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General Description of the Doctoral Thesis

Topicality

Since the deposits of fossil fuels are running out, and at the same time the demand for energy
IS increasing, more and more attention is being paid to renewable energy sources, energy efficiency,
and environmental protection. These cornerstones of sustainable energy policy are also put forward
as essential issues within the European Union’s economic development strategy, which determines
that within the European Union by 2020 greenhouse gas emissions are to be cut down by 20 %
(compared to 1990), the share of renewable energy is to be increased to 20 % and energy efficiency
is to be increased by 20 % [1].

Although urban electric transport is regarded as a relatively clean type of transport in the urban
environment, it should also be viewed as a potential direction, where it is possible to improve energy
efficiency. For example, Ltd. Rigas Satiksme, which operates the public transport in Riga city, in
recent years, on average has been consuming 60 GWh of electrical energy, which accounts for
approximately 2.5 % out of all electrical energy consumption in Riga city [2]. Energy efficiency could
be improved by more efficient use of regenerated braking energy of trams and trolleybuses. Currently
regenerated energy is being partly dissipated in brake resistors, and approximately 2 GWh of
electrical energy is wasted this way in Riga every year [3]. Fitting electric transport system with
reversible traction substations or energy storage systems allows reducing the amount of braking
energy that is dissipated in brake resistors. Introduction of regenerative braking energy saving
technologies is expensive; therefore, it is very important to optimise parameters of these systems in
order to maximise their performance.

Goal and Objectives of the Research

The main goal of the research is to study what supercapacitor (SC) energy storage system
(ESS) parameter values should be chosen in order to maximise the performance of such systems. To
achieve the goal, the following objectives have been set:
e to develop the mathematical model, which allows the simulation of public electric
transport system that contains SCs based ESS;
e to develop the method, which determines the optimal power and energy capacity
parameters for mobile and stationary energy storage systems;
e to investigate the influence of energy storage system control parameters on recoverable
energy amount.

Research Methods and Tools

e Matlab has been used to develop simplified mathematical models of public electric
transport system and process experimentally measured tram power diagrams.

e Matlab/Simulink has been used to develop a simulation model of public electric transport
system, analytic simulation model of energy storage system and its control circuits.

e PSim has been used to demonstrate the method, which allows the simplification of
equivalent electrical circuit of contact lines.

e A program that calculates trolleybus contact line resistances has been developed in MS
Excel.

e Tram power diagrams have been obtained on trams T3A.

e For demonstration of the proposed voltage measuring system, the equipment of the
Institute of Physical Energetics has been used.



Scientific Novelties

A new method that allows the determination of number of SCs in an energy storage
system. The proposed method allows the estimation of profitability of variously sized
energy storage systems.

Use of isolated DC/DC converter to set the reference voltage for comparators in order to
measure individual cell voltages for series connected SCs.

A detailed Matlab/Simulink simulation model for a tram system with radial feeding
topology.

Analytic current and voltage equations of series connected RLC circuit are used to
describe the operation of energy storage system, which is made of buck & boost converter
and SC battery. Fast and accurate simulation model of energy storage system in
Matlab/Simulink has been developed based on these equations.

Practical Significance of the Research

The proposed energy storage system sizing method can be used to estimate whether it is
rational to equip specific substations with energy storage systems.

Matlab/Simulink model of electric transport system can be used as a tool to assess the
existing infrastructure capacity reserve and to determine weak points in the contact line.
It can be useful in planning tram cruising intensity or assessing the use of public electric
transport infrastructure to charge electric vehicles.

The proposed voltage measurement system can be used not only for SCs, but also for other
energy storage technologies.

Dissemination of Results

The main results of this thesis have been presented in the following international scientific
conferences:

14™ European Conference on Power Electronics and Applications “EPE 2011 ECCE
Europe”, Birmingham, UK, 30 August — 1 September 2011.

9" International Conference on Compatibility and Power Electronics “CPE 2015”,
Caparica, Portugal, 24-26 June 2015.

9" International Conference on Electrical and Control Technologies “ECT 2014”, Kaunas,
Lithuania, 8-9 May 2014.

51 International Conference on Power Engineering, Energy and Electrical Drives
“Powereng 2015”, Riga, Latvia, 11-13 May 2015.

12" International Scientific Conference “Engineering for Rural Development”, Jelgava,
Latvia, 23-24 May 2015.

14" International Scientific Conference “Engineering for Rural Development™, Jelgava,
Latvia, 20-22 May 2015.

5% European Symposium on Super Capacitors & Hybrid Solutions “ESSCAP 15”, Brasov,
Romania, 23-25 April 2015.
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Introduction

The use of SCs in ESSs, which recover braking energy, is topical since 1990, when SCs with
good power properties became available [4]. Research on SC usage in public electric transport
systems was initiated in 2000, when Siemens started to develop stationary ESS Sitras SES. In 2003,
the first Sitras SES devices were tested in Madrid, Cologne and Dresden [5].

One of the first who studied SC application in public electric transport systems was a group
of scientists from Switzerland. Over the period 2003-2007, they studied both stationary and mobile
use of ESS. In their research they concluded that fitting trams with SCs based ESS allowed reducing
electrical energy consumption by 25.6 % [6]; however, the choice of ESS energy capacity and power
parameters was not justified. This means that the savings made by ESS in the long term may not be
sufficient to cover the cost of ESS installation. In the research on a stationary ESS, they analyse the
opportunity to use ESS as an alternative to building a new traction substation in order to reduce
voltage drop in overhead contact lines [7].

Research on this topic has also been carried out in Belgium. In the research on mobile ESS
application in metro and tram systems, various ESS control strategies are studied. The attention is
also paid to ESS sizing. It is concluded that the ESS which contains the highest number of SCs gives
the best results; however, the issue of profitability of such a system is put forward for discussion [8],
[9], [10]. An algorithm that controls charge and discharge process is proposed for stationary ESS.
Energy consumption of tram system is analysed for scenarios where multiple, variously sized ESSs
are placed at different tram route locations. The obtained results show that the overall energy
consumption in a tram system can be reduced by 11 to 26 % [11], [12].

