.1 Optimal Control and Driving Strategies

Energy and environment quality concerns have made the energy optimal driving strategies for rail-

way systems necessary. Currently, timetable and driving strategy optimization have been performed

towards reducing the energy consumption. To meet the variable passenger demand, the railway opera-

tors schedule several timetables in advance and choose one based on passenger flow. Many formulations

have been proposed for cyclic timetable formulation for minimizing passenger waiting times and delay

times, headway-control, etc. (Nachtigall and Voget, 1997; Kroon and Peeters, 2003; Peeters, 2003).

Many studies have analyzed efficient driving strategies for minimizing the energy consumption between

stations. Driving strategy optimization is performed by considering different track conditions and op-

timal control strategies are found out for minimal energy consumption.(Cheng et al., 2000; Milroy,

1980; Howlett et al., 1994; Ichikawa, 1968; Howlett, 1990; Lee et al., 1982). The works (Ichikawa,

1968; Howlett, 1990; Lee et al., 1982) analyzed the Pontryagin’s maximum principle for minimum en-

ergy consumption for various track conditions and trip durations and obtained the optimal operating

modes of the trains. Regenerative braking has been employed for braking of the electric trains and

is seen as a major contributor towards optimizing the energy consumption. In addition, the works of

Benjamin, Cheng and Howlett (Benjamin et al., 1989; Jiaxin and Howlett, 1993; Howlett, 1996) opti-
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mized the speed profile for discrete values of traction force input, as the control mechanism of certain

locomotives is not continuous.

Khmelnitsky (Khmelnitsky, 2000) considered the problem of energy minimization in a track with

variable gradients and speed limit sections. He also showed that if regenerative energy can be fully

recovered during the braking phase, the coasting phase will be interrupted in the optimal speed profile.

The work of Li et. al demosnstrated that when considering the high speed trains, the 4-optimal modes

do not hold true anymore and it will be only three optimal modes namely- acceleration, cruising and

braking (Li et al., 2011). Studies have also been performed on adjusting the speed profile of the trains

according to the braking time of other trains in a multi-train system to effectively utilize the recovered

regenerative energy (Sun et al., 2014; Chen et al., 2015).

For the high speed train route of NorthEast Corridor (NEC) Acela express, we employ the 3 optimal

modes for achieving the cruising speed of each speed limit section. The trajectory formulation based on

speed limit sections are explained in Chapter2 Section 2.4 (Cheng et al., 2000).

1.2.2 Solution Methods

Different solution methods have been adopted to solve the optimization problem of minimizing the

energy consumed.The authors of (Lin and Sheu, 2011), (Franke et al., 2000), (Howlett, 1990) have

solved the driving optimization problem using the principles of optimal control. The authors of (Xu et

al., 2014) employ dynamic programming to solve the optimal control problem. In (Miyatake and Ko,

2010), dynamic programming, Sequential Quadratic Programming (SQP) and gradient method have

been compared for obtaining optimal velocity profiles where the authors state that SQP and gradient

method can also control the state of charge of the energy storage devices. Artificial neural network and
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learning methods have also been employed for the energy and driving optimization of electric railways.

(Pineda-Jaramillo et al., 2018; Martínez Fernández et al., 2019; Açıkbaş and Söylemez, 2008; Cai et al.,

2017). They involve training the weights of the neural networks to achieve different objectives.

Another aspect has been the application of heuristics and evolutionary algorithms to solve the op-

timal switching strategy (Chang and Sim, 1997; Kim et al., 2013; Chevrier et al., 2011) (Jha et al.,

2007; Domínguez et al., 2014; Sicre et al., 2014; Sheu and Lin, 2012). The algorithms - Clonal Selec-

tion (Dong et al., 2014), Model Predictive Control (Novak et al., 2018) Particle Swarm Optimization

and its variants (Hu et al., 2014; He et al., 2019) Firefly-(Zhu et al., 2018; Keskin and Karamancioglu,

2016) Ant Colony GA-(Nasri et al., 2010),(Bocharnikov et al., 2010) MILP-(Lu et al., 2016) Compar-

ing ACO, DP and GA- (Lu et al., 2013) comparing deterministic and heurictic algorithms-(Calderaro

et al., 2015) have been used for obtaining optimal velocity profiles. They have an advantage over the

numerical methods when it comes to solving complex systems, but their accuracy and speed are limited

when it comes to solving real time systems. We have employed Differential Evolution (DE) to solve

our optimization problems , where we had multiple speed limit sections whose holding speed was to be

optimized using DE.

1.2.3 Cost Minimization and Transaction

Energy cost minimization is done in (Novak et al., 2017; Fleck et al., 2016), where the former talks

about coordination of traction storages and trains energy consumption for cost efficiency and the latter

explores the day-ahead optimization involving all components of the railway system. We apply the cost

of energy minimization formulation to the electric trains utilizing the LMP prices along the route in the

situation where the trains face the wholesale market price. When the trains face the retail supply charges,
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they are subjected to supply and demand charges which have also been taken into account. We also an-

alyze the futuristic cases of longer and higher speed trains which are proposed to be introduced in the

US for different % changes in electricity prices between the zones and compare the cost reduction per-

centages when employing cost minimization as opposed to energy minimization. Transactive control or

market-based control is “a system of economic and control mechanisms that allow the dynamic balance

of supply and demand across the entire electrical infrastructure using value as a key operational param-

eter” (Melton, 2015). Transactive control has been applied and tested on a few pilot projects in building

management systems for control of responsive loads and have shown positive results (Melton, 2015; So-

masundaram et al., 2014; Liu et al., 2018)(Katipamula et al., 2006). Standardisation of transaction is

explained in (Hammerstrom et al., 2009), (Huang et al., 2010). PNNL has developed demonstration

project on smart grid by involving residential customers from 12 utilities by building infrastructure with

smart meters. (Sijie and Chen-Ching, 2017) covers the state of the art in transactive energy applica-

tions. In (Widergren et al., 2014), residential demand response is demonstrated by bidding transactions

of air-conditioning appliances and supply. (Liu et al., 2017)(Hao et al., 2016; Behboodi et al., 2018)

demonstate the transactive control applied to buildings and flexible residential loads. Transaction has

also been applied to systems to obtain benefits other than cost reduction as in- (Yao and Zhang, 2017)

for mitigating tie line fluctuations, (Subbarao et al., 2013) for providing ancillary services.

Transactive control has been extensively applied to residential loads and in few cases, electric vehi-

cles, till date. We have not found the application of energy transaction to railway networks in existing

literature. The concept of energy transaction and price negotiation explored in this thesis is slightly dif-
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ferent as is explained in Chapter 4 and utilizes the flexible and regenerative braking concept of electric

trains.

1.3 Thesis Organization

The remainder of the thesis is organized as follows. Chapter 2 establishes the electric train model

and also details the concept of transaction, the trajectory formulation and the solution method for the

optimization problem. It lays the basis for the cost minimization strategies adopted in this thesis. In

Chapter 3, we demonstrate the reduction in cost of energy utilization obtained by optimizing the tra-

jectory with time and space varying electricy price and compare the results with the cost obtained with

energy-optimized velocity profiles. A portion of the NEC Acela Express train route has been used to test

the cases. For providing insight on the future applications, we have demonstrated the results through

parametric plots and compared different cases which also sheds light on the scheduling aspect. In Chap-

ter 4, we explain the concept of energy transaction between electric train and an external load and also

between electric trains. Different scenarios of this transaction have been explored for single and two

train cases. Finally, we conclude our findings in Chapter 5 and also suggest possible directions for

advancing the research on transactive control of railway smart grids.



