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TRACTION ELECTRIC DRIVE BASED ON FUEL CELL BATTERIES AND ON-BOARD
INERTIAL ENERGY STORAGE FOR MULTI UNIT TRAIN

The aim of the work is to study the possibility and features of the use of inertial storage devices in the traction electric drive of multi
unit train with a power plant based on fuel cells. Methodology. The principle of power flow control in traction electric drives in the
modes of acceleration and braking of rolling stock is proposed. The mathematical model of the traction electric drive in the form of
the combination of three components: the train, the traction unit and the battery of fuel cells is developed. It was used to study the
operation of a traction electric drive when solving a test traction task for rolling stock. Results. It is established that the use of
inertial energy storage reduces hydrogen consumption by at least 25 %, which increases the mileage of rolling stock between
equipment by more than 30 %. Originality. The traction electric drive on the basis of fuel elements and the inertial energy storage
for the multi unit train is offered. The work of the proposed traction electric drive in solving the test traction problem for rolling
stock is investigated. Practical significance. A mathematical model of the traction electric drive has been developed. The test
traction problem for rolling stock is solved. References 16, tables 4, figures 6.
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B pobomi pozenanymo mseosuil en1ekmponpusoo Ha 0OCHOSI NATUSHUX eleMeHmie ma IHepYIiH020 HAKONUYysaua enepaii 05t MOmop-
6A20HHO20 PYXOMO20 CKIAOY. 3anponoHo8aHO NPUHYUN KepYBAHHS NOMOKAMU NOMYNUCHOCMI Y MA2060MY eleKmponpugooi y
PEdANCUMAX PO320HY MaA 2aNbMYBAHHS. PYXOMO20 cKkaady. Pospobneno mamemamuuny mooens msae08020 eneKmponpusood y eueisioi
CYKYRHOCI MPbOX CKIAO08UX: N0i30a, mA206020 OI0Ka i bamapel namusHux eremenmis. 3a 0onomocorw uei 00cnioxnceHo pobomy
3aNPONOHOBAHO20 MAL06020 eNEKMPONPUSOOY NpU SUPILEHH] Mecmo8oi ma2080i 3a0ayi 01a pyxomoeo ckiady. Becmanoseneno, wo
3aCMOCy8aHHA THEPYILIHO20 HAKONUYYBAYA eHepeii 3MeHUyE 8Umpamu 00HI0 He MeHwl Hidxc Ha 25 %, wo 3abe3neuye 30inbleHHA
npobizy pyxomozo cknady migxc exinipyeannsam nonao 30 %. bion. 16, Tabn. 4, puc. 6.

Kniouosi cnosa: TATOBUIA eJ1IeKTPONPHBO/, NAJMBHUI{ eJleMeHT, iHepUiliHMII HAKONIMYYBa4y, MOTOP-BAarOHHUIi pyXoMuii ckia.

B pabome paccmompenvl ma2o6biii 21eKmMpOnpusood Ha OCHOBe MONIUBHBIX INEMEHMO8 U UHEPYUOHHO2O HAKONUMEN dHepeul OJisl
MOMOP-8A20HHO20 NOOBUNHCHO20 cocmasa. [Ipednoscen npunyun ynpasienus NOMoKamu MOUHOCIU 6 MA2080M DNEKMPONPUBOOe 8
DeAHCUMAX PA32OHA U MOPMOdHCEHUSA NOOBUNCHO20 cocmasd. Paspabomana mamemamuueckas mooenb mazo06020 NEKMPONPUE00d 6
8UOE COBOKYNHOCMU MPeX COCMABIAIOWUX: Nnoe30d, mae08020 O1oka u bamapeu monaushvix dnemenmos. C nomowwio Hee
uccnedosana paboma npeoroHCeHHO20 MA208020 INEKMPONPUBOOA NPU peuleHuUu Mecmosol msa2oeoll 3a0ayu OJid NOOGUIHCHO20
cocmasa. Ycmanosneno, ymo npu npuMeHeHuu UHePYUOHHO20 HAKONUMENA IHePUU YMEHbUUAEMCA paAcxo0 6000p00a He MeHee YeM
na 25 %, umo obecneuugaem ysenuuenue npodeca NOOGUIICHO20 COCMABA MeducOy IKunuposkamu 6onee yem na 30 %. bubn. 16,
Tab. 4, puc. 6.
Knouesvie cnosa:
MOJABHKHOM COCTaB.