Research on SCs based ESS application in metro systems has been carried out at the
University of Naples Federico 1l. Several studies deal with the problem of optimal choice of SCs in
SC battery. The optimisation of SC battery is carried out in order to reduce the maximum current
from a substation and to reduce voltage fluctuations at metro train input [13], [14]. Control algorithm
of mobile ESS is proposed and profitability of ESS is analysed in [15]. Various control algorithms
for stationary ESSs are proposed and compared. Multiobjective optimisation is carried out in order to
optimise energy savings and stabilize overhead contact line voltage [16]-[20].

Research on this topic has also been carried out at Tallinn University of Technology (TTU),
and Institute of Physical Energetics (IPE). At TTU, various technologies that allow reducing energy
consumption in tram systems are analysed. Stationary and mobile SCs based ESSs are studied;
however, more attention has been paid to mobile ESSs. Economic calculations have been made to
assess the return on investment for specific ESS [21], [22]. A method that allows estimating energy
amount wasted in brake resistors and variously sized ESS effect on tram system energy consumption
can be highlighted as the main research results of IPE in this field [23], [24].

In the present research, various parameters for SCs based ESS are studied and economic
considerations are carried out in order to improve performance of such systems. Optimisation for
power and energy capacity parameters of ESS is made and optimum values for ESS control
parameters are determined.

1. Technologies for Braking Energy Recovery in Urban Rail Transport
Systems

1.1. Commercialised Energy Storage Systems

Currently several companies offer products that allow recovering braking energy; however,
their application in real systems is still very rare. Table 1 shows the list of commercialised stationary
energy storage systems that are based on various technologies.



Commercialised Braking Energy Recovery Systems

Table 1

Technology Company Brand name AR L1 References
real systems
Piller Power . Hannover,
Flywheels Systems Powebridge Hamburg, Rennes [25], [2€]
Calnetix Vycon® Regen® Los Angeles [27]
SAFT Intensum Max Philadelphia [28]
Li-ion batteries Toshiba TESS KobZOlli/)llgcau [29]
Hitachi B-Chop Hong Kong [25], [30]
. . . Osaka, Tokyo
Ni-MH batteries Kawasaki BPS Hokkaido [25], [31]
Madrid, Cologne,
Beijing,
Siemens Sitras SES Nuremberg, [32], [33]
Rotterdam,
Toronto, Portland
Supercapacitors ABB Enviline Philadelphia, [25], [34]
Warsaw ’
Adetel NeoGreen Power Lyon [25]
Woojin Seoul [35], [36]
Meidensha
Cooperation CapaPost Japan [25], [37]
Siemens Sitras TCI Oslo, Singapore [25], [38]
ABB Enviline ERS Lodz [25]
Reversible Alstom HESOP Parlsl,\,/lli_lggdon, [39]
substations Bilbao, Malaga,
Ingeteam Ingeber Brussels, [40]-[43]
Bielefeld

to CMU via isolated communication, which is not considered in the present research.

1.2. Supercapacitor Voltage Measuring System

As can be seen in Fig. 1.1, the proposed voltage measuring system is based on a single-ended
isolated forward converter, which has many transformers with common primary winding and equal
number of turns in secondary windings. The particular converter topology is chosen due to its simple
control; however, other topologies can also be considered.

Control and measurement unit (CMU) sets reference voltage (vrer) and controls duty cycle b
for transistors VT1 and VT2 to match filter capacitor voltages (vci1— Vcn) to reference voltage. Each
filter capacitor voltage is compared to SC cell voltage with the use of comparators (CMP1 — CMPn).
If the voltage across any filter capacitor is higher than the voltage of matching SC cell (SC1 — SCn),
the corresponding comparator sets its output to 1, which means that particular SC cell voltage is lower
than the reference voltage. Comparator output signal is filtered, to prevent oscillations, and then sent
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Fig. 1.1. The proposed voltage measuring system for series connected SCs.

To verify the functionality of proposed voltage measuring system, its prototype was made,
and it is partly shown in Fig. 1.2.

Fig. 1.2. The proposed voltage measuring system for series connected SCs (1. SC battery;
2. transformers and filters; 3. comparators; 4. input voltage for primary side; power supply for
DC/DC converters; 6. +/— 15 V isolated DC/DC converter, which powers comparators).

Fig. 1.3 depicts the results of a test where system prototype was operated in Max/min mode
and 4 signals were measured: CMP6 — comparator, which monitors SC with the highest potential,
vc1 — reference voltage measured on a filter capacitor with the lowest potential, vscs and vse1 —
voltages of SCs with the highest and lowest potential, respectively. SCs had various initial voltages
and were charged with 25 A current. When SC6 voltage reaches 2.5 V value, which matches the
reference voltage, corresponding comparator CMP6 changes its output state from high to low, which
demonstrates correct functionality of the proposed measuring system.
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me,wmmm
&ED
V.. =V Vsce i
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w . e G
O Veci
it =T »
Ch1, DC coupling, 5.0E-1 V/div, 1.0EQ|s/div, 2500 points, Sample mode
Ch2, DC coupling, 5.0E-1 V/div, 1.0E0|s/div, 2500 points, Sample mode
T
Ch4, DC coupling, 5.0E0 V/div, 1.0EQ $/div, 2500 points, Sample mode
ED

Fig. 1.3. Operation of the proposed system in Max/min mode.