CHAPTER 2

BACKGROUND AND MODEL

This chapter explains the fundamental concepts of modeling, trajectory formulation and optimiza-

tion methods that are used to obtain the results in the successive chapters. Section 2.1 talks about the

traction systems for electric railways, Section 2.2 describes the electric train model, Section 2.3 details

the ways of utilizing the regenerative braking of the electric trains. Section 2.4 explains the method in

which trajectory has been formed, 2.5 talks about the LMP generation by the ISOs, 2.6 explains the

concepts behind applying the cost optimization techniques, and Section 2.7 explains the Differential

Evolution optimization used for obtaining the optimal velocity profiles.

2.1 Electric Traction System

Electric traction system refers to the type of sypply system for the electricity powered locomotives.

A wide range of frequencies and voltages (DC: 300, 500, 600, 750, 1200, 1500, and 3000 V, AC: 15

kV at 16.7 Hz, 25 kV at 60 Hz, 12 kV at 60 Hz, 11 kV at 25 Hz) have been in use across the different

traction power stations across the world. A traction system architecture is depicted in the Figure 4 below.

A traction system consists of overhead supply lines connecting different substations and the power is

transferred to the trains through catenary-pantograph arrangement. There is an additional transformer-

rectifier arrangement for AC traction systems feeding the DC motors.

Amtrak’s Acela express interacts with 25 kV 60 Hz traction system during its northern end of the

journey, from Boston, MA to New Haven, CT and with 11 kV 25 Hz traction system during its south-

12
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Figure 4: A traction power system architecture

ern end of the journey, from New York to Washington D.C. There are different substations, switching

stations and paralleling stations along the electrification route. The LMPs at each of these substations

are determined by the ISO and they are different owing to the different congestion levels and energy

losses along the transmission system. Thus the electricity cost faced by the trains when crossing each of

these pricing nodes are different. In the case where the train operators are locked to the wholesale LMP

prices, the location of these nodes and their electricity prices during different hours of the day play an

important role in determining the cost of energy utilization of each trip.

2.2 Electric Train Model

2.2.1 Assumptions

1. The mass of the train is assumed constant throughout the simulation and is multiplied by a factor

of 1.1 to consider the rotational effect.
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Figure 5: Forces acting on a train travelling through a slope and curve

2. The traction force and the braking force depend on velocity and they can be varied continuously.

3. With regenerative braking capabilities, the energy conversion efficiencies are assumed to be 70%.

2.2.2 Model

The forces acting on a train traveling through an elevation of angle θ and curve of radius R is

depicted in Figure 5. The traction force is the input to the train for towing it forward. The various

resistive forces acting on the train are the ones dure to air drag, rolling friction, gradient and curve

reistances. A single train running on a track is goverened by the dynamical equation as shown below:

M ∗a = Ftr(v)−Fr(v)−Fc(s)−Fg(s) (2.1)

s is the position of the train

M is the mass of the train (kg)
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Ftr(v) is the traction force of the train when travelling at a velocity v

Fg(s) is the gradient resistance force at position s

Fr(v) is the air drag and rolling resistance when travelling at a velocity v

Fc(s) is the resistance due to curvature at position s

a is the acceleration of the train at position s

v is the velocity of the train

The traction force is obtained from the traction curve data. The formulae for Fr, Fg, and Fc are given

below.

Fg(s) = M ∗g∗δ (2.2)

Fr(v) = A+B.v+C.v2 (2.3)

Fc(s) =


M ∗g∗D/1000/R(s), R(s)> 10

0, otherwise

(2.4)

where A, B, C, and D are empirical constants. The values are provided by our project collaborator Dr.

Eduardo Pilo as A = 3000, B = 143.64, C = 6.53184, and D = 302.54. Symbol R(s) is the radius of

curvature at position s, δ represents the gradient of the track and g is the acceleration due to gravity.

Tractive force is the force necessary to pull or push the locomotive to overcome the resistive forces

like the gradient resistance force, air drag and rolling resistance, and curvature resistance. Locomotive
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Figure 6: Tractive force curve as a function of velocity

manufacturers provide the tractive effort curve that is a function of input power and speed. The traction

force as a function of speed used for simulations is shown in Figure 6.

Equation 2.4 shows the air drag and rolling resistance combined. This is the Davis equation which

captures the rolling resistance with the first two terms A and Bv, and the drag resistance is captured by

the Cv2 term. The rolling resistance is predominant at lower speeds and the air drag at higher speeds.

The curvature resistance is experienced by the train when there are curves and bends and it is calu-

lated based on the curvature radius. The gradient resistance is found based on the slopes and elevations

in the track. Our project contributor Eduardo provided us the track data with curvature resistance, gra-

dient, and speed limit sections of a Spanish high speed rail. We started our analysis with this track line
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and using all the track parameters we obtained the minimum time profile as shown in Figure 7. We have

provided the data of this track in Appendix A. But for analyzing the profile with LMP information, we

proceeded our analysis with the high speed Acela network in the US. Due to no published data on the

track information of the route of the Acela express, we assumed a flat track for the Acela express.

Figure 7: Tractive force curve as a function of velocity

The energy consumed to reach Station i in time T is given as:

E =
∫ T

t=0
P.dt (2.5)
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where P is the power consumed during the journey and is obtained as:

P =
(Ftr(v)∗ v)

η
+Paux (2.6)

During regenerative braking, the generated power P is gives as:

P = (Ftrb(v)∗ v)∗η +Paux (2.7)

where η is the efficiency of energy conversion. The utilization of regenerative energy may be limited by

the power network and transmission loss, storage capacity at the substation, grid receptivity, etc. This

is captured by the efficiency of conversion term η . Symbol Ftrb is the braking force, Paux is the power

consumed by the auxiliary equipments like lighting and HVAC systems.

2.3 Regenerative Braking

Regenerative braking capabilities in an electric train is one of the key aspects in energy consumption

minimization that distinguish it from its diesel counterpart.

The advantages and disadvantages of employing regenerative braking were discussed in the litera-

ture as early as 1932 (Gordon and Jaboolian, 1932). The various ways in which this regenerated energy

can be utilized is depicted in Figure ??. The energy generated can be utilized by an accelerating train

in the same power zone. If there are no trains in the vicinity that can use up this energy, it can either be

stored in the way-side energy storage systems or supplied back to the grid. SEPTA has installed batteries

to capture this energy and claims to have a savings of 1380 MWh of energy savings after one year of its

implementation, leading to almost half a million dollars (GabrielRéchard, 2017). If the traction power



19

(a) (b)

(c) (d)

Figure 8: Different ways to utilize the energy generated by regenerative braking
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system is bidirectional, then the utilization of the recovered energy depends on the grid receptivity.

Due to limitations on grid receptivity, some of the energy generated may end up getting dissipated in

the power resistors in the absence of energy storage devices. This captured energy can be used by

the RSOs to participate in energy markets or frequency regulation markets leading to more profit for

the railway system operators (GabrielRéchard, 2017). We have outlined the concept of transaction of

energy between RSO and external load entities that utilizes this regenerated energy. The electric train

network can cater to power request from external loads and enter into price negotiations that can be

profitable for both the entities. Transaction can also happen between trains utilizing this regenerative

braking energy depending on the electricity price vector.