TATOBBII JJIeKTPONPUBOI, TONJIMBHBIH 3JIEMEHT, HHepHHOHHbIﬁ HaAKOIUTEIb, M0T0p-Bal"0HHl>Il7]

Introduction. Fuel cells as the basis for efficient
and environmentally friendly power supply systems are
currently of interest in terms of their use on rolling stock
by replacing conventional diesel trains on non-electrified
railway lines with multi unit «hydrogen» trains [1, 2]. To
date, several global manufacturers have created rolling
stock using fuel cells [3]. For the first time, fuel cells on
rolling stock were used on prototype trains by JR East
Company and the RTRI Research Center in Japan. In the
USA, fuel cells were installed on a BNSF shunting diesel
locomotive for research and trial operation. After
extensive testing of the «hydrogen» trains iLINT
(developed by Alstom) and Mireo Plus H (developed by
Siemens), these Companies have entered into contracts
for the commercial supply of fuel cell trains. Spanish
Companies CAF and Talgo are planning the
modernization and creation of multi unit trains using fuel
cells. However, the use of fuel cells on rolling stock has a
number of features due to the specificity of the traction
drive, which is characterized by a wide range of changes
in load and rotation speed.

Analysis of literature data and problem
definition. An integral part of a fuel cell power plant is an
energy storage device, the use of which increases the

efficiency of using fuel cells on a rolling stock. In existing
projects, only lithium-ion batteries are considered as
energy storage [3-5]. Inertial energy storage units remain
out of sight for such trains [S]. However, despite the
successes in the development of electrochemical storage
devices, we consider it expedient to study and investigate
all available technical solutions for energy storage
devices, the use of which contributes to an increase in the
energy and resource efficiency of rolling stock.

The analysis [6-9] showed that the specific weight
energy indicators of capacitor, electrochemical and
inertial storage devices have practically the same order
of 0.02-0.08 MJ/kg. As for the specific volumetric energy
indicators, here inertial ones are superior to other types
[6]: 25.7-151 MJ/m® for inertial ones and 0.6-17.3 MJ/m®
for other types. The same picture is observed with
weight, as well as volumetric specific power indicators:
1.29-2.5 kW/kg and 536-4273 kW/m® for inertial ones, as
well as 0.16-0.26 kW/kg and 54-173 kW/m® for other
types. Therefore, we can say that inertial energy storage
devices are significantly superior to capacitor and
electrochemical storage devices in terms of their specific
energy and power indicators. But, unlike electrochemical
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storage devices, which are widely used on various
vehicles and the features of their application in traction
electric drives have been studied quite well, the use of
inertial storage devices on vehicles is limited [9-13].

The goal of the work is a study of the possibility
and peculiarities of using inertial storage devices in the
traction electric drive of multi unit trains with a power
plant based on fuel cells.

To achieve this goal, two tasks were solved. The
first one is to create a general mathematical model of a
traction electric drive of the regional multi unit train with
an autonomous power source based on a battery of fuel
cells and an on-board inertial energy storage device,
which would link the main parameters of the power plant
components with the operating properties of this drive and
adequately reflect all modes of its operation. The second
one is to test the created model using the example of a

conceptual project of a regional train moving along a
specific non-electrified section of the railway.

1. Diagram of a traction electric drive and power
flows. Traction electric drive diagram shown in Fig. 1,
includes the following components: a source of electrical
energy, a storage device and an actuator. The source of
electrical energy is represented by a hydrogen storage
system (HFT), a fuel cell (FC) and a P_DC-DC converter.
The storage device is represented by an inertial energy
accumulator FESS and an S DC-DC converter. The
actuator (DM) consists of an induction traction motor
(IM), a gearbox (G) and a wheel-rail (W-R) mechanism.
The output of the P DC-DC converter and the input of the
autonomous voltage inverter (TI) are connected by a DC
bus, to which FESS, an auxiliary power system (AS), and
a braking resistor block (BR) are connected in parallel
through the corresponding semiconductor converters.

