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Abstract—To foster the utilization of regeneration braking
energy and suppress voltage unbalance (VU), a railway electrical
smart grid (RESG), intergraded with power flow controller
(PFC) and energy storage (ES), is proposed as an important
part of next-generation electrified railways. However, under the
uncertain traction load, how to design the optimal size of PFC-
ES is a challenge during the planning period. Hence, this paper
proposes a chance-constrained two-stage programming approach.
The first-stage aims to minimising the overall cost of RESG’s
devices. The second-stage aims to arrange the energy flow of the
PFC-ES with the objective of minimising the expected operation
cost under the dynamic VU restriction, and the stochastics
characteristics of traction load are transformed into a chance
constraint by using a scenario approach. Then, traction power
predictions are combined with multivariate Gaussian Mixture
Model(multi-GMM) model to generate correlated traction power
flow scenarios and to assess VU probabilistic metrics distribution
with different confidence levels. Finally, a novel algorithm is
designed to select the confidence level and violation probability
so that the capacity planning results can ensure the high-efficient
and high-quality operation of the RESG. Case studies based on
an actual electrified railway demonstrate that the proposed PFC-
ES sizing approach can reduce the overall cost by up to 13%.

Index Terms—Electrified railways, chance constraint, two-
stage programming, probabilistic forecasting.

NOMENCLATURE
A. Abbreviations, Indices and Sets
CCP Chance-constrained programming
CI Confidence interval
DoD Depth of discharge
ES Energy storage
GMM Gaussian mixture model
KDE Ksdensity distribution estimate

N7z Neutral zone

Oo&M Operation and Maintenance

MILP Mixed-integer linear programming
PFC Power flow controller

PSI Power supply interval

ucC Ultracapacitor
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C. Variables

PFC
Tpte
uc
Prgtte’ Prate
uc
Erate’ Erate

Regeneration braking energy
Railways electrical smart grid
State of charge

Traction power supply system
Traction substation

Traction transformer

Voltage unbalance

Voltage unbalance factor
Indices of time intervals during a day
Indices of chance constraint
Indices of confidence level
Indices of violation probability
Indices of TSS order

Charging and discharging efficiency of
battery

Charging and discharging efficiency of UC
Self-discharging coefficient of battery and
ucC

Project period (year), operation days of ES
within a year

Lower and upper bounds of PFC power
rating

Lower and upper bounds of battery or UC
power rating

Lower and upper bounds of battery or UC
capacity rating

Lower and upper bounds of traction power
Purchased electricity price and penalty
charge

Electricity price of peak demand power
Power loss of converter

Fixed and variable battery or UC daily
O&M cost per unit of power rating
Battery or UC daily replacement cost
Battery or UC daily capital cost per unit
of power rating

PFC daily capital cost per unit of power
rating

Rated power of PFC
Rated power of battery and UC
Rated capacity of battery and UC
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I. INTRODUCTION

A. Motivation and Bibliographic Review

LECTRIFIED railways are considered as one of the

strongest contender to revolutionize fossil fuel-based
transportation systems, which possess lower carbon emissions
and the highest transportation efficiency [1]. The traction
power supply systems (TPSSs) are the core component of
electrified railways, which provide huge energy to rolling
stocks. However, TPSSs pose significant challenges to the
power systems such as the severe voltage unbalance (VU)
[2], great peak-valley difference and enormous regeneration
braking energy (RBE) [3], which interferes with safety and
efficient operations.

To cope with this problem, the railways electrical smart grid
(RESG) is considered as the next-generation TPSS pe*~--
which utilizes the power flow controller (PFC) and e
storage (ES) to efficiently adjust the power flow distrit
in the transportation system [4], [S5]. As shown in Fig.
PFC installed in the traction substation (TSS) and neutral
(NZ) can effectively smooth the energy interaction bet
the transportation system and connected power grid. Tt
can serve as a flexible source which can charge/dischar
power in different timescales.

As a result, railway energy management has beco
research frontier. Reference [6] proposed energy manage =
models in terms of ES, while [7] presented a model pred
control model for the TPSS via a hierarchical structure.

, a comprehensive railway energy management system v o=
centralized/decentralized architecture was proposed, wk IEQ
[9] presented an energy management model for coordir
energy flow between EV charging stations and urban tra
port system. Reference [10] developed an optimal operat
strategy of distributed energy resources and urban electri
transportation systems. On the other hand, due to the h
power requirement of electric train (e.g., the rated power
CRH-380AL is 20 MW) which appears as a single-phase
balanced variable load in the power system, it is indispensa
for limiting the level of VU emissions from RESG. In [11],
economic dispatch scheme of RESG was proposed in ter
of dynamic VU constraint, while [12] proposed a two-stg
robust optimization model for RESG considering a stable
limit as a constraint. In [13], a computation-efficient po
programming strategy was proposed to regulate power qua
effectively.