2.4 Trajectory Formulation

The high-speed trains travel long distances which consist of a frequent change of slopes and curves,

thus restricting the speed attainable at a particular section, leading to various speed limit sections. The

optimization algorithm searches the speed value to be attained at every section. Once the speed value

of the speed limit section is attained, it is followed until the end of the section unless the speed code of

the next section is lesser than that of the current one. If the speed value of the next section is higher, the

train accelerates to reach the higher speed value from the end of the current section. If the speed value

of the next section is lower, the train decelerates from the braking distance at the current section to reach

the lower speed value of the next section and the energy is recovered from regeneration. This makes the

modes of operation as acceleration-cruising-and braking.
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2.5 Locational Marginal Pricing

Locational Marginal Pricing denotes the value of electrical energy at different nodes of an inter-

connected system. Independent System Operators of a region determine the LMPs based on generation

and demand bids by adhering to system constraints. The different ISOs operating in USA are shown

in Figure 9 below. The ISOs determine electricity prices at their nodes that may be more than 1000

Figure 9: ISOs in operation in the North American region

and also at the system interconnections. The LMPs have three components as depicted in Figure 10

below: If the system has no transmission constraints or if there are no losses in the system, all LMPs ob-
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Figure 10: Components of LMP

tained through market clearing would be the same. Thus the loss component denotes the cost of system

losses and the congestion component denotes the marginal cost of congestion at a given node relative

to the energy component or load-weighted average of the system node prices (ig, ).The ISOs calculate

Day-Ahead (DA) and Real-Time (RT) LMPs based on the same basic calculation procedures, but there

are certain differences between them. Theday-ahead nodal price is calculated based on minimum-cost,

security-constrained unit commitment and dispatch that minimizes the costs of energy, transmission

losses and congestion, with the system conditions, transmission outages already scheduled and existing

line outages. Day-ahead energy market is analyzed to obtain the day-ahead nodal prices for each hour

and real-time LMPs are calculated using real-time nodal prices every five minutes for the Real-Time

energy market during the operating day. The real-time LMP optimizes both the electric energy dispatch

and reserves.
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2.6 Basis for Energy Cost Optimization

Energy minimization and cost of energy minimization would yield the same results in the case where

there is no variation in the price of electricity. But in reality, there is a huge variation of electricity price

with time and space as provided in the Figure 11 below which shows the hourly price variations of a

particular day in a zone of ISO-NE and ERCOT.

For trains with longer trip distances like the Acela express which goes between MA and Washington

D.C., it crosses different ISOs and hence different pricing zones. Hence the cost of energy is different at

each zone owing to spatial variation of electricity price. The schedule of the trains will also have impact

on the cost of energy owing to temporal variations in electricity price.

Figure 11: Hourly price variations of one of the pricing zones of ISO-NE and ERCOT on February 3, 2020
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Trains are flexible demands and can have multiple velocity profiles for the same trip as shown in

Figure 12(De La Fuente et al., 2014)(nsf, ). This flexibility allows power consumption profiles to be

adjusted to suit various needs like obtaining minimum energy profile, minimum time profile, minimum

energy-cost profile, minimum power profile, etc.

This flexibility gives way to performing regenerative braking at specific times - for example, when

the grid is stressed so that it can sell this energy, or to other trains that are in its vicinity. It is based on

the concepts of spatial and temporal variation of electricity price and flexibility of power consumption

of electric trains that we have performed our further analysis.

Figure 12: Two different velocity profiles with same trip distance and end time with different power profiles.
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2.7 Optimization

The differential evolution (DE) algorithm has been used to search for an optimal speed value to

be reached at every speed limit section. DE can be used for global optimization for functions that

are non-convex, non-linear, multi-dimensional, or that have many local minima and constraints. When

upgrading the simulation to a multi-train system, DE would prove beneficial as the problem search space

gets increased.

Differential evolution is a stochastic population-based optimization algorithm developed by Storn

and Price in 1996 (Storn and Price, 1997). DE is a parallel direct search method which considers

N, D-dimensional parameter vectors xi, i = 1,2...N as a population for each generation G. N remains

constant during the process of minimization. The initial vector population is chosen randomly and

should cover the entire parameter space. Uniform probability distribution is assumed for all random

decisions. The flowchart for optimization with DE is given in Figure 13 and the generation of initial

population vector is illustrated in Figure 14. DE generates new vectors of parameters by adding to the

third vector, the weighted difference between two population vectors, called mutation process. This new

mutated vector’s parameters are combined with that of another predetermined vector, called the target

vector, which outputs the trial vector. This step is called cross-over. The trial vector replaces the target

vector in the next generation if its fitness evaluates to a lower cost value than the target vector. This

process is called as selection. N competitions happen in one generation as each population vector will

serve as target vector once. For our problem, the optimization variables are chosen to be the velocity

values to be achieved at each speed limit section, in order to achieve certain objectives. The basic

strategies of DE are explained below.
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Figure 13: Flowchart for optimization with DE

Figure 14: Illustration of initialization of population vector of size D
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2.7.1 Mutation

For each target vector xi,G, i=1,2..N, a mutant vector called as a donor vector is generated according

to

vi,G+1 = xa,G +F× (xb,G− xc,G) (2.8)

where a,b,c ∈1,2..N are mutually different and also from index i, which necessitates N ≥4. F is a

constant and real factor ∈ [0,2] which contols the amplification of (xb,G− xc,G). This is illustrated in

Figure 15.

Figure 15: Illustration of mutation
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2.7.2 Cross-over

The trial vector ui,G+1 is developed from the elements of donor vector vi,G+1 and target vector xi,G+1

to enable diversity among the vector parameters, so that the elements of the donor vector enter into the

trial vector with a probability of CR, a user determined cross over constant ∈ [0,1]. This process is

illustrated in Figure 16.

Figure 16: Illustration of cross-over

u j,i,G+1 =


v j,i,G+1, i f (rand( j)≤CR) or j = Irnd(i)

x j,i,G+1, i f (rand( j)>CR) and j 6= Irnd(i), j = 1,2...D

(2.9)
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where rand( j) is the jth evaluation of uniform random number generator with outcome ∈ [0,1]. Irnd(i)

is a randomly chosen index ∈ 1,2...d which makes sure that the trial vector gets atleast one parameter

from donor vector.

2.7.3 Selection

The trial vector u j,i,G+1 and target vector xi,G is compared and the one with the lower cost function

is permitted to the next generation.

xi,G+1 =


ui,G+1, i f f (ui,G+1)≤ f (xi,G)

xi,G, otherwise

(2.10)

The mutation, cross-over and selection continue until some stopping criterion is reached.

2.8 Summary

In this chapter, we looked into the electric train model and the ways in which regenerative energy

can be utilized. We also discussed about the basis for the energy-cost optimization and also explained

the strategies of the differential evolution optimization framework used in this thesis.



CHAPTER 3

MININUM COST OPERATION

Parts of this chapter is accepted for publication as(Soumya P. Sarma, 2019), IEEE

In this chapter, we formulate the cost minimization optimization of electric trains as described in

Section 3.1. A comparison with energy minimization is done in order to see the benefits of cost op-

timization over energy optimization for various scenarios. A section of Amtrak’s North-East Corridor

profile has been selected for our analysis. This chapter is organized as follows. Section 3.1 describes the

energy and cost optimization formulation, the objective and the constraints considered in our analysis.