Storage DC-DC

GConverter
(S_DC-DC)
Flywheel = Brake
ES‘.“’S& Energy Storage[”] Resistor
Converter System _ (BR)
(P_DC-DC) (FESS) — T
Hydrogen
Fuel Fuel Induction Gear- |
Tank [== Cell | Gear
(HFT) (FC) 'V(IWM) @)
= =
- -~ Whec-l Rall r*r
DC 24V 'Il'raclriton
Auxili nverter
Sysiem | (1D
AC 400V 50Hz| (AS)

Fig. 1. Traction drive block diagram:
HFT — hydrogen storage system; FC — fuel cell battery; P DC-DC — DC voltage converter of the fuel cell battery; FESS — energy
storage; S DC-DC — storage DC converter; AS — auxiliary power supply system; BR — block of braking resistors; TI — autonomous
voltage inverter; IM — traction induction motor; G — gearbox; W-R — wheel-rail mechanism

The calculation diagrams of power flows between
the main nodes of the traction electric drive diagram for
various operating modes of the rolling stock were
determined by us, based on the following assumptions.

The nominal electric power of the fuel cell battery
Py is determined based on the requirement to ensure the
driving mode with the maximum permissible speed, as
well as the operation of auxiliary devices P,,. That is, the
condition must be met

Pp=P,+P,, (1)

where P, is the power supplied to the traction unit.

Here, the power consumed by auxiliary devices, in
any modes of movement of the rolling stock, is taken as a
constant value P, = const.

The value of the energy intensity and power of the
storage device are taken such that they are able to
provide, together with FC, the required modes of
acceleration and braking of the rolling stock. Therefore,
the braking resistor link BR can be excluded from
consideration.

Diagrams of power flows in the modes of braking
and acceleration of the rolling stock are shown in Fig. 2.
It is obvious that for the adopted scheme of the traction
electric drive, the power flows are determined by the
values of the currents in the corresponding branches. We
will consider the processes from the standpoint of the
storage device.

Braking mode.

The current I, consumed by the drive in this
operating mode, in accordance with the 1st Kirchhoff law

Tep =Tipy —Lgg +1ge. (2)
Current /;,, due to IM operation in generator mode:

— PWV \/g

ny =——U 1, in, cOSQ,, , 3)
Udc Ud m-m-liny m

c

1 inv
where 115 = 3ol 18 the total efficiency of the DM link
of the traction block; cosg,, is the power factor of the IM;
Ng» Hm»> Ninv are the efficiencies of the gearbox, IM and TI,
respectively.

Current consumed by auxiliary devices:

1y = Fyq / Uge - 4
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Fig. 2. Calculation diagram of the braking and acceleration modes:
1. — current of the FC; I, — current on the output of the P_DC-DC; I, — current supplied to the traction block; I, — auxiliary current;
1., — current on the input of the S DC-DC; I — current of the FESS; 7, — current of the TI; /,, — current of the IM;
Uk, Uge, Uy, U,, —FC, DC link, SEMEC and IM voltages, respectively; Ey. — electromotive force (EMF) of the FC;
Ry, — active resistance of the FC; P, — rim power; w,, J; — flywheel F speed and moment of inertia; v, train speed

FC current:
—Ifc s (5)

where 7. is the efficiency of the FC.

As a result, the power consumed by the storage
device is supplied to the storage electromechanical energy
conversion (SEMEC) system by current

NG

P Upn
Iep :U_Um[mninv COS Py, _Ui"'ﬂlfcﬂ (6)

dc dc Udc
Based on the power balance for the storage device
Uael enms de = Usly, (7

where 7 4. is the efficiency of the P_DC-DC, and the

current consumed by the SEMEC of the storage device is
15 _ Udclchﬂsidc ) (8)
U
As a result, we get the accumulation of energy by
the storage device in the process of braking of the rolling
stock in the form of an increase in the rotation frequency
of its flywheel

N

dog Ul
dt J 0y

where 7, is the efficiency of the FESS.

Acceleration mode.

Here IM consumes the electricity generated by the
FC minus the energy used for its own needs, as well as
the energy stored by the storage device.

In this mode, the current supplied by the storage
device, in accordance with the Ist Kirchhoff law, is
defined as

) ©)

Lep =Ty + g5 —1ge - (10)

The current consumed by the autonomous traction

inverter
P wr ‘/g

I = =
Udc UM Udc Miny

inv

U,lncosp,. (11)

Provided that the expressions for the current
consumed by the auxiliary devices and generated by the
FC remain the same — (4) and (5), respectively, the power
generated by the SEMEC of the storage device is supplied
to the DC link by current

P U
:iUmlm cos @, +i—ﬂlfC . (12)
U deMiny dc Ue
From the power balance for the SEMEC of the
storage device in this mode
Ugelen :Uslsnsidc (13)
we get the current supplied by the SEMEC of the storage
device, in the following form
U
Ij=—9% ],.
Us77s_dc

The mechanical power spent on the acceleration of
the train, taken from the flywheel of the storage device, is
fed through the SEMEC to the S DC-DC

do
N =J o 7;773 =Usl.