Although there are certain benefits of using PFC and ES
on railways, their installation and operation costs are high.
Therefore, optimizing the size of the PFC and ES to the actual
needs of the operation is a critical phase in achieving high-
efficient and high-quality operation of RESG. Reference [14]
proposed a technical-economic model to design the capacity
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Fig. 1. Structure of RESGs with PFC and ES intergrated.
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of the ES, while [15] employed the double-layer optimization
model to solve theSUPRTTRAGTRN BOWER GRBS A mixed-integer
linear programming (MILP) model was presented in [16] to
determine the ES size utilized by RBE. purpleln light of this,
the optimal capacity models of RESG are usually formulated
as two-stage programming problems, where the capacity de-_
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optimization method was proposed in [25] to address the
uncertainties associated with renewable generations and loads.
However, this approach solves the best economic operation
problem under the worst-case scenario, resulting in high
costs for maintaining the scheme’s reliability. Alternatively,
chance-constrained programming (CCP) provides a promising
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TABLE I
TAXONOMY OF THE REVIEWED LITERATURE

Objective Function Variable

Ref. Uncertainty ~ ES cycle life ~ Power quality
Investment, O&M cost ~ Replacement cost  Energy Cost sizing Elzglg
[6] v X X X X v X X
[11] X v v X X v X X
[12] v X v X X v X X
[14] X X v v v X v v
[15] X v X v v v v X
[16] X v X v X X v v
Proposed method v v v v v v v v

v =Considered, X=Not considered

alternative that allows the violation of constraints within a
confidence level. In [26] , an adjustable chance-constrained
approach was proposed to allocate flexible ramping capacity
reserves optimally, whereas the total storage power and energy
constraints were posed as chance constraints in [27] , and
a conservative convex approximations were employed for
tractability.

B. Aim and Contribution

Corresponding to the abovementioned literature survey,
there is a growing interest in the optimal planning and op-
erating of RESG. However, there are certain gaps from the
following perspectives.

1) Uncertain traction load demand is a critical challenge
rather than renewable energy in [6] and [12], which will
interfere with the capacity decision. It is concluded from
Table I that existing approaches based on deterministic
numerical calculations cannot obtain a feasible size for
RESG’s facilities, since they do not illustrate the impacts
of uncertainty on the power flow distribution.

2) VU compensation and energy cost are two major con-
cerns of single-phase electrified railways, the serious
VU problem will interfere with the economical oper-
ation of RESG, different optimization methods in the
planning or operating period are summarized in Table I,
which is practically incomplete. Notice that the planning
approach in [14] can only obtain a feasible solution
satisfying the constraints.

In our previous work [11] a deterministic optimal dispatch
model considering the dynamic VU constraints was proposed
to minimize the operation cost of electrified railways. In this
paper, the previous work is extended by programming the
optimal capacity and considering the uncertainty of traction
load predictions. The two-stage optimization of PFC and ES
capacity of RESG aims at minimizing the investment cost and
operation and maintenance (O&M) cost under the stochastic
power flow during the engineering period. Compared with the
existing research, the contributions of this paper are threefold:

1) A complete confidence prediction framework, includ-
ing a train-RESG interaction simulation and confidence
forecast models, is proposed to capture the uncertainty
of traction load. With this framework, a better forecast
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performance in terms of reliability and sharpness can be
available compared to other prediction approaches.

2) The statistical model uses multi-GMM theory to build
a joint dependence structure between the actual train
power output and its prediction, in which the train power
output and VU emission feature at different confidence
intervals (CIs) can be obtained. This model can charac-
terize the stochastic nature of traction load more accu-
rately than commonly-used distributions, e.g., Gaussian,
Gamma and Nonparametric KDE distributions.

3) A chance constraint on power flow is introduced to
account for the impact of uncertain traction load on the
participation of the PFC-ES, installed in TSS and NZ,
in economic dispatch. A scenario approach is adopted
to solve chance constraints. More importantly, based on
the VU limit and predicted VU indicator’s probability
distribution, a novel algorithm is designed for selecting
the confidence levels and violation probabilities, thus
guarantees that all the operation schemes are restricted
by power quality standards. Compared with traditional
methods, namely specifying confidence intervals, a rea-
sonable trade-off between economical operation and VU
regulation can be achieved.

4) The RESG’s infrastructure planning problem is formu-
lated as a stochastic two-stage model, and the capacity
of PFC and ES in the TSS and NZ is optimized.
Investment costs, replacement costs and O&M costs are
incorporated into the first-stage objectives, and an ES
degradation model is embedded in the first-stage to pro-
long the ES lifetime. The second-stage takes the PFC-ES
settings determined by the first-stage as input param-
eters to minimize the expected costs including power
consumption cost and demand cost. This programming
model provides planners with a flexible capacity design
approach under different confidence levels.

C. Article’s Framework

The remainder of this paper is organized as follows. Section
IT describes the details of the RESG structure. Section III
formulates the first-stage programming problem. The optimal
dispatch problem with chance-constraints in the second-stage
is developed in Section IV. The confidence prediction frame-
work for traction power flow is presented in Section V. Section
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B. Power Flow Model
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NZ-PFC provide remaining powe
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Ig}tid 1/N;  —1/3N, jTT
gt | = 0 2/3N, {I‘EFC } (1a)
I'Cgl;ld 71/]\71 1/3N2 ¢
C
*rgrid
[ v }: [ 1Ny 0 —1/N1} TE | (1)
UtPFC —1/3N2 2/3N2 1/3N2 Ubg,lild

v—l

where N; and N, represent the transformer ratio of TT
and SDT. IFFC, ITT UFFC and UM represent the current
and voltage of the PFC branch and TT branch, respectively.
I gftld, I lf?d, I Cg,rtld, Uftld, Ubg;ld and ch;d represents the phase
current and voltage of three-phase in power grid, respectively.
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Fig. 3. VU Emission Characteristics of RESG.

C and V are defined as current and voltage transformation
matrices, respectively. The subscript ¢ represents the time
index in a day, and ¢ € [0, T].