Section 3.2 explains the results obtained for various cases considered- when considering LMP pricing

only and when considering utility demand charges.

3.1 Energy and Cost Optimization Formulation

As described in Chapter 2, electric supply feeds power to the traction motors and other auxilliary

equipments like HVAC and lighting systems of an electric train. Optimizing the usage of electricity such

that it minimizes the total electricity cost is vital for the train operators as millions of dollars are spent

in electricity procurement. The optimization block diagram is presented in Figure 17. The solver which

is the Differential Evolution optimizer takes the inputs as the train model, constraints and the schedule

of the trip and optimizes the velocity profile against the DA pricing information obtained from the ISO.

In the formulation presented here for energy and cost minimization, we use time as the independent

variable and compute the kinematic variables s(n, t),v(n, t) and a(n, t) at each instant for the N trips of

30
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Figure 17: Optimization block diagram

a train that starts from position 0 and ends at position ’d(n)’ for each trip. The dynamics are presented

in Section 2.2. We consider that the Area Control Centers (ACC) serve as the pricing zones. The

electricity price λ (i, t) denotes the electricity price ($/MWh) in the region of ACCi at time instant t and

Pi(n, t) denotes the power profile of the train at ACC i and trip n. As the train passes through different

ACCs, its schedule determines the price for that trip. The objective function is shown in equations

below. This can be extended to any number of schedules of the train, during which the prices at the

ACCs vary over the day.

minimize
N

∑
n=1

A(n)

∑
i=1

T (n)

∑
t=t0(n)

Pi(n, t)λ (i, t)

subject to
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Pi(n, t)≤ Pmax
i (n, t) (3.1)

Pi(n, t)≥ Pmin
i (n, t) (3.2)

Ftr(n, t)≤ Fmax
tr (v(n, t)) (3.3)

Ftr(n, t)≥ Fmin
tr (v(n, t)) (3.4)

v(n, t)≤ vmax(s(n, t)) (3.5)

v(n, t)≥ vmin(s(n, t)) (3.6)

a(n, t)≤ amax(s(n, t)) (3.7)

a(n, t)≥ amin(s(n, t)) (3.8)

T (n)≤ Tmax(n) (3.9)

T (n)≥ Tmin(n) (3.10)

v(n, t0(n)) = 0 (3.11)

v(n,T (n)) = 0 (3.12)

s(n,T (n)) = d(n) (3.13)

s(n, t0(n)) = d(n−1) (3.14)

The constraints 3.1- 3.8 should be satisfied for all n and for all t ∈ [t0(1),T (N)]. Constraints 3.9 through

3.14 are end point constraints on position s(n, t), velocity v(n, t) and trip time T (n) , which must be

satisfied when the train reaches or leaves from the stations.

Constraints 3.5 through 3.8 imposes practical limitations on the values that can be achieved by the
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velocity and acceleration at any instant depending on its position. The trains pass through tracks with

grades, curvatures, tunnels, stations etc, which determine its velocity limits along with the model of

the train itself. For our simulation, the acceleration limits are considered to be ±0.75m/s2, which are

usually decided keeping in mind the comfort level of the passengers. For very high speed trains, jerk

constraints can also be included, which is the derivative of the acceleration.

The limits on the power consumption values as in consrains 3.1 and 3.2 are imposed by the ACC, the

power being regenerated back to the grid is also limited by its storage capacity and receptivity. The

constraints on the applied traction force as shown in 3.3 and 3.4 follow from the velocity limits.

3.2 Simulation Analysis

High speed rail network in the US is analyzed to choose the train route with higher speed and longer

trip distance. Amtrak’s Acela Express with maximum speeds of upto 250kmph, Amtrak’s Northeast

Regional and Keystone Service, and MARC Penn Line express reaching maximum speeds of 201kmph

are the only high-speed services in the country. Acela express route from Boston MA to New Haven,

CT as shown in Figure 18 is considered for our simulation. The electric supply system for the NEC

route of Amtrak is provided by the 60 Hz Traction power system between New Haven, CT and Boston,

MA. There substations between Boston, MA and New Haven, CT are: Sharon, MA, Warwick, RI,

New London, CT and Branford, CT, each containing two 115 kV/ 50 kV transformers. Norton, MA,

Richmond, RI, and Westbrook, CT are the switching stations that transform 50 kV input to 25 kV voltage

and separate the power zones. New England ISO, (ISO-NE) is the Independent System Operator for the

NEC region of operation of Amtrak. All the price data, unless specified otherwise have been obtained

from (ig, ). For the trip of Acela that has been considered in our simulation, the trains pass through 4
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Figure 18: Acela express route considered in the simulations

zones where the electricity prices vary with time. The pricing zones that are considered are NE Mass.

(4008), SE Mass. (4006), Rhode Island (4005), and Connecticut (4004).

3.2.1 With LMP Pricing Only

In the situation where the RSO contracts for the wholesale energy pricing, the energy consump-

tion is charged with the Locational Marginal Pricing ( LMP). The cost minimization adjusts the power

consumption of the trains according to the price vector along the track. When the price vector is the

(LMP) along the track and the RSO contracts the electricity price for each hour Day-Ahead (DA), the

RSO optmizes the profile of all the trains day-ahead according to the price at each substation along the

journey of the trains.



35

The zonal day-ahead electricity pricing information has been obtained from (ig, ) for June 27, 2019.

The price difference between the zones of NE Mass. and SE Mass. are not significant. The hourly

price variation between the zones are shown in Figure 19 and the results of energy and cost of energy

optimization are compared in Table I. It can be observed that there is a huge price variation between the

zones during the hours 15-20 and hence the trains that pass through these zones during these periods

can make profit by performing cost of energy optimization. The price variation makes the optimizer

choose the profile such that the energy consumed during the high-price hours is minimized. The results

are compared in Figures 20.

Figure 19: Price variation between the zones on June 27, 2019
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(a) (b)

(c) (d)

Figure 20: Comparison of cost minimization optimization with energy minimization optimization for Univer-

sity Park, MA to New Haven, CT route of the Acela Express. (a) Comparison of velocity profiles (b) Energy

cost against time of journey (c) Distance profiles in the two cases. (d) Fitness value against iterations of DE

optimization for University Park,MA to Providence, RI.
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The schedule of the trains also determines the cost of energy utilization. As it is evident from the

Figure 19, the electricity price variation between the two zones is not much during the hours before 3 pm

and after 8 pm. Both of the optimization objectives would yield similar results when the price difference

is not much. From the velocity profile, it can be verified that the trip time for the journey remains the

same, whereas the brown curve achieves the minimum cost of energy operation. The Figure 7 (b) shows

Minimization of Energy Minimization of Cost of Energy

Cost of Energy ($) 91.2330 88.0215

Energy (MWh) 2.13 2.16

TABLE I: COST OF ENERGY UTILIZATION COMPARISON FOR ONE TRIP FROM UNIVERSITY PARK,

MA TO NEW HAVEN, CT.

the cost of the trip against the trip duration. It can be observed that the minimum cost profile consumes

more energy during lower price periods i.e., before the RI-CT crossover so that it finishes the trip with

lower cost of energy utilization than the minimization of energy case. There is a reduction in cost of

energy utilization by 3.5% for an increase in energy utilization of only 1.6%.