2. Simulation of Public Electric Transport System Equipped with Mobile
Energy Storage System

Fig. 2.1 shows a radial topology feeding infrastructure of public electric transport system. The
feeding area of one substation is divided into several sections, which typically are less than a
kilometre long. Each section starts and ends with a non-conducting fragment in overhead feeding line
(section isolators). Each section is connected to a traction substation with one or more feeding cables.
To reduce the voltage sags in overhead contact lines, potential equalizers are used. Potential
equalizers connect the overhead contact lines in places where traffic is organised in both directions;
thus, total line resistance is reduced.

i ion
feeding & return substatio

cables
XlZ overhead contact
line ion isol
potential equalizer N; section isolator
\ %
N \ ........

v e
(. N YA S N

section branch

section >

Fig. 2.1. Public electric transport system with a radial feeding topology.

rails

2.1. Method for Obtaining the Simplified Equivalent Electrical Circuit of
Overhead Contact Line

The resistance of overhead contact line between a moving tram and a feeding cable connection
point has a variable value. The lowest value is at feeding cable connection point, but the highest —
at the end of the feeding section.

It is convenient to obtain the simplified equivalent circuit of overhead contact line by using
some electric circuit simulation software. The method proposed in the present research will be
demonstrated using PSim. This method contains 5 stages.

1. An equivalent circuit is made as shown in Fig. 2.2. Overhead contact lines of each section
branch are substituted by equivalent resistances RL1 — Rus, while resistors Rsi1 — Rsis are substitute
for rails matching the length of the corresponding section branch. Equivalent resistances of feeding
and return cables are modelled by resistors Rk1 — Ris.

11



Rkl sz Rk3
Ri1 Ri2 Ris Ria Ris
Vsub

~ oo oo

<_> 1 2 3 4 5 6 7 8

1' Ran 2 Rsi2 3 4 Rsiz 5 Rsia 6' 7 Rsis 8
oo oo

Rua Ris

. o o0 oo

Fig. 2.2. Equivalent circuit of tram feeding infrastructure.

2. Values of resistors in Fig. 2.2 are calculated. Rk1 — Rk5 are calculated by multiplying the
length of the cable with its dc resistance (€/km). Resistances of rails and overhead contact lines are
calculated in a similar manner; besides, it is assumed that potential equalizers are placed at both ends
of each section branch.

3. Resistances between nodes 1-1°, 2-2°, etc. are determined. A convenient way of doing this
is by replacing voltage source Vsup With current source and connecting voltmeter in “+” wire. By
making the short circuit between nodes 1-1°, 2-2°, etc. and setting current source to value of 1000 A
the equivalent resistance between these nodes expressed in m€ can be read directly from a voltmeter.

@ V1 =111.59579

R R
1M k2 M k3
1000 A Ris Ria Ris
4 5 6 7

3

Fig. 2.3. PSim model for determination of resistance between nodes 1-1°, 2-2’, etc.

4. Simplified model is made with all the resistances in the “+” wire as it is shown in Fig. 3.

L 2 L 4 L 4 0 0—0 00

R ekv Rz ekv Rz ekv

Vsuh

CD Ri1 ekv Ri2 ekv Ri3 ekv Ri4 ekv Ris_ekv
00 00

7 8

O 0—0 00

_Fig. 2.4. Simplified model of tram feeding infrastructure with all resistances in “+” wire.

5. Values of simplified circuit resistors are calculated as shown in Table 2.
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Table 2

Calculation of Equivalent Resistances

Resistance | Rii ekv | Rizekv Riekv Ru1_ekv . Ris_ekv

Value | R(2-2") | R(5-5") | R(8-8') | R(1-1’)—R(2-2") | .. | R(8-8')-R(7-7’)

2.2. Simulation of Tram System in Matlab/Simulink

Variable Resistance Model

Simulation of overhead contact lines requires the model of resistors, which can change a
resistance value during simulation. Since there is no such model in Matlab/Simulink, a variable
resistor is made as a resistor matrix (see Fig. 2.5).

> Connl
AND1 bitmask 00000001 onn
J 0101010
[ v
Swi R1=Ryad255
AND2 bitmask 00000010
101071 ,
—» ’%
Sw2
= %
AND3 bitmask ° R2=2*Rynax/255
%D—+ —
AND4 _bitmask ‘00001000 . R3=4"Rmax/255
255/R NOT of ]
1 RA4=8*Ra/255
R=0,05 85=b'01010101’ p1o101010 | ANDS bitmask 00040000
——»
3 % |
ANDS  bitmask 00100000 R5=16"Rmarf255
RN |
AND7_ bitmask ‘01000000 R6=32"Rinax/255
J
L sw7 ;
= *|
ANDS8 bitmask 10000000 = R7=64"Rnarf255
sws '
R8=128*Ruax/255
Conn2

Fig. 2.5. Model of variable resistor in Matlab/Simulink.

Substation Model

In order to ensure fast simulation of traction substation, its simplified model is made as shown
in Fig. 2.6. Such a model allows obtaining I-V curve, which is typical for traction substations with a
six-phase rectifier with an interphase transformer.

Conn
1 850
VD1 VD2 % 800 0A/ 780V
2 750
R1 R2 S 200! 30A/ 650V
650V 5
780V = 650
E E 7]
VDC1+ VDC2 S 600
a
550 ‘ ‘ ‘ ‘
Conn 0 1000 2000 3000 4000 5000
2 Substation current [A]

(@ (b)
Fig. 2.6. Simulink model of traction substation and its I-V curve.
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Tram Model

The simulation model of a tram is based on controlled current source CCS as it is shown in
Fig. 2.7. CCS value is calculated by dividing tram power Pin by the voltage measured over current
source. Positive Pin values correspond to the running mode of tram, while negative values — to the
braking mode. Blocks S1 and min are introduced to limit tram current in cases when tram input
voltage reaches 400 V. By the use of 780 V voltage source VDC and diode VD1 the functionality of
braking chopper is ensured.

,:'\J lin
_ s1
VD1 3% ‘ :
o— minig
VDC -]
780V T Div

U
CCS

li.:l lout Pin_kw

Fig. 2.7. Tram model in Simulink.

Model Verification

The operation of the model is demonstrated with a partial model of Riga 10" traction
substation feeding area, which is shown in Fig. 2.8. Blocks Rlse1, R2se1, R3se1 and R4se1 contain
models of variable resistors, but blocks Plse1, P2se1, P3se1 and P4se1 contain tram models.