2) ES Mathematical Model: The charging or discharging
power and stored energy of the storage are constrained by
the physical characteristics of the battery and UC at any time
interval. The working status of ES can be evaluated by using
the state of charge (SoC):

Pbt Pbt.
SoCPt = (1- ") SoCPt 1+ bt =L At— U5 At (2a)
E; Ndis Bt
SoCPe 1= (1— £) SoC}e 1+ nugP“h A sy (2b)
< B Ndis

where SoCPt and

(o) SoCTy) represent the SoC of battery and
3 t

ve fBS]@ESﬁ“E]j’ Pb puc Pbt and-PuC 1?e]al?esentlaattef§*
’ % t,ch® ~ t,ch ~ t,dis t,dis

and UC charging/discharging power, respectively. EPt and £}
represent energy of battery and UC, respectively. 775}1, Moy »
nht and ni< represent the charging and discharging efficiency
of battery and UC, respectively. £ and £"¢ represent self-
discharging coefficient of battery and UC. At represents the
sampling interval.

3) PFC Mathematical Model: The converters at both TSS
and NZ consist of a a phase converter and a 3 phase inverter,
as shown in Fig. 1. The active power balance formulation is
declared in (3):

PPeC + Pl +

uc
t,dis

uc
t,ch

3)

where PEE C and PtpﬁF C represent the input/output active power
of converter for « phase and [ phase, respectively.

PFC b
= Pt,B + Pt,gh
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C. VU Emission Characteristics of RESG

To evaluate the VU emission level of TSS, the VU F; index
in this paper is defined as the ratio of the modulus of the
negative-sequence to the positive-sequence components of the

voltage:
*rgrid grid
VUF, = n,t o \/gUabc,t Igrid 4
2 grid | S n,t ( )
Up’t sc
where Ufjrt’d, erid and 1879 represent the negative- and

positive- sequence voltage and current in power grid, respec-
tively. It can be derived from (1) by a}dqgting the Fortescue’s
transformation matrix. Furthermore, I};;" can be denoted by

ITT and IF¥C, which can be calculated as:
grid _ 1 orr 1 cppc
mt = 3N, 3N,
RS S U ®
VBN U 3N, UFEC

When the transformer setting and rated voltage are fixed,
the VU emission feature can be determined according to (4)
and (5) as shown in Fig. 3. It is indicated that the VUF at PCC
is restricted by power flow distribution of the two branches.

III. PROGRAMMING PROBLEM OF PFC AND ES SIZING
FOR RESG

A. Objective Function

Consider a RESG comprising of N storages and M power
flow controllers. An objective function of first-stage is to
minimize the total cost of RESG during an engineering period,
including the capital cost (C2S, CPFC) replacement cost

cap> “ca
(C’rEez, C’rlzgc), O&M cost (C’E,%, Cffc) and energy costs
(E [f2]) for PEC and ES.
min jl = CtOt (Prli;fe(j’ Prl:tw Prl;Cte7 EIE:‘CG’ Ell"lacte)
=CES+ CEFC+ iS4+ CES+ OO °
First—stage (6)
+  E[J]
Second—stage
C(ES:) = CRF - Z (Ckl;t : Prt;tte,n + Cll%t : EIE:te,n
neN (7

uc uc uc uc
+cp - Prate,n +cg Erate,n)

PFC _ § PFC PFC
Ccap — [CP ° P

rate,m
meM

-(1+X/D)] (8)

Cgi = CRF- Z Z (CEgp 'Ellr);tembt : PVF)

neN LNbt 9)
uc uc
+ E [Nuc'crep' Erate,nuc]
nenN
ES bt bt bt uc uc uc
C'om - E (Thr ! Com,v : Prate + Thr ' Com,v ! Prate)
neN
(10)
bt bt uc uc
+ E (com,f ! Prate + Com,f Prate) Tday
neN

CPFC = CFEC . 5% - Tppro; (11)

om cap
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Fig. 4. Overview of the Implementeition of Two-stage Optimization Model.

where PLFC is the rated power of PFC, P2t and EP!,_ are the

rated power and total capacity of battery respectively, P, and
EYs . are the rated power and total capacity of UC respectively,
Torojs Tday T}g: ) are the project period (year), operation days
of ES within a year (365 in this paper) and daily operating
time of ES respectively. PV F is the present value function
to discount the future battery replacement cost incurred in
Throj year to time zero, CRF' is the capital recovery function
associated with the annual discount rate and project period
[15]. D and X are the number of major parallel inverters and
redundant modules for PFC [29].

B. Constraints

To minimize the total cost within the time horizon of the
project service period, The sizing of the ES involves finding
the optimal power rating and energy capacities of batteries
and UCs, while the sizing of the PFC involves finding the
optimal power rating. Since the equipment sizing requirement
of ES (Pl By, Pecy, Etéy) and PFC (P ) in engineering
applications, the decision variables are formulated as the
integer variable modeling the number of minimum units in
ES (¢, ¢i°) and PFC (qf,’lFC), and Equations (12)—(14) state
that these decision variables are limited by upper and lower

bounds, as:

. PFC PFC PFC
MlnPcell < Prate,m < MaXPcell (]2)
: bt bt bt : bt bt bt
MlnPcell < Prate,n < Ma‘XPcell’ MlnEcell < Erate,n < MaXEcell
(13)
. puc uc uc s Touc uc uc
MlnPcell < Prate < MaXPcella MlnEcell < Erate < Max cell
(14)
where,
bt __ bt bt bt __ bt bt bt +
Prate,n =4, - Pcell7 Erate,n =4y - Ecell7 an €Z
uc __ _uc uc uc __ _uc uc uc —+
rate;n — 4n " Teelly Erate,n =dqn - cell?in €z
PFC _ PFC PFC PFC +
Prate,m =4qm - Pcell 7vqm €z

C. ES Degradation Analysis

A battery’s life is dependent on its calendar ageing and
cycle ageing. Calendar ageing is determined by temperature,
battery state of life, and calendar time. Cycle ageing is mainly
determined by the depth of discharge (DoD) and SoC [30].
To take the battery degradation cost into account, the battery
lifetime estimation approach introduced in [31], T}, is the total
times of battery replacement during the project period, which
is determined by the battery life. By means of the rain-flow
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counting method, the cycle life loss rate (Ap (DoD)) can be
extracted from a series of SoC.