In order to assess the profit of cost optimization for a single day, cost of energy utilization for the trip

between Providence, RI to New Haven, CT, for a weekday is found out.
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The price difference between the contiguous zones could be anywhere between -0.01 $/MWh and

112 $/MWh based on our analysis. The hourly electricity price for February 4, 2016 is considered in our

simulation which exhibits greater price variations as shown in Figure 21 and the results are compared

in Table II. From the results, the weighted cost minimization has a profit of 14.53% over the energy

minimization for all the trips from Providence, RI to New Haven, CT, for a single day. This comparison

is valid only for the particular trip for a particular electricity price-day since the electricity prices vary

widely over time and space.

Figure 21: Price variation of the RI zone on Feb 4 2016
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Minimization of Energy Minimization of Cost of Energy

Cost of Energy ($) 409.4751 349.4903

TABLE II: COST OF ENERGY UTILIZATION COMPARISON FOR ALL THE TRIPS FROM PROVIDENCE,

RI TO NEW HAVEN, CT ON A SINGLE DAY.

This implies that the schedule of the train, its trip time, and the pricing zones through which it passes

also affect the variation in cost of energy. To address the possible variations and to see the profitability

with cost of energy minimization, the factors of zonal price variations, trip-distance, trip-time and % of

regenerative energy available are varied and plotted as shown in Figure 22.

Figure 22 shows the% reduction in cost when employing cost minimization over energy minimiza-

tion when the price difference between the zones considered vary by a factor of 1.3, 1.7 and 2. There are

two pricing zones for this trip. The base case for all the figures have been energy minimization and the

values obtained with cost minimization have been compared against them for the four different cases in

Figure 22. Considering the Providence- New Haven trip of Acela express (182 km, 5100s trip) as the

base case, we develop other cases by changing trip distance and time to obtain the comparison results.

Figure 22a compares the cases for different trip distances of 90 km, 130 km and 180 km. The results

show increasing benefits of cost reduction with longer trips and higher factor of price variations. The

results are also indicative of a fact that longer the stops are, greater will be the benefits when employing

the cost minimization.
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(a) (b)

(c) (d)

Figure 22: Parametric plots showing the reduction in energy cost with cost of energy optimization when compared

to energy optimization. (a) Effect of trip distance (b) Effect of end times of the trip, and hence the maximum

speed approaching the speed limits. (c) Effect of percentage of regenerative energy available after considering the

efficiency factors (d) Effect of number of zones with price variations
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Figure 22b shows the case of end time variation and thus the case when the speed gets closer to

the maximum speed limits. For the trip of 182 km, trip times of 4000 s, 4500 s, 5100 s and 5500

s have been compared. The results indicate that that is an optimal trip time which shows maximum

benefits when employing cost minimization. For very small and very large end-times, the benefits

are not pronounced. With smaller trip times, the flexibility in adjusting the power consumption is not

much and hence this factor cannot contribute to greater cost reduction. For longer trip times, both

the minimization of energy and minimization of cost yield similar results so that the benefits are not

pronounced. Figure 22c compares the % of regenerative energy available. Regenerative energy available

for use is limited largely by the power transmission network, storage capacity at the substation, presence

of other accelerating trains in the vicinity, grid receptivity among other factors. This is taken into account

by the efficiency factor and comapred for 60, 70 and 80 percentages. The results show that the benefits

are more pronounced with increasing regenerative energy percentages and with increasing factor of price

difference between the zones.

Figure 22d compares the results when there are 2, 3, and 4 pricing zones. Since there can be large

number of combinations of price factor variations between the consequtive zones, we have considered

the case where all the consequtive zones are more than their previous zone values by a factor of 1.3, 1.7,

and 2. From the patterns we can understand that there is a general trend of increasing benefits with more

pricing zones and greater price variations where the consequtive zones have increasing electriciy prices.

These cases show the profitability of the approach when considering millions of dollars spent in

electricity consumption for the whole year. From this it is clear that the benefits with cost minimization

will be more pronounced when considering:
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• Longer trips with higher speeds.

• Greater price variations between the adjacent zones.

• Schedule of the trips especially the trips during peak period.

• Greater availability of regenerative energy

The results are indicative of a proof that aiming for cost of energy utilization will lead to lesser cost

of energy utilization when employed for all the trips of its journey. This shows that the cost of energy

minimization will prove more profitable in the long run, when the US is expected to have a larger

network of higher speed trains.

3.2.2 With Utility Demand Charges

When the RSO faces retail charges for its energy consumption, the utilities charge supply and deliv-

ery costs along with the demand charges. Demand costs are monthly charges that are evaluated by the

maximum power consumed by the RSO during a month multiplied by the demand charges imposed by

the utility.

Minimization of Energy Minimization of Cost of Energy

Yearly Cost for

Providence-New Haven Trip ($)

1008000 924000

TABLE III: YEARLY COST OF ENERGY UTILIZATION COMPARISON FOR A SINGLE TRIP FROM

PROVIDENCE, RI, TO NEW HAVEN, CT.
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Generally, the demand charges are around 7$/kW (dem, ). We compute the benefits of employ-

ing cost minimization over energy minimization for this case by assuming an average monthy cost of

60$/MWh and evaluating the cost of energy for an average of 20 % change in the price between the two

zones. The railway operators spend millions of dollars towards energy costs. As shown above, even

when considering the trip of Providence to New Haven for the whole year, the resulting cost savings

are around 8.3%. When considering all the trips , the year-round savings with the cost minimization

strategy is expected to be in millions of dollars.

3.3 Summary

In this chapter we discussed the benefits of employing cost minimization to obtain optimal velocity

profiles and compared the results with energy minimized velocity profile and also showed the cases

where the benefits are more pronounced. Although our results were based on analyzing a single trip, we

have analyzed the results based on few assumed cases and summarized them in the parametric plots. The

millions of dollars spent in the electric energy procurement by the railway companies can be efficiently

reduced by employing the cost minimization optimization strategies as shown by our results.



CHAPTER 4

ENERGY TRANSACTION

Parts of this chapter is accepted for publication as(Soumya P. Sarma, 2019), IEEE Electric trains,

using their flexibility in power consumption, can alter their velocity profile and transact energy with an

external load. We have explored the conditions and cost reduction percentages in various cases of this

transaction. This chapter discusses some possible scenario-centric transaction control opportunities.

4.1 Transaction Methodologies

Energy transaction can happen between trains and external loads in their vicinity and also between

the trains as detailed below:

• When there is an external load controlled by the Load Serving Entity (LSE) that has an emergency

power demand that is to be met, RPS can act as a transactive agent, willing to alter its power

consumption during a stipulated time interval so that this relinquished energy can be utilized by

the external load. The train can run an optimization check and determine whether it will be able

to meet the schedule economically while still making profit.

• When there is an unexpected delay during a train’s trip and it has to meet the schedule, it will

require increased energy than the contracted amount. Transaction opportunities exist here as well

where another train drawing power from the same substation can alter its consumption so that

RPS, on the whole, can meet its schedule at equal or lesser energy costs, despite having to violate

its contracted energy.
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The energy transaction paves way for a dynamic adjustment in the electricity price at which the train is

subjected to. This is shown in the block diagram of Figure 23.

Figure 23: Transaction of energy with external load leading to dynamically changing the RT price to which the

train is subjected to.