Ich

(14

15)

As a result, in the process of acceleration, we get a
decrease in the energy stored by the flywheel due to a
decrease in the frequency of its rotation.

dog,  Ugl
at  Jyom

(16)

Thus, from the above relationships, it is obvious that
with the required power on the wheel rims P,, and the
available power of the FC Py, the presence of an energy
storage device in the traction electric drive circuit allows
organizing power flows between its components in any
operating modes of the rolling stock (by analogy with
those discussed above, also in the driving modes with
constant speed, coasting and parking). The voltage
relationships at the inputs and outputs of the power parts
of the semiconductor converter circuits (P_DC-DC,
S DC-DC, TI), through which FC, FESS and DM are
connected to the DC link bus act as a regulator of these
flows.
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2. Traction drive mathematical model.

We represent the mathematical model of the
considered traction drive in the form of a combination of
three components: a train, a traction block, and a battery
of fuel cells.

Mathematical model of a train.

The traction or braking force of the rolling stock +F,
in the entire speed range is determined by the power on
the rim of the wheels P,,=+Fv,, which is due to the total
power of the traction motors on the axles of the wheelsets
equipped with motors.

If we assume that a train with mass m,, concentrated
at one point moves along a track of length s at time ¢ at
speed v,,, has acceleration dv,/dt, experiences force of
resistance to motion F,,, gravitational force from the slope
of the track F, as well as force of resistance from motion
in the curves F. and at the same time traction motors
provide the traction or braking force F, then the
relationship of the distance traveled by the train and the
speed with time, as well as with the forces acting on it, is
represented in the form of a system

dv,, *F,—F, +F,—F,
dt (1+&)m g 1)

ds

E—Vps.

where (1+¢) is the coefficient of the rotating mass of the
train.

The resistance to motion due to the rolling friction of
the wheels on the rails and the aerodynamics of the train
is determined using the Davis formula

(18)

where 4,,, B,,, C,, are the constant coefficients depending
on the configuration of the train.

These coefficients are due to the following: 4, —
rolling friction of wheels on rails and friction of axles of
wheel pairs; B,, — friction of the wheel flanges against the
side surfaces of the rail head; C,, — train aerodynamics.

The gravitational force from the slope is calculated
using the equality:

Fg = O,OOImPSgi 5

2
Frr :Arr+Brrvps+Crrvpsv

(19)

where g s the acceleration of gravity; i is the slope of the
track.

The drag force from movement in curves for trains
of the class under consideration is determined using the
expression

0,006867
———m

F.= R ps >

(20)
where R is the curve radius.

Thus, the presented model shows that for given track
parameters and restrictions on the speed of rolling stock
on its sections, the curves of movement are determined by
the power on the rim of the wheels P,,,. By varying P, by
changing its constituent components, it is possible to
regulate the required traction force and the speed of the
rolling stock.

Mathematical model of the traction block.

By the traction block we denote a part of the traction
electric drive circuit, including FESS and DM, which,
through the S DC-DC and TI converters, respectively, are
fed by the so-called traction current /,, which is formed
by the FC current /,, minus the current of auxiliary
consumers [,

Uglpny e
g Ucd
where 7, 4 is the efficiency of the P_DC-DC.

At this stage of research, this current will be
considered given and unchanged. This assumption implies
the exchange of energy only within the traction block, that
is, between the DM actuator and the FESS storage device,
and the operation of the P DC-DC converter in a static
mode with a specific conversion factor.

The central link of the traction block is an inertial
energy storage device. FESS is a combination of an
annular cylindrical flywheel (accumulator) and a SEMEC
electromechanical energy converter system in the form of
a inverted DC machine with excitation from permanent
magnets and a semiconductor switch [12, 13].

The SEMEC diagram is shown in Fig. 3. Here we
are dealing with a two-pole four-phase machine, each
phase of which contains one coil, displaced along the
circumference of the armature by an angle proportional to
7/ Ny, where Ny is the number of phases, and 7 is the pole
division.

_Iasa (21)

— o
— \S h—d
v A
7
ERuialy N
O)/aNtre:
NS A
yPAL | g
R 46,
3 e
4 3 2 1
i o i o i o e gl 1
(—. (_ - I.\' '

Fig. 3. System for electromechanical energy conversion of
storage device:

0 —load angle between the axis of the magnetic field of the
inductor P/ and the armature current PA; nl...n4, k1...k4 —
beginnings and ends of the winding coils, respectively;
1...4 — switches

Mathematical models of the operation of the traction
block in acceleration and braking modes are presented in
Table 1.