Nbt = [Tproj - Tip' ] = 365 - [Tproj - Ab (DoD)]  (15)

where [ represents the rounding up operand.

A UC’s life is not limited by the cycle ageing, which
assumes that UCs are always working under rated conditions
provided by the manufacturing specifications. Therefore, the
total times of UC replacement (73,.) is equal to the number
given in the manufacturing specification.

D. Optimization Framework and Solution Methodology

The CC-P model for RESG sizing is illustrated in Fig. 4.
The is formulated as a two-stage optimization problem. The
rated capacity (EP., EUS.) and rated power (PRt ., PuS,,
PEFC) of the RESG is determined in the first-stage decision,
which aims at minimizing the total cost [J;. Especially, in
order to prolong the battery’s lifetime, a battery degradation
model is considered for the replacement cost. The power rating
and capacity are regarded as the boundary parameters of the
second-stage. The second-stage concentrates on minimizing
the expected energy cost E[72 (x)], and the optimized PFC
power Ptf)g/cég and transformer power P/T, the optimized
charging/discharging power P,'T, Pt'?gis, tehs Drdis for bat-
tery and UC are available, respectively. The traction load
uncertainty problem is described by multi-GMM theory and
converted to a chance constraint solved in second-stage. Note
that the objective of second-stage is return to the first-stage for
assessment of RESG sizing. Owing to the nonlinear battery
lifetime estimation, the first-stage is a nonlinear planning
problem, which can be effectively solved by the heuristic
search algorithms. For example, the Sparrow Search Algorithm
(SSA), one of the effective swarm intelligence optimization
algorithms, is employed in this paper, the details of SSA
algorithm can be found in [31]. The second-stage can be
formulated as a MILP model and addressed by CPLEX solver.

IV. CHANCE CONSTRAINED OPTIMAL ECONOMIC
DISPATCH PROBLEM FOR RESG

A. Objective Function

An objective function of second-stage includes two terms,
namely, energy consumption cost and demand cost. In practice,
the demand charge is paid by billing month, so the cost term
is presented as a daily conversion demand charge of each day
by introducing the parameter for operating days in a month,
as:

Nday
T
— t grid t grid
J2 = Z (Cpuerur,t + Crctprct,t) - At
t=1 16
. t414 (16)
dem grid
+ Nday - max Z Ppur,t/15
T t
where Pgﬁift and ¢}, represent active power supplied by the

utility grid and the purchased electricity price. Pgtifi and ¢t
represent regenerative braking power fed back to utility grid
and the penalty charge. cqer, represents the electricity price of
peak demand power. N%ay is the total number of time intervals

during a day.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See hnps://www.ieee.org/Eublications/rights/index._html for more information.
SITY OF STRATHCLYDE. Downloaded on May 16,2023 at 08:41:43 UTC from IEEE Xplore. Restrictions apply.

Authorized licensed use limited to: UNIVE

B. Constraints

1) Power Balance Constraints: active power balance con-
straints for each port of RESG are described in (17a)-(17d)
. It states that the active power supplied by the power grid
(Pg‘ﬂft), ES discharging (PPY;,, P;';,). feed superfluous power
to grid (Pfertij). The power balance for NZ-PFC and TSS-PFC
is restricted by applying constraints (17d).

PtTT + PtITIaZfPFC + Ptl’“ﬁssprC > W (17a)

PtTT +PtI?Ia%7PFC +Pt?5887PFC g PtTrain (17b)
— id id

P+ PR TIRC = PR — P (17¢)

(1+01) (P5 = P ) =Pl Plen+ Pii— Py (17d)

where o, is defined as the power loss of converter.

2) VU Compensation Constraints: Based on the previous
analysis of the VU emission features of electrified railways
in Section II, equations (4) and (5) can be linearized by
introducing auxiliary non-negative variable ;5 " C, ki L,
binary variable v;, and large real number M.

jrss—pre | 1r o VU - Sie (18a)
’ \/gUgrid
psTrEe Pt TSS—PFC _ _TT
\/gUtPFCNl - \/gUtTTNg = K¢ — Ky (18b)
0<ri PFe <M 0< KT < (1—v) M (18c)

where VUF™* represents the VU mitigation limitation, which
can be generated by dynamic allocation algorithm of VU
regulation in [11]. Sy represents short-circuit capacity of grid.

3) ES Constraints: When the ES is connected to the NZ-
PFC or TSS-PFC, the limits of discharging and charging power
are set up from (19a) to (19d), which means that both the rated
power and the available energy variation at time intervals can
decide the upper bound of power. The charging state of the
ES is restricted by applying constraints (19¢) to (19f), which
demonstrate the fact that charging status cannot coexist with
the discharging state simultaneously.