N

Rkﬁsel % 94.2mQ

78.8mQ 10.5mQ
Refrs 1 Refry 1 Refrs 1 Refrs 1
4(7)1 E > i §f> EEJ_N > [-:—E;N >
-(/g) Rlsel R25e1 R35e1 R4sel
[Refp1 4 [Refps 4 [Reips 1 lReim 1]
Plees P2se1 P3se1 P4ser
L - -4 4 L

Fig. 2.8. Simulink model of 1 section of Riga 10" traction substation.

Tram system model operation diagrams of scenario where 2 trams moving in opposite
directions are crossing this feeding section are shown in Fig. 2.9.

14
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Fig. 2.9. Operation diagrams of tram system model; a) power diagrams of trams and substation; b)
losses in overhead contact lines and feeding cable; ¢) power dissipated in braking resistors.

2.3. Analytic Model of Energy Storage System

To describe the operation of SCs based ESS power stage (see Fig. 2.10) with analytic
equations, two assumptions are made:
e |IGBT transistors VT1, VT2 and diodes VD1, VD2 are considered to be ideal switches
with no active losses;
e high capacity capacitor is at the input of ESS, which acts similarly to voltage source.
Taking into account these assumptions, ESS power stage can be viewed as series connected
RLC circuit, which periodically is connected to voltage source or short circuited. In this case, Req IS
substitute for SC battery internal series resistance and inductor resistance, L is inductance of DC/DC
converter inductor, but Csc p is capacitance of SC battery.

ln VDL L lout

]

rT T T ______________________:\

v | VT1 VD{Z 1| LReg
DI' VT2 l V.
@ [ - L i ou
SC b
A\ ‘\ _______ /}T iV

Fig. 2.10. Power stage of ESS, which contains buck & boost converter and SC battery.

In the time interval 0 <t< DI ’-T (when the IGBT VTL1 is switched on), the converter is
operating in the buck mode, and the energy is transferred from the external voltage source Vin to SC
battery. While VT1 is conducting, Req, L and Csc p are connected to Vin thus closing the current loop
I. Current i and SC voltage vc in this state can be calculated as:

i(t)=e™ ((vin -V¢(0)) a)lLsin gt + | (0)(cosa)ot —wisin a)otD (2.1)

0 0

Ve (t) =V, —e™ ((Vm VA (O))[cos gt + D sin a)ot] —

@,

1(0)sin a)otj (2.2)

0~SC_b

15



where:
RZ
b= REq ’ a)O = 1 - qu ’
2L LCsp 4L

0<t<D1’T — time counted from beginning of period, s;

I(0) — current at the beginning of period, A,

Vc(0) — voltage across Csc p at the beginning of period, V;

DI1’— IGBT VT1 duty cycle.

When VT1 is switched off, the freewheeling diode VD2 starts to conduct and the current
closes through loop I1. The values of i and vc can be calculated as:

i(t,)= et (_vc (D1'T) wlL sinet, +1(D1'T )[cos wpt, — wisin agt, B (2.3)
0 0
o, , b . 1 L
Ve (t,)=—€"| -V (D1'T)| cosapt, +—sin apt, |- . I (DL'T )sinayt, (2.4)
0 0~SC_b

where: 0 < t, < (1-D1”)T is time counted from the moment when loop 1l closes, s.
In a similar way, the operation of ESS can be described in the boost mode. When VT2 is
conducting, current loop Il is closed, and i and vc values are determined by the equations:

i(t)=e™ (_Vc (o)ﬁsin oyt + | (O)[Cosa)ot —C%Sin a)otD (2.5)

0
1

1 (0)sin a)otj (2.6)

b .
t)=—e™| V. (0 t+— t |-
Ve (t)=—e ( < ( )(cosa)0 +a)0 sma)oJ Cos
where: 0<t<D2’T — time counted from the beginning of period, s;
D2’ — VT2 duty cycle.

When VT2 is switched off, current loop I is closed, and the following equations are valid:

i(t,)=e" [(Vm -V (D2'T)) ! sin wpt, + | (D2‘T)[cosa)ot2 ~ D i a)OtZD 2.7)
w,L W, ,
Ve (t,)=U,, —e™ {(Vm -V, (D2'T))[cos ayt, +w£sin a)otzj— . r (D2'T)sin a)otzj (2.8)
0 0~SC_b

where: 0<tp<(1-D2’)T is time counted from the moment when loop | closes, s.

To ensure the correct operation of the analytic model in the buck mode, it is sufficient to
calculate i(t) and vc(t) only att = D1T for equations (2.1) and (2.2) and t; = (1 - D1°)T for (2.3) and
(2.4). If SC current control circuit is introduced, additional calculation at t = D1°T/2 for (2.1) is
required.

Similarly, the boost mode requires solving (2.5), (2.6) att = D2’Tand (2.7), (2.8) at
t> = (1-D2)T.

Simulation Results

Based on these equations, an analytic ESS model in Matlab/Simulink was created. The model
uses the controlled current source, which is controlled by an algorithm that determines the execution
sequence of equations (2.1)—(2.8).

Fig. 2.11 shows current waveforms for ESS analytic and switching models (switching model
contains the circuit shown in Fig. 2.10 and PWM modulator). In this example, the switching period
of DC/DC converter is assumed to be 1 kHz. To ensure the precise operation of switching model,
simulation time step in Simulink must be set to 1 ps, which leads to 75 times longer simulations if
compared to simulations carried out by the analytic model.
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Fig. 2.11. Current waveform comparison for switching and analytic models.

3. Method for Choosing Optimal Number of Supercapacitors for Energy
Storage System

3.1. Method for Energy Storage System Profit Maximisation

The method contains 5 stages, and it can be used for stationary and mobile ESS. The method

will be explained using it in an example, where optimal parameters are determined for ESS, which
could be installed in Riga 8™ traction substation.

Stage 1

The energy amount that can be recovered within a year Erecoverable y Using ESS with different
maximum power Pess and energy capacity Eess parameters must be calculated. A convenient and fast
way of doing this is by using stochastic modelling [44]. Stochastic modelling in this case is based on
experimentally measured tram diagrams within the feeding area of 8" substation, and the results of it
can be seen in Fig. 3.1.