As follows from the formula for the EMF of the
drive of the SEMEC (Table 1), in the system under
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consideration it is possible to regulate the value of the
electromotive force in two channels — by the number of
phases of the armature winding and by the load angle,
changing the switching algorithm of semiconductor
switches. Thus, during the exchange of energy of the
storage device and the link of electromechanical energy
conversion, it is possible to influence both the power of
the process and its components within wide ranges.

The meaning of the symbols in expressions
presented in Table 1 is the following: 7, e;, Ly, Ry — the
efficiency, the EMF, the inductance and the active
resistance of the storage device armature winding,

respectively; 2p, wy, l,, a — the number of poles, the
number of turns per phase, the active length and the
number of parallel branches of the storage device SEMEC
armature winding, respectively; D, — the armature
diameter; B, — the average value of the magnetic flux
density in the gap; #um=HlmHim Ty 4cHs — the overall

efficiency of the transmission; f;, — the specific value of
resistance to movement; L 4, R, 4 — the inductance and
active resistance of the converter, respectively; Ko7, K.z
— the conversion factors in acceleration and braking
modes, respectively.

Table 1

Traction block mathematical model [14]

Acceleration mode

Braking mode

Storage device

power balance

do . do .
—JST:COSUS =Ugl I d_tsa)s = UglgT] g
Equilibrium equation for voltage on the SEMEC
dig . diy, .
uS:es—Lsd—;—lSRS uS:eS-i-Ls?;—HSRS
Power developed by the rolling stock
dv g ) dv F .
(mps g Eyy )Vps = UdclinyMinyTm’l g - (mps dt VV)VpSﬂi”Vnmng = Udcliny
EMF of the storage device SEMEC
e, =K, o,
2pwN (l,D
K, =N e g B
a
DC link current
Uy U
K. r=—%, K. p=—"2,
chT Us chB Udc
. . . Ifs de . . . . i K’hB
lipy =lep T1p = Kcle Ip liny =lech —lp = :75_de l

Mathematical model of the

energy conversion process

dvps _ Ninvm’l gUdc (i ns_dc/KChT + ip) )
dt M psV ps "
%: K oy _udc/KchT —is(Ry +Rs_dc) .
dt Ls +Ls dc ’
doy_ 1y
. Jyig

dvps __ Ude (is s de /KchB - ip) _ .
dt Miny m1 g psV ps "
% _ udc/KchB - Kea)s - is (Rs + Rsidc) .
dt Ls + Lsidc ,
do, _&Keis

dr J,

The relationship between the rotational speed of the storage device rotor and the speed of the rolling stock

2 2
3 M s (V7 ps(k+1) = V" psk)
Dy (k+1) = 1| Psk —
sﬂsum

J

2 2
mpsﬁsum(v psk =V ps(k+1))
J

N

Os(k+1) = \/ Wi +

It is important to note that the model includes two
adjustable components — the storage device SEMEC EMF
(K,) and the DC link current (K.;), the impact on which
provides a controlled power flow between the
components of the traction block circuit.

The control of the process of power exchange in the
modes of acceleration and braking of the rolling stock
is implemented in software in accordance with the
diagram shown in Fig. 4 (braking mode), based on logic
gates [14].
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The control block (CB) implements the following
functions:

Jen (Tset’vps) =Ko + (Kpsch /Tset )Vps >

Je(Tser Vps) = Keov]%s + (Kpse/Tset)vps :

In this case, the following conditions are met.

For braking mode:

1. If the inverter current i;,, € [imin; Imaxl»
Kch :ﬁ‘h(Tvet’ Vps), Ke :Jre( Tvet; Vps)-

2. If iinv>imax’ then Kch:Kch maxs Ke:Ke max-

3. If iinv<imin, then Kch :Kch mins Ke:ﬁz(Txet: Vps)/4.

For acceleration mode:

1. If the inverter current i, € [imin; Imaxl
Kch :ﬁh(Tsety Vps)s Ke :ﬁ( Tset) Vps)~

2.1f iinv>imaxa then Kch :Kch mins Ke:f;’(Tsetx Vps)/4'

3. If iinv<imim then Kch :Kch maxs Ke:Ke max-

then

then

e
Vo [
lp linv
% e
u, M T

T S DC-DC

KchT

Fig. 4. Control system

To assess the properties of the storage device
operation in the traction electric drive system, the
efficiency factor of the storage device was proposed [14]:
_wszdv)

2 2
m pg (VpsstB + VpsendT)
where v,.p is the rolling stock speed at the start of
braking; Vyenar is the rolling stock speed at the end of
acceleration; w,,,, is the storage device rotor rotation
frequency at the end of recuperation; w,y, is the rotation
frequency of «dead volumey.