0< PPy, < min |SPRERL — B / naAt, B | (19a)
0< PPl < min | B — SPPENL / not At, Pr';tm- (19b)
0< PG, < min |SEMELG.— B¢ / Moy At, Pr‘;cm- (19¢)
0< Plgis < min | EY©— ST EG / Nen At Pr‘;ic- (19d)
PSP Pl PR S i Pl i AP <1 (19)

uc uc uc
t.,ch< Ht,chprateﬂ

where FEPt  and PPt

e ovo are rated capacity and power of bat-
teries. Eln;. and PLS

rate e are rated capacity and power of UCs.

biand Spi™ are the minimum and maximum state of charge

of batteries. SI:** and S[u" are the minimum and maximum
bt bt uc uc H

state of charge of UCs. k¢, K7 qis » Kt.on and Ky are binary

variables.

llC<

uc uc uc uc
t,dis Ht,dis rate’ Ht,ch+ "{t,disg 1 (19f)
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Fig. 5. Scatter Plots of Joint Distributions for Traction Power and Accelera-
tion.
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C. CC Compact Formulation

1) General Forms: The optimal problem with general
chance-constraints uses probabilistic constraints and aims to
minimize the mean-value of the total daily operating cost of
RESG in railways. This problem in a RESG system is modeled
in the following manner:

mm E[72 (x)]
st (16) — (18) (20)

IP){14Z (x)f < bZ (.’17)} 2 1-— €; Vi
Ai (z) £ < bi(2) =
(P = P

PtTrain < PtTT PNZ PFC PTSS PFC}

NZ PFC TSS PFC
P P v 21

The letter x represents the decision variable vector (i.e.,
power output of ES, PFC), and £ represents the uncertainty
variable vector following the distribution [P (i.e., power fore-
cast of train PT*#"). A; (x) and b; are affine functions about
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the decision variables. The violation probability of the chance
constraint is less than ¢;, and ¢ represents the number of chance
constraints, 1 = 1,2, 3, 4.

2) Tractable Forms of CC: With careful derivations, the
chance constraint of (21) is converted into an equivalent form:

Faia [bi ()] 21— €
= bi(2)>Fy,(1—e) (22)
= bi(2) S Fy, () Vi

where F is the cumulative probability function of A; ().

Note that 7} (61) is a nonlinear function of ¢; , which
cannot be dlrectly computed by commercial solvers. For
example, the Authors of [17] adopt the non-parametric KDE
to capture the uncertainty of traction load, it is hard to give
an analytical formulation for function F~!(-). In order to
replace the chance constraints (20) with the deterministic
linear constraints (22), this paper uses as a new decision
variable G;, and obeys the multivariate GMM, to substitute
for €; [26], [28].

Gi=Fyl, (1-c) (23)

Therefore, the chance constraint is converted into a linear
inequality:

Gi—bi(z) 20 (24)

V. TRACTION POWER FORECAST AND VU CONFIDENCE
PREDICTION

A. Uncertainty Characterization of Train-RESG Interactions

1) Uncertainty of Train Dynamics Modelling: For sim-
plicity and from a power engineering perspective, the train
can be seen as a single-particle dynamic system [33], the
kinematic equations of the train can be described as (25), the
acceleration can be derived from force analysis with given
mass. Moreover, under the given speed v1™" and position s
at line, the estimated traction power of the train (PTrai) is
determined by its traction/braking force.

p:qI‘rain Ftot v = aTraln M Train (25)
where My, is the effective mass of the train, &;ﬁain is the
estimated acceleration of train at position s, ﬁ'tot is the total
traction/braking force determined by line profile, speed limit
and driving strategy.

Under the same railway line conditions, owing to the
driver’s different driving strategy, the train’s acceleration
(atT‘"ai“) is different, and the power demand is also different,
which reflects the uncertain characterization of traction load.
Based on the dates of the Telematics Control Unit (TCU) of
train from field-test, Fig. 5 shows the scatter plots of joint
distributions of traction power and acceleration. It can be seen
that when the train is accelerating, the greater the acceleration,
the greater the demand for traction power; and vice versa.
Meanwhile, the relationship between traction power and train’s
acceleration is non-linear and non-unique. Consequently, the
fluctuation of traction power is the basic reason that arouses
the uncertainty of power flow.
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Algorithm 1 Confidence Prediction of Traction Power Flow

1: Initialization: obtain the timetable, line parameters, train
type and TSS parameters;

2: Compute the traction power flow P™ by commercial
software (e.g. OpenPowerNet);

3: Harvest historical dataset X = {z, [ }j:1 for variable
in I' in a day ¢;

4: Construct the joint CDF multi-GMM:

z Ng

Fx (x|Ng;T') = > wn Ny, (¢, |, 00 )t
n=1

s: Import P2 into F! (z |Ng; I'):

T = ]-';(1 (r)

6: Obtain the confidence forecast result {PtTrai“,PtTrai“}.