Erecoverable J[kWh]

xlO4
15

IIIIII ' E_E;:zilil)g%xlo“
Wt 0
gy

2
600 6 18 2

PESS,max [kW]

Fig. 3.1. Energy amount that can be recovered in Riga 8" traction substation within a year.
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Stage 2
ESS and SC parameters are linked by equations:

Coe V2
EESS -N. SC 2SC,max -(l—dz), (3.1)

Prssmac =N 0-Vg o s e, (3.2)

where N — number of SCs in SC bank, pieces;

d = Vsc min/Vscmax — SC discharge level;

Vsc,max — maximum SC voltage, V;

Vsc,min — minimum SC voltage, V;

Csc — capacitance of a single SC cell, F;

Isc,max — maximum SC current, A.

Using (3.1) and (3.2), equations that define the minimum number of SCs and their discharge
level, which satisfies particular ESS power and energy parameters, can be derived:

2 2
P,
N =Ny = — BS54 [ Eess | | Tessmex (3.3)
VSC,maxCSC VSC,maxCSC VSC,max ISC,max
2
d=d _ EESSISC,max 41— EESSISC,max (3 4)
— Yopt — '
P I:)ESS,maxVSC,maxCSC I:)ESS,maxVSC,maLxCSC

Equations (3.3) and (3.4) are used to perform SC battery sizing, and the results are shown in
Fig. 3.2. Sizing is based on SC cells with Csc = 3400 F and Vscmax = 2.85 V. SC cycling with high
current leads to a very fast decrease in their capacitance [45];, therefore, here Isc max IS assumed to be

100 A, which matches the current value used by SCs manufacturers for SC cycle life estimation.
N [pieces] d

N [pieces] 3500

4000 - 3000 1
0.9 0.8
3000 2500 g
0.7
2000 2000 0.7
0.6
0.5
1000 1500 0.6
0.4
0 < 1000 1000 0.5
1000
500 , 800
500 0.4
Pess max[kW] 0.8 P kw] 200 . S
max Eess[kWh] o E£ss,max[KW] 50 0.4 8 Egess[kWh]

(@) (b)
Fig. 3.2. SC battery parameters: (a) number of SCs; (b) SC discharge level.

Stage 3

In this stage, the cost of ESS installation is estimated. As the input parameter in this stage the
number of SCs determined by stage 2 is used.

Estimation of SC battery price is relatively easy, because SCs are produced by many
manufacturers and the price for different number of SCs can be found on the Internet. The second
part of ESS is DC/DC power converter. Since DC/DC converter for such application must be
customised, it is very hard to estimate its price. Another part of ESS installation cost that is hard to
estimate is expenditures for system installation. Therefore, in this method the price of ESS installation
KEss is calculated by the following equation:
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Kess (Fess max: Eess) = N - Ksc -k, (3.5

where N — number of SCs, pieces;

Ksc — price for one SC, EUR;

k — ESS price coefficient that allows taking into account DC/DC converter price and

expenditures related to the production and installation of ESS.

An approach where ESS price is calculated by (3.5) is also used by other authors [22]. Besides
they assume that k = 2.

In our example, we will assume that k = 2 and Ksc = 50 EUR. The results of ESS price
calculations are shown in Fig. 3.3.

Kess[thousands EUR]

350
300
1250

F 1200

Kess[thousands EUR]

1150

100

Fig. 3.3. Price of ESS with various power and energy capacity parameters.

Stage 4

Net present value of electrical energy that will be saved with ESS in its operation life time is
calculated:

P

i n E = K
PV (Z,Tsc_m) _ > recoverable_y El iS; )t ESS,max) el ’ (36)

where z — discount rate, %;

Tsc_m — SC lifetime, years;

Erecoveranle y (Eess, Pessmax) — energy that can be recovered in a year, KWh;

Ke — electrical energy price, EUR/KWh;

t — year that is being calculated.

As SC manufacturers in their datasheets say that typical SC lifetime is 10 years, we will use
this number for PV calculation in our example. We will assume that the price of electrical energy is
0.1 EUR/KWh and z = 5 %.
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Fig. 3.4. Net present value of recoverable electrical energy in the 8™ substation.
Stage 5

Potential profit of ESS installation is determined by subtracting ESS installation costs (stage
3 results) from net present value of recoverable energy (stage 4 results).

Surface area (see Fig. 3.5), which is coloured in blue, shows parameters of ESS that would
give a negative profit. The maximum point in this diagram is at Pessmax = 150 kW and Egss =
0.6 kWh. Installation of ESS with such parameters would result in 44,000 EUR profit. It would
contain 610 SCs with a discharge level of 0.86. Expenditures associated with ESS installation would
be 61,000 EUR, and such ESS would recover approximately 113 MWh of electrical energy every
year.

Profit [thousands EUR]
50

EESS: 0.6
Pessmax: 150

-50
Profit: 44.12

50

-100

g o
[

3
-]
L
[2]
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3
3
5, 7230+ 2 M 200
£
o
-250
1
' Eess [kWh]
600 500 , 0.5 -300
400 " 400 ,
PESS,max[k\N] 200 100 0 0
-350

Fig. 3.5 Potential profit of various parameter ESS installation in the 8" substation.

3.2. Application of Method for Mobile Energy Storage System

The previously described method was used to find optimal parameters for mobile ESS.
Potential profit of ESS installed on tram T3A is shown in Fig. 3.6.
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Fig. 3.6. Potential profit of various mobile ESS installed on tram T3A (Iscmax = 100 A,
Csc = 3400 F, Vscmax = 2.85 V, Kei = 0.1 EUR/KWh, z =5 %).

As can be seen, maximum profit is 4,085 EUR, and it can be achieved with ESSs that have
Pessmax = 40 KW and Egess = 0.14 kWh. Such ESS would contain 160 SCs.