In the scenario where the real-time (RT) electricity price is higher than the day-ahead (DA) price,

consider an external load L which has a sudden requirement of power for a small duration. The load L

requests power from the adjacent transactive nodes where the RSG is one of them. Then the sequence

of events follows as far as the train/ RSO is concerned.
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1. The train runs a schedule check to determine if it can meet up with its original schedule within

the allowed delay time by performing this transaction.

2. If yes for (1), then it runs an economic viability check to determine whether it will still be able to

make profit if it adjusts its energy consumption in real-time.

3. If yes for (2), then the external load L and the train (RSO) negotiate the price that is to be paid by

the load L to the train so that both the parties win.

When the train contracted the energy required for its trip day ahead, the ACCs lock the DA price with

the ISO for the energy contracted. Any deviation in energy consumption from any of the ACCs would

lead to the RSO paying the RT price for the excess energy consumed. The RSO may also be subjected

to paying a penalty price for violating the contract. In our simulation, we have considered the penalty

as paying the RT price for excess energy consumed.

When the external load requests the RSO, the information is sent to the respective ACCs which are

in the vicinity of the load. The ACCs then run an optimization and profitability check and instruction is

sent to the trains to alter their consumption accordingly. The objective for the ACCs is to bring down

the cost of the trip and reduce the extra cost incurred due to energy transaction.

4.2 Transaction of Energy between Single Train and External Load

We have identified two ways in which transaction can be enabled between the train and the load.

One is by reducing its energy consumption by the requested amount so that the load can use up this

relinquished energy, called as cost-weighted demand shifting. The other is when there is enough storage

capacities available at the substation/ station that the trains can generate energy by regenerative braking

which can be stored by the storage units and consumed by the load according to its power profile.
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4.2.1 Cost-Weighted Demand Shifting

We outline a transaction mechanism between the electrical train and an external load that would lead

to reducing the cost of energy utilized for both the load and the train. From the conventional approach of

bulk and unidirectional power flow based transaction, this new methodology extends it to a distributed

and bidirectional power flow. This concept is based on the aggregate load demand for the ISO. The load

aggregators aggregate the demands from various loads and this total demand is used for bidding at the

ISO level. Consider an emergency load that requires power which it had not contracted day-ahead. We

use the concept of demand shifting from train to the emergency load during high RT price periods using

the the train’s flexibility of power consumption. The total demand as seen by the aggregate load remains

the same, but the trains can enter into negotiation with the external load for transacting the energy it

requires.

Consider an emergency load which has not contracted its energy requirements with the ISO. This

load will have to pay the RT price for the energy consumed. When the external load requires a certain

amount of energy for a certain amount of time, the RSO can enter into negotiation with the load for

decreasing the trains’ energy consumption by the required amount so that this can be used by the load.

We have performed the simulations for the case when the RT price is higher than the DA price in one

zone and the RT price is equal to or lesser than the DA price in the subsequent zone. So, when the train

reduces its velocity to reduce its energy consumption in the first zone, it can make up for the lost speed

in zone 2 where the RT prices are lower than the DA prices. For example, the RT prices of February

3 and 4, 2016 have RT prices both higher and lower than the DA prices. We have analyzed the trip of

Providence, RI to New Haven, CT with the following DA and RT prices as shown in Table IV.
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Zone DA Price

($/MWh)

RT Price

($/MWh)

1 50 100

2 55 55

TABLE IV: DAY-AHEAD AND REAL-TIME PRICES USED IN THE SIMULATION OF TRANSACTION

BETWEEN TRAIN AND AN EXTERNAL LOAD

The formulation of this transaction is shown below.

minimize
n

∑
i=1

λ
RT
i × (E

′
ACCi
−EACCi)+λ

DA
i ×EACCi

subject to

Eorig
ACCi
−Eact

ACCi
= Ereq

load , t ∈ [Treq] (4.1)

In addition to 4.1, the constraints 3.1 - 3.14 also have to be satisfied. Symbol n denoted the total

number of ACCs or pricing zones in the trip. Though this formulation is shown for a singletrip, this

can be extended to any number of trips until the desired energy requested is achieved. The symbol

E
′
ACCi

denotes the excess energy consumed when participating in the transaction under pricing zone

i, EACCi denotes the contracted day-ahead energy consumption of ACC i with the ISO, λ RT
i and λ DA

i

denote the electricity real-time and day-ahead price faced by the ACC i. The constraint 4.1 captures the

energy transaction which means the requested energy has to be relinquished by the train for the duration
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requested. Symbol Eorig
ACCi

is the original contracted energy consumption of ACC i during the requested

time Treq, Eact
ACCi

is the actual energy consumed during transaction and Ereq
load is the actual energy requested

by the load during Treq.

In the plots shown below in Figures 24a and 24b correspond to the case when the energy requested

by the load is 300 kWh for 30 mins, that is, the train is transacting 20.16 % of its total energy consumed

for a duration of 30% of its trip time.

(a) (b)

Figure 24: Energy transaction between train and external load. (a) Velocity profile of the train before and after

transaction. (b) Cumulative energy profile before and after transaction
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The train lowers its velocity for that duration so that this relinquished energy can be utilized by the

load. In this case, the train is informed before starting its trip so that it can alter its profile accordingly.

Figure 24a shows the velocity profile and Figure 24b shows the cumulative energy profile. Both indicate

the adjusted profile by the train after transaction. The train can achieve a profit of 0-100% based on

negotiation. When the RSO charges the load with the same price as the RT price, it receives a 28.47 %

reduction in its cost of energy utilized and this value indicates the maximum reduction in cost obtainable

for the train. But this will be a win for both parties if the load is charged less than the RT price and the

train also receives profit even after incurring an excess cost for violating the contract with the ISO. Thus

the profit and cost reduction percentages are dependent on the negotiation.

For the parametric plots below, we take the Providence to New Haven trip of 182 km, 5100 s trip

and vary certain factors to obtain different plots. In Figure 25a, we vary the trip trime from 3600-5700s,

the actual trip time being 5100s and perform energy transaction of 150 kWh for 20 mins and plot the

maximum cost reduction percentage obtainable. With a very small trip time, after energy transaction, the

train has to accelerate faster and reach the maximum speed again so that it doesn’t violate the schedule

constraints. When the trip time is larger, the actual energy consumed during the requested time of 20

mins is lesser, so that it has to brake more and travel at slower speeds inorder to transact the requested

150 kWh of energy. This could be the reason for lower cost reduction percentages with increasing

trip time. But this trend is only true for this particular energy transacted amount and duration. The

profit depends on all of these factors- that is, the trip time, trip distance, energy requested, duration of

transaction, difference between RT and DA prices, negotiation, etc.
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(a) (b)

(c) (d)

Figure 25: Parametric plots for the transaction of energy between train and external load. (a) Variation of maxi-

mum cost reduction percentage with trip-time. (b) Variation of maximum cost reduction percentage with energy

transacted during 25-min duration (c) Variation of maximum cost reduction percentage with trip-distance. (d)

Variation of maximum cost reduction percentage with allowed delay time
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The Figure 25b below shows the maximum cost reduction percentages against the amount of energy

relinquished in the 25 minute duration. With more energy transacted, the cost payable by the load

increases more as compared to the excess cost incurred for the train due to this transaction. This is the

reason for the increasing trend in maximum cost reduction percentages with increased energy transacted.