PtTraln’PtTrain — PtTraln _|_ |:jjt9L’a'\:§U:|

Algorithm 2 Confidence Level 6 and Violation Probability e
Selecting for CC-P Solving
1: Harvest the confidence prediction result of traction power
flow | Pfrain plrain| by Algorithm 1;
2: Evaluate the VU distribution at grid for each TSS by
equation (4), and count the 95% probability and maximum
value set with different confidence level (VU FISS—k

95%.,60 *
VUFT™S57F vk =1,2);

max,0

: TSS—k —
Cif VUFS> 8 > Eb & VUFESS™% > EF . then

3
) _ VUF (1ok VUF (1ok )
4 e =1 —max {FLHF (Edse,) - Floon (Efoon) )3
. . TSS—k k TSS—k Tk
celseif VUF o7 " < Egpo & VUFR2 " >Ej g, then

_ VUF (1k .
e=1-Fl% (Eloo%)’

5
6
. . TSS—k k TSS—k k
7: else if VUFQS% > E%% & VUF, <E100% then
8
9

max
_ VUF (pk .
e=1-FLe" (Efsy):
: else

10: € = 0.999 and VU compensation constraint is failure;
11: end if

2) Uncertainty of Train-RESG interaction: Fig. 6(a) shows
the deterministic forecast flowchart of the train-RESG. Firstly,
the line data, train traction features and speed limits are
imported into the train’s power simulator, which allows for
obtaining the entire speed (vI**") and power distribution
(p;rrai“) of a train in each position of line. Secondly, the power
dates of a single train, timetable and TSS parameters are input
to RESG’s power flow simulator [33], and the total power
consumption with time (Ptﬁai“) and VU distribution of each
TSS can be dynamically obtained. In this paper, initial power
flow scenarios of two TSSs are generated, assuming that the
RESG infrastructures are not operational, which implies that
the VU performance of TSS has arrived at the worst level.

Fig. 6 (b) shows the discrepancy between forecasted and
measured with time, which is the proxy for the uncertainty.
It can be seen that traditional deterministic forecasting only
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provides single-valued estimation, which misses the signifi-
cant stochastic distribution information. As result, it is still
challenging to model the stochastic dependence analytically.
The author of [17] proposes an uncertainty modelling approach
based on the nonparametric KDE. Nevertheless, it is hard to
obtain an inverse function of cumulative probability density in
chance-constrain programming.

B. Traction Load Uncertainty Modeling

1) Multivariate GMM Description: To characterize the un-
certainty of traction load features, the joint GMM distribution
is used in this paper to accurately model the multimodal
probability distributions of traction power forecast. A GMM
for a d-dimensional random vector X = {:z:[i],:i[,»]}j:l,
as shown in (26)-(28), is defined as a convex combination
of multi-dimensional Gaussian distribution function with an
model parameters set I' = wy,, fin, 0n |0 =1,2,--- ,Ng [21].

Ng
fx (x|Ng;T') = anNn (7,2 |pin, o)

(26)
n=1
Ng
> wn=1w, >0 27)
n=1
6_%(m_M”)TU;1(m_Hn)

2m)Y? . det (0,)"/?

where x and 2 are the actual power and forecasted power,
respectively. Ng is the number of Gaussian components, wy,
is the weighting coefficients, {y,,0,} denotes the set of
parameters in the mth mixture component N, (@ |pn, 0y ).
pn € R and o, € RI? are the expectation vector
and covariance matrix of Gaussian component, respectively.
Standard guidelines for the multi-GMM and the parameter
estimation are available in [21].

2) Analytical CDF of the GMM: The cumulative distribu-
tion Fx is another essential function to model traction load
uncertainty, which is analytically expressed as:

z Ng
Fx (x|Ng; I') = / an./\/n (t,f|un,an)dt (29)
X p=1

To obtain the forecasted power, it can further adopt the
inverse transform method by calculating © = }';(1 (r) as the
sample from fx, where the scalar r ~ U (0, 1).

Based on the multi-GMM model, the confidence intervals
(ClIs) of train load uncertainties [i‘f L,f:f” can be calculated
by using the joint CDF in (29). A CI (CI}) of the forecasted
train power with a confidence level 6 can be expressed by:

Crf = [Pl Pl | — plin g [0 5fv | (30)

UNCERTAINTY

where the lower and upper confidence coefficient 6y, and 0y
equal to 8/2 and (1 — 6/2), respectively.
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Fig. 7. rPovvlef'st’;pi)ly configuration of considered electrified railway.

TABLE II
PARAMETERS OF RESG

Power Grid Transformer PFC
id TT PFC PFC
Ufil Ssc Ny Ny U U, U
(kV) (MVA) &V) &V) kv)
4
220 1500 4 7 27.5 27.5 27.5
TABLE III
PARAMETERS OF ES
Parameters Unit Battery uc
cp kCNY/kW 2.83 2.05
CE kCNY/kWh 4.64 19.80
Crep kCNY/kWh 1.29 0
Com,f CNY/kW/year 25.5 0
Com,v CNY/MW/h 2.78 0
Ndis/Mech - 80%/80% 95%/95%
Initial SoC - 50% 50%
SoC range - 20-80% 5-95%
TABLE IV
TIME-OF-USE TARIFF
Parameters Peak Mid Valley
Energy (CNY/kWh) 1.252 0.782 0.370
Demand (CNY/kW/mon) 42 42 42
Time period 8-11h, 18-21h ~ 7h, 12-17h  0-6h, 22-0h

C. Standard Processes

1) Traction Power Forecast: The confidence prediction
approach for the traction power flow is proposed in Algorithm
1. This paper is carried out in the framework of IEC 61000-3-
13 and general train-RESG interaction simulation [17], [30],
and therefore, the proposed approach can be extended to any
railway traction system connected to a power system.

2) Confidence Level Selecting: The confidence level and
violation probability selecting approaches for solving CC-
P are proposed in Algorithm 2. The 95% probability
and maximum valve sets of VU distribution are defined

as VUFISS b = {VUFQT;’/?;’“,HE 0,1,k = 1,2} and
VUFITOSOSV:’; = {VUFlTO%%_;, 0el0,1],k=1, 2}, respec-

tively. As a result, the violation probability e that VUF exceeds
the limit under the confidence level 6 is obtained.