In the proposed method, the ESS power capability is assumed to be constant; however, in
practical implementation maximum current is constant and power capability depends on SC state of
charge. Therefore, a diagram of net present value of the ESS as a function of number of SC cells and
discharge coefficient is obtained (Fig. 3.7) taking into account also the losses due to SC internal
resistance and the constant maximum current. As can be seen from the diagram, a point of 160 cells
and discharge coefficient 0.87 give just by 22 EUR less ESS net present value than maximum point
with 150 cells and the same discharge coefficient. From that we can conclude that the optimum (160
cells and discharge coefficient 0.87) obtained with the proposed method practically allows choosing
the best parameters for a particular ESS application.

Proft [ EUR] 5000

5000 — ooy | 4500
Profit: 4540
— 4000 | —r 4000
[ d:0.87
a N: 150 13500
— 3000 _| Profit: 4562
;‘5 P o 13000
- 2000 4 — 12500
1000 L , : 12000
250 ) R
200 0,95 F41500
; 150 0,9
N [pieces] 100 08 0,85 d 1000

Fig. 3.7. Potential profit of mobile ESS installed on tram T3A taking into account SC losses.

4. Effect of Energy Storage System Control Parameters on System
Performance

4.1. Analysis of Mobile Energy Storage System Parameters

Installation of ESS aboard the electrical vehicle is the most efficient way to save its
regenerative braking energy. Only an on-board ESS provides the braking energy storage at the place
of its generation and the direct use of stored energy at the place of its consumption. However, this is
also the most expensive way of saving braking energy, because each ESS serves only one tram.

21



Therefore, it is important to carefully choose the number of SCs and control ESS wisely in order to
operate ESS in the most efficient way.

Analysis of Mobile ESS Parameters Using an Idealised Power Diagram

In this chapter, ESS parameters are analysed for trolleybus Skoda 24Tr. It is assumed that 17 t
heavy trolleybus brakes with constant deceleration (2m/s?) and its initial speed is 50 km/h. If kinetic
energy during braking is transformed into electrical energy with 50 % efficiency, we obtain a braking
profile with the following parameters: maximum braking power Pormax = 236 KW, regenerated energy
Ebr = 820 kJ.

ESS Operation Modes
Fig. 4.1 shows the block diagram of a vehicle that is equipped with ESS and is in the braking
mode. DC/DC converter with efficiency # ensures the controlled energy flow from a vehicle to an SC

battery.
brake Ror
chopper

prrfres isc b Rsc b

|

I
Traction DC/D? Cscp
(braking Por VEus converter Vscb —— |Vcob
mode .
) isc_b/N<lsc,max
VscSVsc max
mobile ESS

Fig. 4.1. Block diagram of a trolleybus that is equipped with ESS.

Fig. 4.2 displays the operational diagrams for the case of a vehicle with braking power pyr that
linearly decreases from Pyrmax to O in the time interval O—tpr. In general, three modes of the ESS
operation can be distinguished:

e chargingl — takes place within the interval 0—t; when braking power pyr exceeds the
ESS power capability restricted by current limitation. In this mode, braking energy is
partly dissipated in braking resistors.

e charging2 — normal mode of ESS operation, when all the energy (excluding losses in
DC/DC converter and SC battery series resistance Rsc p) is saved in the SC bank.

e charging3 — takes place within the interval t>—tz and is a mode of SC battery voltage
stabilisation at the level vsc p = const = Vsc_bmax.

Vsc_bmax

Vsc_pmaxd Vo

isc_b

|SC_h,max

chargingl Elnsces

'Pbr,max

voltage; current; power
[ charging?2 |

Ec

0 t1 ty t3 tyr
time

Fig. 4.2. Mobile ESS operation modes.

22



SC Battery Sizing Considerations
In order to ensure that braking energy is not dissipated in brake resistors, the following

inequalities must be satisfied:
EESS 2 Ebr; I:)ESS,max 2 I:)br,malx- 4.1)

Inserting (4.1) in (3.1) and (3.2), we obtain inequalities that determine the number of SCs:

. 2F, w2
Vszc,maxcsc 1-d?) '
P
N > br,max . (4.3)

VSC,max ISC,maxd
Fig. 4.3 shows how number of SCs is affected by the discharge level at different Isc,max vValues.
Curves are obtained with (4.2) and (4.3) using the following input data: Epr =820 KJ, Pormax =236 KW,
Csc = 3400 F and Vscmax = 2.85 V. Equation (4.2) is used to obtain curve N(Exr), which takes into

account only ESS energy capacity.

1450 ]
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1050 Ise me=100_ 1" y=g58; d=0.96 '.,
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— X g
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250 — ey
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0 ) — —_— —-i
50 & —— 2?5 : i : 0.83
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
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Fig. 4.3. Number of SCs vs. discharge level at different maximum SC current values.

The solid lines in Fig. 4.3 are calculated according to (4.3) for Iscmax = 100; 200; 1200 A;
and 576 A, and show the necessary number of SCs taking into account the power requirements. The
last value (Isc,max = 1200 A) is chosen equal to 0.12 Isportcircuit recommended in [46], [47], [48] as the
maximum current allowed for SCs. The chosen N value should be located above both the energy and
the power curves. The point of intersection gives the minimum N and the optimum d values meeting
both the energy and the power requirements. These values can be calculated by (3.3) and (3.4). If
Iscmax = 1200 A is chosen, 105 SCs, with d = 0.66, are sufficient to ensure that all recoverable braking
energy is saved. If Iscmaxis set to 100 A, all recoverable braking energy can be saved with 858 SCs
with discharge level 0.96. In the considered Isc,max range 100-1200 A, the optimum d value is higher
than 0.66, which does not match d = 0.5, which is often used in research dedicated to SC battery

sizing.
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Mobile ESS Parameter Analysis Using Experimentally Measured Power Diagrams

To find out how mobile ESS affects energy consumption from a substation, a more realistic
situation was studied. In this study, experimentally measured 19 hour-long tram T3A power diagram
was used as input data for a mathematical model of the system, which is shown in Fig. 4.4. In such a
simplified system, V_sub can be viewed as a constant DC voltage source that provides power only in
one direction. Ry includes electrical resistance of overhead contact lines, rails and feeding cables.
Since trams are continuously in motion, the value of R, is alternating, but for simplification it is
assumed that the average value of Ry is 0.05 Q. The character of the tram is determined by its power
(ptr). If pr has positive values, the tram is in the running mode and is viewed as a load, whereas
negative pyr values determines that the tram operates as a power generator. ESS positive power values
will be associated with SC charging, while negative values — with discharging.