The Figure 25c shows the increase in cost reduction percentage with trip distance. For 90, 130, 160

and 220 km trips, the plot shows the cost reduction percentages of transaction for 20% of the total trip

time duration and energy requested as 50 % of actual contracted values during that duration. This is

for a 2-pricing zone case. Longer trips are more profitable as the trains can make up for the lost energy

in the low price zone and the duration of travel in the low price zone is more. Certain delay times are

allowed for a train in case it meets with some unexpected circumstances. We analyzed the profit for the

train for every minute of delay time and observed the increase in cost reduction percentage as shown in

Figure 25d.

4.2.2 Transaction with Available Storage Capacities

The trains release large amount of regenerative power in short time which can be stored in superca-

pacitors and released to meet the power requirements of the load. The available braking force determines

the amount of energy released. The assumption here is the infrastructure which enables this kind of a

transaction, including the storage capacities at the substations, power system connectivity to the exter-

nal load, loading limits of the lines, etc. We discuss the amount of energy generated by the train and

the profit percentage due to negotiation of this transaction with the external load. The profitability of

the approach for the trains and the external load depend on the amount of energy requested, amount

of regenerative energy available at the terminals, braking force, trip distance, maximum allowed speed,
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the difference between the DA and RT prices among other factors. The formulation of this transaction

during a single trip is shown below.

minimize
n

∑
i=1

λ
RT
i × (E

′
ACCi
−EACCi)+λ

DA
i ×EACCi

subject to

Ereq
load = Eregen

ACCi
(4.2)

In addition to 4.2, the constraints 3.1 - 3.14 also have to be satisfied. Though this formulation is

shown for a singletrip, this can be extended to any number of trips until the desired energy requested is

achieved. The symbol E
′
ACCi

denotes the excess energy consumed when participating in the transaction

under pricing zone i, EACCi denotes the contracted day-ahead energy consumption of ACC i with the ISO,

λ RT
i and λ DA

i denote the electricity real-time and day-ahead price faced by the ACC i. The constraint

4.2 captures the energy transaction which means the the requested energy has to be satisfied by the

train through regeneration. Symbols Ereq
load and Eregen

ACCi
represent the energy requested by the load and the

energy regenerated by the train available at the ACC i.

For the results shown in Figures 27, we have taken the Acela trip from Boston to Providence, which

is a 51.5 km, 20 min trip. For simulation purposes, we have assumed the DA and RT prices and explored

the different conditions which enable profitability for both parties. There are 2 pricing zones ACC 1 and

ACC 2 in where the DA price of zone 2 is 10% more than that of zone 1 whose DA price is taken to

be 50 $/MWh. Here in real-time, the prices of zone 1 increase and price of zone 2 decreases. Thus a

load that is being priced under zone1 which requires emergency power faces very high electricity price.
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Now, one train, if the load is small or multiple trains, if the load is big, can transact with this load, if it

is profitable for both. We have varied the % change in RT prices and observed the results.

For the cases shown in Figure 27 and Table V, the RT price of zone 1 increases by 2 times than that

of its DA price and RT price of zone 2 decreases by 50% than that of its DA price.This is a favorable

condition for the train to transact with the external load requesting power in zone 1 because the train

sees that the RT price of zone 2 has decreased and it can make up for the excess energy in the low-price

zone 2.

Duration of Regenerative Braking

(sec)

20 40 50 60

Energy Released (kWh) 33 69 86 103

Average electricity price for train

before transaction ($/MWh)

51.17 51.17 51.17 51.17

Average Real-Time electricity price

for load in Zone 1($/MWh)

100 100 100 100

Average electricity price for train

for 0-100% profit ($/MWh)

54.11-48.02 57.02-44.62 58.64-43.16 63.1944.66

TABLE V: COMPARISON OF ENERGY TRANSACTION CASES WITH REGENERATIVE BRAKING
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(a) (b)

(c) (d)

Figure 26: Velocity profiles during energy transaction with an external load (a) Energy transacted = 33kWh (b)

Energy transacted=69 kWh (c) Energy transacted=86 kWh (d) Energy transacted=103 kWh
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(a) (b)

(c) (d)

Figure 27: Power profiles during energy transaction with an external load (a) Energy transacted = 33kWh (b)

Energy transacted=69 kWh (c) Energy transacted=86 kWh (d) Energy transacted=103 kWh
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The power profile shows negative power during regeneration indicating that the energy is generated

by the train. In the 20 sec column of Table V, the train brakes for 20 s to generate the requested amount

of energy 33 kWh in zone 1. If it had not performed this transaction, the average electricity price felt by

the train is shown in row 3, that is 51.17 $/MWh. Since the RT electricity price is 100 $/MWh in zone

1, the RT electricity price for the external load is shown by row 4. The last row indicates the dynamic

real-time electricity price felt by the train upon transaction and negotiation. When the train sells this

energy to the external load at 0 % profit, then it incurrs an additional cost of the trip, which increases

the RT price felt by the train to 54.11 $/MWh. When the train sells the energy to the load at same price

as the ISO, the train receives 100 % profit reflected by 48 $/MWh as the electicity price felt by it in this

case. Successful negotiation between the train and the load lead to both parties sharing the profits. For

example, charging the external load as 75 $/MWh would reflect the dynamic RT price for the train as

49.5 $/MWh, which is profitable for both parties. The maximum energy released by the train for this

trip is around 100 kWh without violating the schedule.

Inorder to analyze the profitability of the approach, we changed different factors - like the factors by

which RT price exceeds the DA price and efficiency of regenerative braking and analyzed the results.

The cost reduction percentage is found by varying one factor while keeping the others constant. Max-

imum cost reduction is obtained by the train when it charges the external load at the same price as the

market price. But the actual cost reduction or profit for the train is based on negotiation with the external

load. For analysis purposes, we have found maximum cost reduction percentages and compared it in

various cases. For the first plot in Figure 28a., we consider that the train sells the energy to the load at

90% of the actual real time price, which provides 10% profit to the load. We analyze the cost reduction
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% for the train for various cases of RT prices- that is, when the RT prices are twice, thrice and 5 times

that of DA price in zone 1. The plot clearly indicates that the profit for the train increases when the dif-

ference between RT and DA prices are higher. Larger amount of energy relinquished is comparatively

less profitable when the difference between RT and DA prices are lesser.

(a) (b)

Figure 28: (a) Comparison of % reduction in cost of energy for the train after transaction with different RT prices

(b) Comparison % reduction in cost of energy for the train after transaction with different regenerative braking

efficiency percentages
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The energy from regenerative braking depends on the braking force, which inturn is a function of

the velocity of the train, among other factors. We have considered varying the efficiency factor with

regenerative braking, which also implies the net energy available for the load shown in Figure 28. On

performing regeneration for the same duration with different efficiency factors, the net energy available

is different. We have compared the cases against the duration of regeneration for a case when the RT

price is 3 times that of DA price in zone 1 and RT price is half of the DA price in zone 2. The profit

certainly drops when the efficiency of regenerative braking is lesser and becomes not profitable when

the efficiency of regeneration is 50% or lesser for larger amounts of energy transacted.