Generally, choosing a feasible violation probability and
confidence level is an important step in the design process of
railways. Higher violation probability means higher compensa-
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tion cost, and lower confidence level means higher uncertainty
of forecasted train power. Single-phase traction load is a
significant feature distinguished from the normal power grid
load. Consequently, taking the VU limit as a selection standard
is one of the available approaches to obtain a compromise
solution.
VI. CASE STUDY
A. Test System and Data Source

In order to validate the feasibility of the proposed CC-P of
RESGs, a busy electrified railway is considered for the case
study, as shown in Fig. 7. The detailed network parameters
can be found in [12], while the basic parameters of RESG,
ES and time of use are listed in Table II-IV. The unit capacity
of the battery and UC is 80 kWh and 0.15 kWh, and the unit
power of the battery, UC and PFC is 10 kW, 5 kW, and 100
kW, respectively [34].

All the case studies are solved by the MATLAB 2016b
interface on a workstation with Intel Xeon Silver 4114 CPU
and 64 GB RAM. The first-stage is built as an NLP problem
and addressed by the MATLAB Global Optimization Toolbox,
the second-stage is formulated as a MILP problem and solved
using IBM ILOG CPLEX solver via YALMIP. The entire two-
stage optimization framework is shown in Fig. 4.

B. Result of Modeling Uncertainty

Fig. 8 compares the probability distribution of traction load
by using five distributions including multi-GMM, parametric
KDE (Gaussian, Gamma, Log-normal) and nonparametric
KDE. It can be observed that the multi-GMM accurately match
well with empirical distributions than the other four regular
distribution. This paper adopts the correlation coefficient and
Kolmogorov-Smirnov test integral (KSIPer) to quantify the
correlation and statistical similarity between the original CDF
and the CDF of fitting distribution, and employs mean absolute
error (MAE) to evaluate the uniform fitting errors [21], which
shows in Table V. It can be seen that multi-GMM method
has the highest correlation and lowest KSIPer and MAE,
indicating that the multi-GMM can better represent traction
power distribution than the other four approaches.

Fig. 9 (a) and (b) show the lower and upper bounds, with 6
is 20%, of predicted traction power flow for TSS-1 and TSS-
2. In order to illustrate the forecast result under the various
CIs (0),the power flow from 12:00 to 13:00 is drawn in Fig.
9 (c¢) and (d). The is purple curve is measured power flow
in real world. It can be seen that the confidence forecasts are
not symmetric, and that the measured curve can be completely
covered by the CI.
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TABLE V
METRICS OF FIVE DISTRIBUTIONS ESTIMATED FOR TRACTION LOAD

o

—Lower Bound of CI
——Upper Bound of CI

3

—Lower Bound of CI
——Upper Bound of CI

Distributions Metrics
stributions Correlation coeff. KSIPer MAE
Gaussian 0.9598 0.3386  0.1183
Gramma 0.9060 0.5016  0.2178
Log-normal 0.9117 0.5056  0.2162
Nonparametric KDE 0.9626 0.3265 0.1116
Multi-GMM 0.9711 0.2551  0.1105

TABLE VI

METRICS OF TWO PREDICTION APPROACH FOR TRACTION POWER

Prediction Method ACE% ASV%
Method in [17] 5.289 28.92
Proposed method 4.577 25.59
TABLE VII
OPTIMIZED CAPACITY FOR RESGS
TSS1 TSS2 NZ
PPEC KW 3000 3000 3300
PPt kW 130 130 130
Ebt. /kWh 1040 1040 1040
PS /KW 4150 1750 1000
Bue /kWh 12 5 3
TABLE VIII

THE TOTAL DAILY INVESTMENT AND OPERATION COST OF RESGs

Without Optimal With Optimal

TSS1&TSS2  TSS1  TSS2 NZ  Total
CES IKCNY - 3.07 234 155 696
CEEC/KCNY - 028 028 030 0.86
CES kCNY - 124 124 124 371
CES/KCNY - 0.0l 001 001 003
CPFC/KCNY - 042 0.8 0.0 0.70
E [J2)/KCNY 60.78 2161 18.81 0.00 4042
C}ot/kCNY 60.78 26.62 2286 320 52.68
Total Cost Savings - 13.32%

To evaluate the accuracy of the proposed model, ACE
and ASV are defined, which can evaluate the reliability
and sharpness. Reliability indicates the degree of correctness
of a forecast model assessed by the hit percentage, while
sharpness indicates the uncertainty conveyed by the forecast
model [23]. Table VI shows the metrics value for different
prediction approaches, compared with the method in [17]. It
indicates that the proposed model shows the smallest value,
which presents the optimal tradeoff between reliability and
sharpness compared to other correlated conditions.Therefore,
the smallest ACE and ASV values verify the effectiveness
of the proposed prediction model in Section V.

C. Result of VU Confidence Prediction

Fig. 10 (a)-(b) present the VU Fylor ! and VU F/{35 1 dis-
tribution of TSS-1, respectively. Based on the IEC/TR 61000-
3-13, 95% probability limitation Eg59 and maximum limita-
tion Eqggy are set as 2% and 4% in this paper. VUF;;)%/OS_l is

large than 2% when the confidence level exceeds 0.8, whereas
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different 6. (a) TSS-1, (b) TSS-2.
VU Ff&%g{)‘l exceeds 4% for all levels. Fig. 10 (c)-(d) present
the VUF, 57, and VUF, 557 distribution of TSS-2, re-

100%,6
spectively. VU F9T5§7f72 is large than 2% when the confidence
level exceeds 0.5, while VU FE)%%_Q doesn’t exceed 4% for
all levels. It can be observed that the of VUF increases as
the confidence level 6 increases, since a larger 6 renders
the available traction power flow more lenient. According to
Algorithm 2, 0.95 and 0.5 are selected as the confidence level
of the chance constraints of TSS-1 and TSS-2, respectively.
Fig. 11 shows the selecting result of violation probability
for TSS-1 and TSS-2 under different confidence levels. In Fig.
11(a), the violation probability 1 —e = 0.01 since VU F 1551

100%
exceeds 4%. In Fig. 11(b), the the violation probability 1 —e =
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Fig. 14. Optimized result of VUF. (a) TSS-1, (b) TSS-2.