In the discharging state, ESS has 2 operation modes:

o dischargingl — ESS delivers the power to the tram according to the equation:
PEss =Kp Py (4.4)
where kp — discharge power proportionality coefficient;
o discharging2 — requested power from ESS exceeds its power and ESS power is
limited to:
Pess = Isc_bmax *Vsc b7 (4.5)
braking Ror
chopper
R sub ib,T lpbr_res iess DC/DC <|S‘7c Rsc b
VD1 —> —> converter 1}
i e Disha_xrlgi.ng: Cscib ;
V_sub vess | |PESS iscpizicpm,::-N Pess ] Pscb p— )
Pe|  tram VSCind’V;Cj.max
l ) Charging:
e mobile ESS

Fig. 4.4. Block diagram of a tram feeding infrastructure and tram equipped with mobile ESS.

The parameters that can affect ESS operation are d and k,. These parameters will be changed
in a wide range in order to find their optimum combination, which gives the best results. Besides, kp
and d values will be selected before each simulation and during simulation will remain constant.
Therefore, this ESS control method will be called “constant parameter method”. Results of
simulations will be evaluated in a relative unit that shows by what percentage the energy consumption
from a substation has decreased compared to a situation when there is no ESS:

Esub_r = Mloo %, (4.6)

sub0
where Esupo — energy consumption from a substation when a tram is not equipped with ESS;

Esun — energy consumption from a substation when a tram is equipped with ESS.

To reduce the amount of energy that is wasted in brake resistors when ESS operates in
chargingl or charging3 mode, SC bank before every braking should be discharged to the level, which
allows storing exactly the amount of energy that will be recuperated. This means that maximum
power capability and sufficient energy capacity of ESS for a particular braking profile will be
provided. To carry out the ESS operation analysis with such a control method, a tram power diagram
must be divided into sections, where the length of each section is determined by the time that tram is
in motion. The section starts when the tram starts to accelerate and ends when the speed of the tram
decreases to 0 km/h. An example of tram power profile in one such section is depicted in Fig. 4.5.
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Fig. 4.5. Tram power diagram that shows one acceleration and one braking.
Since the energy amount that the tram will consume (Epos) and recuperate (Eneg) in each power

diagram section is known, it is possible to calculate the discharge level of SC bank and proportionality
coefficient of discharge power according to equations:

\/\/2 b _ 2Eneg
SC_b,max
- C
d- i scb 4.7)
VSC_b|ma><
E
k, =—=9

pos
This control method, where control parameters are calculated for each tram braking event,
will be called a “variable parameter method”. Nonetheless, it is impossible to implement the second

control method for ESS in real application, it can be used for comparative evaluation of the constant
parameter control method.

Simulation Results

Mathematical model of the system shown in Fig. 4.4 is developed in Matlab. The model
contains equations that describe electrical parameters of this system and the algorithm, which controls
the execution sequence of these equations and changes the value of parameter that is being studied.

Fig. 4.6 illustrates simulation results, where a constant parameter control method was tested
(Csc = 3400 F, Vsc,max = 2.85 V, Isc;max = 100 A). In these simulations, SC battery size was changed
and for each kp value optimal d was found. As it can be seen, changing kp value in the range from 0.3
to 1 leaves very small effect on Esus r. If the value of kp is chosen lower than 0.3, Esub r decreases
rapidly. For example, if we choose N = 500 and change k, from 0.3 to 1, Esu_r decreases only by
0.5 %, whereas kp value 0.2 leads to approximately 3 % increase in energy consumption from a
substation. Simulation results depicted in Fig. 4.6 also show how Esyb r is affected by the size of SC
battery. As it can be seen, choosing ESS with N higher than 500 is not necessary because it has a very
little effort on Esun_r. Changing N from 500 to 800 increases Esus_r only by 2 %.
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Fig. 4.6. Reduction in energy consumption from a substation with various ESSs.

Fig. 4.7 shows how SC discharge level influences Esu, r with various sized SC batteries. The
best results are achieved if d value is set to 0.87. Choosing d under this value increases the losses due
to ESS operation in chargingl mode, while d values larger than 0.87 lead to additional losses due to
charging3 mode.
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Fig. 4.7. ESS discharge level effect on substation energy consumption.

To evaluate the efficiency of a relatively simple constant parameter control method, it was
compared with variable parameter control method, and the results are shown in Fig. 4.8. As can be
seen, the variable parameter control method on average gives only 0.5 % better results than constant
parameter method with kp = 0.3 with the corresponding optimum d value.
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Fig. 4.8. ESS control method comparison (parameters for constant parameter method:
kp = 0.3, d= dopt )
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4.2. Analysis of Stationary Energy Storage System Control Parameters

To find out how ESS control parameters affect energy consumption from a substation, these
parameters must be changed in a wide range, which means that numerous simulations must be
performed. Since a tram system simulation model described in the second chapter of the present
research requires relatively small simulation step size, it cannot be used for this purpose. Therefore,
a simplified mathematical model of tram system is made and its block diagram is shown in Fig. 4.9.
The main elements here are stationary SCs based ESS, substation, contact line resistance and tram.

i i R, 0.05Q i
’ (ESS i line — br
H I‘" ........ Im! ...... .
Rsch iscp bc/be l | i »
—_— converter ]
| | R1sub i lr
Disharging: 4.33Q I P . R
Csc.p Pess=kpPan Traction braking br
—_ | Ve Vscb | iscoShcmacN |VESs N K & chopper
Veeo2dVscmax \/_subl V_sub2; auxiliary
Charging: circuits
Vess=Const. 780V 650V
isc_bSlscmaxN |
i Vsc_b<Vsc_bmax -
stationary ESS substation 1 tram

Fig. 4.9. Simplified block diagram of tram system equipped with stationary ESS.