Thus, a mathematical model of the traction block is
obtained, which connects the process of train movement
in modes of acceleration as well as regenerative braking,
with the parameters of an inertial energy storage device,
characteristics of a traction motor and converters of a
traction electric drive. The control system formed on the
basis of logical elements programmatically implements
power flows in the considered operating modes of the
rolling stock between the traction motors, the storage
device and the battery of fuel cells (currents iy, g iy,
respectively). A criterion for assessment of the efficiency
of using the technology under consideration is proposed.

Mathematical model of the fuel cell.

The mathematical model of the fuel cell (FC) is clear
from the diagram shown in Fig. 2. The main electrical
characteristics of the fuel cell are: EMF Eg, output

2
J s (wsend

Ko = ) (22)

voltage Uy, internal electrical resistance Ry, electrical
power Py, electrical efficiency #; [16, 17].

The power transmitted to the external load (useful
power) is equal to:

2
Pre=Upele =LreE e =1 jeRpe- (23)
Electrical power dissipated on the internal
resistance:
(Ep~Up)?
Pri =(Ef =U ) g :%:I}CR]@ (24)
fc

In the above interpretation of powers, the electrical
efficiency is will be equal to:
Pr  _Ur

Mg =—FH 5 =74

_ _ 2k (25)
Pfci + Pfc E/

(4

Information about the fuel cell and the clarity of its
perception is contained in its volt-current plot (VCP). It is
a graphical plot of fuel cell voltage versus load current. In
most cases, the VCP of solid oxide fuel cells is a straight
line. Strictly speaking, the initial and final sections of the
VCP have deviations from a straight line, respectively, up
and down (due to the electrochemical polarization of the
electrodes for the final section). In most cases, these
deviations are insignificant and practically do not go
beyond 10-15 % of the beginning and end of the VCP
curve section, and in some cases they are not observed at
all. The middle section of the VCP is more important.
Here, with some approximation, it can be assumed that
the point of intersection of the VCP line with the voltage
axis characterizes the EMF of the element, and the point
of intersection of the VCP with the current axis
characterizes the short circuit current of the element. The
VCP is well approximated by a first order polynomial

y=—kx+b,

26
UfC:_IfCRfC_'_Efcv ( )

where y and x are the coordinates of voltage and current; k
is the slope equal to tangent a — the angle of inclination of
the VCP line to the current axis; b is the value of the
segment that cuts off the VCP line on the voltage axis (in
our case, b is equal to £ of the element).

3. Conceptual design.

The task of developing a conceptual design is to
select the parameters of a traction block, an inertial
energy storage device and a fuel cell battery (in
conjunction with a hydrogen storage cell) by solving the
traction problem and analyzing the results obtained.
Converting units (P_DC-DC, S DC-DC, TI) will be
considered only from the standpoint of the possibility of
providing with their help the required energy flows
between the blocks under consideration. It is obvious that
their efficient operation will take place provided that the
nominal values of the power components of the devices
under consideration are as close as possible. With the
unconditional observance of the power balance and based
on the fact that the mentioned units of the traction drive in
the DC link are connected in parallel, we believe that the
voltage values of these units should be as close as
possible. Fulfillment of this condition, in our opinion,
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will become the basis for effective regulation of power
flows in various modes of operation of electric rolling
stock (ERS).

When choosing the parameters of the traction drive
units, we will proceed from the fact that the powers of the
fuel cell block and the energy storage device are
practically the same and the storage device operates only
during acceleration and braking of the train, and in the
mode of movement at a steady speed, the system is
supplied with energy only from the fuel cell battery.