0.98 when the VUFQE%S‘_Q exceeds 2%.
D. Result of ES and PFC Planning

By applying the proposed two-stage model combining ES
sizing and daily scheduling, the optimal capacity of the
RESGs’ facilities is presented in Table VII, the optimal cost
is shown in Table VIIL. It can be seen that the daily total cost
is decreased by 13.32% (from 60.78 kCNY to 52.68 kCNY).

Fig.12 (a) and (b) show the optimized grid power of traction
substation compared to the initial grid power. It can be seen
that RBE is mostly utilized by the ES and the train.

Fig.12 (c) shows the components of electricity cost, the
installation of PFC and ES resulted in a significant decrease
in energy and demand costs, with a 25% decrease for TSS-
1 (from 29.04 kCNY/pre-day to 21.61 kCNY/per-day), and a
40% decrease for TSS-2 (from 31.74 kCNY/pre-day to 18.81
kCNY/per-day).

E. Result of ES and PFC Dispatch Scheme

Fig.13 (a) and (b) show the planned and actual active power
flow of the train by using (21). The light blue area is the
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Fig. 15. SoC of ES. (a) TSS-1, (b) TSS-2.
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Fig. 16. Optimized result of NZ-PFC. (a) Power flow of PFC and ES, (b)
SoC of ES.
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Fig. 17. Comparison result. (a) Comparison of battery lifetime, (b) Compar-
ison of different optimizations in the objective.

feasible region for train power, and the navy blue curve is the
optimal solution. The above results show that the proposed
chance constraint is available, and it can effectively address
the uncertainty of train power.

Fig.14 (a) and (b) show that the maximum daily emission
levels for TSS-1 and TSS-2 are 3.6% and 3.6%, respectively.
Similarly, the daily emission levels of 95% probability are
1.9% and 1.7%, respectively. Consequently, the compensation
results satisfy the limits of IEC/TR 61000-3-13, and the
proposed dynamic VUF constraint is able to regulate the VU
effectively via active ES and PFC control.

Fig.15 (a) and (b) depict the SoC for the battery and UC,
respectively. The UC is frequently charged and discharged,
while the battery has a relatively stable operation curve, which
also confirms that the battery responses to long-term energy
needs, whereas UC responds to severe power fluctuations. It
is interesting that the ES store the energy slowly from 0:00
AM to 4:00 A.M, due to the state of charging at valley time
period with low price.

Fig.16 (a) presents the power of PFC and ES. The SoC of
ES is also drawn in Fig.16 (b). The NZ-PFC is able to route the
power from one TSS to another TSS where it is required. On
the other hand, the RBE is partially absorbed by the NZ-ES,
which greatly improves the utilization of RBE. Therefore, the
proposed system can dispatch the power, making it a feasible
approach for operating railways more cost-efficient and power
quality friendly.
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F. Results Comparison

1) Comparison With ES Ageing: Fig. 17 (a) shows the
batteries’ lifetime with and without ageing cost. Considering
ES degradation in the O&M cost function, the lifetime thus
evaluated in years at three positions is increased from 2.0
years to 5.6 years. As a result, the principal ES lifetime was
maximized by considering the storage replacement cost and
the ES optimal size was determined economically.

2) Comparison With Different Violation Probabilities: Fig.
17 (b) shows a comparison of the objective function of energy
cost for different violation probabilistic thresholds (1 — ¢;)
and the benchmark model. It can be observed that the optimal
energy cost (E(J2)) decreases as 1 — ¢; increases from 0.6
to 0.95, since larger 1 — ¢; renders the chance constraint
less lenient. Also, it can be seen that the energy cost under
higher violation probabilistic is closer to the deterministic
optimization model (the actual power flow is perfectly known).

VII. CONCLUSION

This paper proposes a chance-constrained two-stage pro-
gramming approach to determine the capacity of PFC-ES for
RESG, considering the uncertain predictions of the traction
power flow. At the first-stage, the size of the RESG in-
frastructure is optimized by minimizing the investment and
operation costs of RESG’s devices, including the capital costs,
replacement cost and O&M costs. Compared to the initial
transformer-based power supply structure, the total cost of
RESG can be decreased by 13% over the service cycle of PFC-
ES. At the second-stage, the power flow shifting plan of PFC
and charging/discharging power control actions of the ES are
optimally scheduled with the aim of minimizing the expected
electricity cost. Compared with the conventional operation
schemes, the energy costs of the two TSSs are significantly
reduced by 25% and 40%, respectively. Meanwhile, with the
dynamic VU regulation, the 95% probability and the maximum
value of both TSSs are less than 2% and 4%, respectively.
Further, in order to capture the statistical properties of the
traction power flow, probabilistic traction power forecasting
incorporating a multi-GMM is proposed. Compared with the
traditional uncertain modeling approaches, the model provides
significant improvements in reliability and sharpness features.
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