As this model contains only one tram block, for simulation of multiple trams power diagrams
are synthesized from experimentally measured power diagram of one tram.
Stationary ESS in this study contains DC/DC converter and SC battery, which contains 800
SCs (capacitance of one SC is assumed to be 3400 F). During charging, DC/DC converter can operate
in 3 modes:
e chargingl — stationary ESS is in the normal operation mode and stabilizes the input
voltage of ESS (Vess) to some pre-set value;

e charging2 — the braking power of trams is too high and SC bank charging current isc_p
is limited to the value that corresponds to maximum permissible single SC cell current
value lscmax, Which here is assumed to be 100 A;

e charging3 — the voltage over the SC battery reaches the maximum permissible value;
therefore, SC battery current is limited to :

Vs pmax — Ve b

Isc b = (4.9

Rsc b
In the running mode of tram, ESS has to discharge the energy it stores. The energy from ESS
is discharged proportionally to substation power psw. In the discharge state, ESS has 2 operation
modes:
e dischargingl — ESS is discharged with power that is proportional to substation power
Psub
pESS = kp * Psub> (4.10)
where k, — proportionality coefficient;

e discharging2 — ESS power is limited to the level, which ensures that SC current is
not exceeding 100 A.

ESS Control Parameters and Simulation Results
SCs discharge level is a variable, which influences the ESS operation in discharging and charging
modes. Choosing low d values increases the energy capacity of ESS, but decreases its power
capability, which leads to ESS operation in charging2 mode. On the other hand, if too high d values
are chosen, ESS energy capacity is not sufficient and ESS operates in charging3 mode.
The second ESS control parameter that will be studied in these simulations is the input voltage
of ESS VEss. In the braking mode, higher Vess values decrease the substation power that charges SCs
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and ensures that the power from a tram is transferred to ESS via a higher voltage level, which means
that resistive losses in R are decreased. On the other hand, too high Vess values lead to situations
where not all braking energy is passed to ESS because the maximum power that can be transferred
from a tram to ESS is limited by equivalent resistance of contact lines and feeding cables:

—Veus\Vi
Pline_max _ (Vbr_max REUS) br_max ’ (4.11)
|

where Viur_max — braking chopper actuation voltage (780 V).

In order to examine how the above-mentioned ESS control parameters influence ESS
operation efficiency, numerous simulations were carried out for different number of trams, and the
obtained results are shown in Fig. 4.10.

Four data points in Fig. 4.10 for the case with 1 tram are highlighted to show how Esup  value
changes when d and Vess are varied in a range between 0.7-0.9 and 700-765 V, respectively. As can
be seen, the change in the value of Vess has very small effect on Esus_r. This means that the difference
of energy amount that is charged in SCs from a substation and the difference of energy that is lost in
R at different Vess values are negligible. Vess influences value of Esu r only if its value is increased
over 765 V and saved energy is affected by contact line resistance according to (4.11). Similar Vess
effect on Esun_r can be observed also for a higher number of trams. At Vess = 765 V, approximately
1.5 % of energy charged in ESS was coming from a substation.

d:0,9 ) 1tram 2 trams 3 trams
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. . 0.8
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Fig. 4.10. Reduction in energy consumption from a substation with different ESS control

parameters.

Fig. 4.10 also shows that Esus_r decreases as the number of trams increases. In the case of one
tram, maximum Esup r is 18.2 %, while in the case of 6 trams Esu_r is only 2.86 %.

More detailed d effect on Esub_r is shown in Fig. 4.11, where energy consumption is analysed
for fixed ESS input voltage value (Vess = 765 V). Analysis of these results leads to a conclusion that
the value of d for ESS can be held constant for any number of trams and this value should be 0.86 or
0.87. Although this is not the optimum point for the case of 1 tram, Esu_r difference is too small to be
considered.
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Conclusions

Since SCs with good power parameters are available for about 15 years, research on their
usage in ESSs with the goal to save braking energy of urban electric transport is very topical. Besides,
only few SCs based ESSs are installed in real urban electric transport systems.

There are four main technologies that can be used to recover braking energy: reversible
substations, flywheels, SCs and electrochemical accumulators. The least commercialised technology
is flywheel based energy storage systems, which can be explained by complexity of these systems.

The proposed method for obtaining an equivalent electrical circuit of overhead contact lines
of urban electric transport allows obtaining a significantly simplified overhead contact line circuit.
This simplified circuit can be used to evaluate a voltage drop in various overhead contact line points.

The developed Matlab/Simulink model of a tram system can be used to analyse energy
consumption in various system elements. If high computing power is available, this model can be
used for optimisation of ESS power and control parameters.

Analytic current and voltage equations of series connected RLC circuit can be used to describe
the operation of energy storage system, which is made of buck & boost converter and SC battery.
Mathematical model, which uses these equations, significantly shortens the time needed for
simulation of such a system.

The proposed method for choosing ESS power and energy parameters shows that the number
of SCs in ESS for transport systems in flat terrain is mainly determined by SC power capability. By
applying the proposed method for Riga 8™ traction substation, it can be seen that installing ESS in
this substation can be profitable. Application of this method for mobile and stationary ESS sizing also
shows that optimally sized ESS ensures only partial recovery of braking energy.

If a traction substation, which uses a six-phase rectifier with an interphase transformer, is
equipped with ESS, approximately 1.5 % of energy in such ESS will be charged from a substation.

If mobile ESS is discharged with the power that is proportional to substation power,
proportionality coefficient should be at least 0.3, to ensure that ESS will have a sufficient energy
capacity for next braking event.

The proposed voltage measuring system for series connected SCs cells can be used for
research where SCs are tested in a wide voltage range.
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