For calculation we take: train length is 42 m,
composition — 2 cars, tare weight is 92 tons, car passenger
capacity — 280 people, car bodies rest on 3 bogies — two
end biaxial and one intermediate biaxial Jacobs bogie,
design speed is 124 km/h. Basic resistance to movement
is calculated by the formula F,,=1,5 +0,006vps+0,0067vp52.
The inner axles of the end bogies are equipped with
traction motors. The wheel-motor unit of each of these
axles contains a wheelset with a wheel diameter of
0.95 m, a two-stage gearbox with a gear ratio of 6.6 and
efficiency 0.97 as well as a six-pole induction traction
motor. The train has two identical traction drive systems
located in each carriage. Each includes a hydrogen
storage cell, a block of fuel cells, an inertial energy
storage, a traction motor and conversion units.

The characteristics of the motor and the parameters
of the drive are given in Table 2, 3, respectively.

Table 2
Traction motor characteristics
lf\m)\} l{;” IX’ cos ¢, | efficiency | S, % ﬁ’z rgljn
250 | 760 | 228 | 0,88 0,944 1,3 | 65 | 1283
Table 3
Storage device parameters
Parameter Value
Dimensions, mm: D x H 900 x 830
Energy of exchange, MJ 26
Power (maximum), MW 0,27
Voltage (maximum), V 1054
Nominal current, A 250

Flywheel

Material Carbon fiber + SmCo
Dimensions, mm: outer diameter x

inner diameter x height

700 x 440 x 580

Mass, kg 674
Moment of inertia, kg-m? 57
Rotation frequency, 1/s: max...min 1071...421
Armature
Number of poles 4
Pole division, mm 340
Number of phases 4
Conductor cross section, mm> 50
Inductor

Magnet dimensions, mm: length x

height x width 340 420 %15

Magnetic flux density in the active 0,22
zone, T
Gap, mm 3

The movement curves, power and energy
dependencies obtained for this train during its movement
along a horizontal track section 24.3 km long show that
the power of the power source in the form of fuel cells, as
well as an inertial storage device per one car, must be at
least 260 kW. The flywheel of each inertial energy
storage device must accumulate exchange energy of at
least 7.25 kWh during braking (the regenerative braking
energy is 14.49 kWh).

Calculation and study of the operation of the traction
block with the control system (Fig. 4) with the values of
the parameters of the control block given in Table 4
were carried out on the basis of a mathematical model
(Table 1). The fourth-order Runge-Kutta method was
chosen as a numerical method for solving a system of
differential equations. The calculation was carried out
for three acceleration values — 0.55 m/s’, 0.37 m/s® and
0.28 m/s”. The calculation results are shown in Fig. 5.

Table 4
Control block parameter values
Parameter| Value |Parameter| Value |Parameter| Value
K se,
KchO 0, 1 8271'111 773 Kchmin 07 1
[Z;;I}: 359 imins A 360 Kchmax 4
KeOJ .
SZ/m 0105 Imaxs A 440 Kemax 713
120 r 36
«r 1000 - e =30
= 800) N l/ 24 .75
= N P~ 8
_~~ 800 ' i8 =
" 40 ; M~ 2 .%
a" 20 M ~ 6
=<, 1500
-
Z \‘ - 411000
oy \Q L~ <
.. ER / Sﬁﬁ""‘
S |\ "\\ 1
< K ~0
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|-
Fig. 5. Energy exchange process at acceleration
of 0.55 m/s?

The analysis of the calculation results showed that
the efficiency of using the energy storage at variable
accelerations in the range of 0.55-0.28 m/s” is 2837 %.
Thus, the use of the storage device makes it possible to
save about 40 % of energy in one cycle «braking-
acceleration».

For the train in question, the HyPM™HD30 fuel cell
blocks are most suitable. Block power is 31 kW, current is
0-500 A, voltage is 60—-120 V, maximum efficiency is 55
%, dimensions are 719x406x261 mm, mass is 72 kg. The
performance characteristics are shown in Fig. 6 [15].

9 such blocks, connected in series, on each carriage
will provide source power of 280 kW in the voltage
range of 540—-1080 V when the load changes from 0 to
500 A. Such a battery, located in a container measuring
2.2 x 1.5 x 0.4 m, will weigh 650 kg, and can be placed
on the roof of the car without any problems.
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The necessary demand for hydrogen when the
rolling stock is moving without a storage device in
acceleration and driving modes with constant power is
determined by the formula

My _ Ene~Eug , 7)
EHsp77E
where Ejyy. is the electrical energy of the fuel cell battery;
Ey, is the energy of recuperation during braking and its
subsequent use during acceleration; Eyy, is the specific
weight energy index of hydrogen fuel.

For our case, at Ep, = 396 MJ, Ey, = 63 MJ,
Eugp=120 MJ/kg and #z; = 0.55, the hydrogen
consumption per one transport cycle will be 3.9 kg when
operating without a storage device, and 3 kg with a
storage device.