4.3 Transaction of Energy between Multiple Trains and External Load

For cases where the energy requirement is very large and a single train cannot relinquish that amount

of energy without violating its schedule or when the ACC decides to distribute the load among 2 trains,

then it leads to multiple trains transacting with a load as shown in Figure 29 The formulation can be

modified as shown below:

minimize
K

∑
k=1

n

∑
i=1

λ
RT
i × (E

′
ACCi
−EACCi)+λ

DA
i ×EACCi

subject to

Ereq
ACCi

=
K

∑
k=1

Eregen
ACCi

(4.3)

4.4 Transaction between Trains

Trains that apply regenerative braking when reaching a station can transfer this energy to an accel-

erating train that starts from the same station, enabled by the bidirectional power transfer system. This
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Figure 29: Two trains transacting with an external load

method of capturing the regenerative energy leads to lesser energy consumption on the whole and hence

lesser energy cost (Sun et al., 2014). This multi-train coordination is utilized in timetable optimization

and is not a driving strategy optimization. We analyze different cases of this regenerative energy tranfer

between the trains leading to transaction between the trains.

• Transaction between trains where one train transacts with another train starting from a station.

This can occur in the following scenarios :

– In a situation where the price at which regenerative energy is sold back is lesser than the

purchase cost of electricity, selling the energy back to the grid is less profitable than using

the regenerative energy among the network of trains based on the day-ahead and real-time

electricity prices the trains are subjected to. The ACCs communicate with each other and
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request for energy from other ACCs if the electriciy price in their region is lesser compared

to itself.

– When there is an emergency situation in a particular substation and it limits the supplied

power to the trains, regenerative energy from other trains crossing this station can be used

to accelerate the starting trains.

ACC 1 requests energy from other ACCs due to one of the reasons mentioned above. The ACCs

that are nearer to the ACC 1 and that have a lesser electricity price comparatively request the

trains to accelerate so that when they cross the station that comes under ACC 1, they can transfer

this energy to the accelerating trains. In the Figure 30 below, the blue curve is the velocity profile

of the decelerating train, train 1. This train travels through ACC 1 and ACC 2.

Figure 30: Transaction between trains where one train transacts with another train starting from a station
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The substation under ACC 2 requests energy for accelerating train 2 and hence the train 1 decel-

erates when it enters the region of ACC 2 and transfers this regenerative energy to train 2. The

highlighted portion indicates the energy transfer region. Electricity price in the region of ACC 1

is assumed to be 40 $/MWh, ACC 2 is 80 $/MWh and ACC 3 is 40 $/MWh. Assuming that the

energy sold to the grid by the RSO is 2$ less than the price at which it is bought, this method

of energy transaction leads to a savings of 15% as comapared to the case when the regenerated

energy is sold back to the grid at a lower cost. Also when the substation under ACC 2 is stressed,

this energy transaction would also help reduce the stress in the grid by interactively managing the

regenerated energy within the train network.

• Transaction when one train has a latency during low price period.

A train trip may have latencies due to various reasons like construction work in a track or weather

conditions. When a latency happens in the region where the electricity price is low the train will

have to travel at a slower speed when the electricity price is lower and will have to accelerate and

travel at a higher speed with the electricity price is higher. This will lead to an increased cost of

energy utilization for the trip. One such case is depicted in Figure 31.

The blue curve shows the profile of train 1 which has a latency due to an unexpected situation and

cannot increase its speed beyond 30 m/s. Train 2 also has similar trip time as train 1 and starts its

journey under ACC1. The train 2 had the original profile as shown in the dotted red curve. But the RSO

determines that since this is a low price region and train 1 travels at a lower velocity during this period,

it will have to compensate for the increased power consumption later on to catch up with its schedule.

Thus it sends a command to ACC1 to allow for an increased power consumption by train 2 so that the
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total cost for the RSO does not increase. This shows an improvement of 3% for the 1200s trip and the

price difference between the high and low price regions of the train is 20%.

Figure 31: Transaction when one train has a latency during low price period

4.5 Summary

We have explored the concept of transaction between trains and external loads. This is a fairly

novel concept and the participation of trains in the energy transaction can prove beneficial for both

parties depending on the difference between the RT and DA prices. Though we have not analyzed
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the mechanism of how the transaction could take place, we analyzed different cases and developed

parametric plots that show the cost reduction percentages under varios conditions of transaction. The

results show profit for both the transacting parties.



CHAPTER 5

CONCLUSION AND SCOPE FOR FUTURE WORK

Our research on cost minimization strategies of electrical trains explored the methods of cost min-

imization optimization and energy transaction as the two strategies as key contributors towards cost

reduction for the train operators. We have utilized the regenerative braking and analyzed its potential

application to energy transaction. The physical constraints have been included while modeling and the

time and space varying LMP prices have been considered to compare the results of cost optimization

with the corresponding energy minimization cases for the high speed Acela route in the NEC. We also

compared the results for planned high speed network in the US and explained the potential of employing

this optimization method for obtaining the velocity profiles.

Ther other contribution of this thesis is in exploring the benefits of energy transaction for the railway

operators. The trains are considered as flexible loads and this flexibility allows them to participate in

energy transaction with external loads and with other trains. Using regenerative energy, the trains act as

transactive nodes and respond to the request for energy by an external load and transfer this energy by

behaving as generating sources. This transaction is settled based on the value negotiation between the

parties concerned. We have also explored the situations where the trains can transact energy with other

trains which would contribute to the total cost reduction of the train operator.

These results have been analyzed only for a fewer number of trains and they show promise in re-

ducing the energy cost when extended to a large network of trains. One of the directions for future

work would be extending the scalability of our approach for a large number of trains and exploring the

65
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transaction between different railway operators like Amtrak and MBTA in NEC, Metra, Amtrak and

CTA in Chicago, etc. When the trans span larger distances (entire span of USA) and travel for longer

duration, they pass through different pricing zones which could be under the jurisdiction of different

ISOs and hence there lies a higher chance of reduction in energy cost when including these time and

space varying LMP prices. Beyond these extensions mentioned so far, the flexilibility of the trains can

be used as a resource as expressed below:

• As a Demand Response Resource The RSO can be an active demand response resource. At

times when the grid is stressed or congested heavily, the trains can alter their consumption to help

achieve grid stabilization and various other benefits.

• Participation in Energy Reserve Markets Since the trains are flexible power consumers and

generators, they can participate in energy reserve markets and can contribute to the reserve re-

quirements of the grid.

• Participation in Real-Time Market The RSOs can participate in real time transactive market

settlement by the ISO and can consume/generate to meet the demands. The different levels of

transaction in a real-time market are shown in Figure 32(nsf, ).

• Coordination with energy storage devices and renewable generators The RSOs can alter the

power consumption of the trains such that they can charge the way-side energy storage devices

via regeneration during low price and travel at higher speeds when more renewable generators are

available and the electricity prices are negative.
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Figure 32: Real-time transaction opportunities for the RSO and ISO

There are three emerging energy-related areas of significant growth world-wide: electrical transporta-

tion, electrical-vehicle-based autonomous vehicles, and mega-microgrids (under the umbrella of smart

grid) where our novel approaches may have direct utility thereby reducing cost of operation.
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Appendix A

SPANISH RAIL TRACK DATA

We have provided the Spanish track data that was used for the minimum time driving simulation.

The speed limit sections, the gradient and the curvature resistance are shown here. The data for the

simulation corresponds to the first 86.55 km of the high-speed line Madrid-Barcelona (Spain), starting

at Madrid. There are two stations in this trip. First station at 64.4 km and the second station at 86.55

km from the start. The infrastructure of the high-speed trains roughly corresponds to high-speed trains

Siemens Series 103.
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Appendix A (Continued)

(a) (b)

Gradient data of the track



71

Appendix A (Continued)

(a) (b)

Radius of curvature of the track
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Appendix A (Continued)

(a) (b)

Speed limit data of the track
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