With the capacity of the currently used tanks with a
pressure of 35 MPa and a mass of hydrogen of 5 kg [16],
6 such tanks with a mass of =700 kg and an occupied
volume of 2.86 m® will ensure the movement 188 km of
the train in question in the absence of a storage device
without refueling. If the drive is storage device, the
mileage will be 250 km without refueling.

Thus, the use of the storage device with its one-time
use in the simplest transport cycle without taking
into account the rational ratios of the parameters of the
control block gives a rather tangible effect — saving at
least 24.5 % of hydrogen.

Conclusions and
development.

The studies were carried out on the basis of a
mathematical model of a traction electric drive of a train
on fuel cells with an inertial energy storage, which is a set
of separate blocks of differential and algebraic equations
for a train and various blocks of a traction electric drive
circuit. This model should be considered as basic. To
study the behaviour of rolling stock in conditions close to
real ones, it is necessary, on the basis of the developed
mathematical models, to create a unified system of
differential equations, with the help of which to couple
the operation of all blocks of the traction electric drive
system, including the operation of converting units of
semiconductor devices, with the coordinates of the track
both in time and in space.

The solution of such a problem will undoubtedly
require the creation of a unified three-level intelligent
control system.

prospects for  further

The first level should determine the power required
by the train, control the speed of the vehicle and transfer
the required acceleration or deceleration to the second and
third levels.

The second level should control the distribution of
power and energy flows between various components of
the traction chain: a fuel cell battery, an energy storage
device and an actuator — a traction induction motor.

The third level should act on the controls of
individual components and adjust their state depending on
the power generated or consumed by these components.

Conflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1. Thorne R., Amundsen A.H., Sundvor I. Battery electric and
fuel cell trains: maturity of technology and market status. Report
1737/2019. Institute of Transport Economics, 2020. 32p.
Available at: https://www.toi.no/getfile.php?mmfileid=52027
(accessed 22 March 2021).
2. Hoffrichter A., Hillmansen S., Roberts C. Conceptual
propulsion system design for a hydrogen-powered regional train.
IET Electrical Systems in Transportation, 2016, vol. 6, no. 2, pp.
56-66. doi: https://doi.org/10.1049/iet-est.2014.0049.
3. Fender K. Development of hydrogen-powered trains
continues, but battery-powered equipment making more inroads.
December 14, 2020. Available at:
https://www.trains.com/trn/news-reviews/news-
wire/development-of-hydrogen-powered-trains-continues-but-
battery-powered-equipment-making-more-inroads (accessed 22
March 2021).
4. Furuta R., Kawasaki J., Kondo K. Hybrid traction
technologies with energy storage devices for nonelectrified
railway lines. IEEJ Transactions on Electrical and Electronic
Engineering, 2010, vol. 5, no. 3, pp. 291-297. doi:
https://doi.org/10.1002/tee.20532.
5. Ogawa K., Yamamoto T., Hasegawa H., Furuya T.
Development of the fuel-cell/battery hybrid railway vehicle.
2009 IEEE Vehicle Power and Propulsion Conference, 2009,
pp. 1730-1735. doi: https://doi.org/10.1109/vppc.2009.5289693.
6. Chen X., Shen W., Vo T.T., Cao Z., Kapoor A. An overview
of lithium-ion batteries for electric vehicles. 2012 10th
International Power & Energy Conference (IPEC), 2012, pp.
230-235. doi: https://doi.org/10.1109/asscc.2012.6523269.
7. Baumann M., Peters J. F., Weil M., Grunwald A. CO,
footprint and life-cycle costs of electrochemical energy storage for
stationary grid applications. Energy Technology, 2017, vol. 5, no.
7, pp. 1071-1083. doi: https://doi.org/10.1002/ente.201600622.
8. Liu X., Li K. Energy storage devices in electrified railway
systems: A review. Transportation Safety and Environment, 2020,
vol. 2, no. 3, pp. 183-201. doi: https://doi.org/10.1093/tse/tdaa016.
9. Hedlund M., Lundin J., De Santiago J., Abrahamsson J.,
Bernhoff H. Flywheel energy storage for automotive
applications. Energies, 2015, vol. 8, no. 10, pp. 10636-10663.
doi: https://doi.org/10.3390/en81010636.
10. Engel B., Softker C., Horl F. The innovative traction system
with  the flywheel of the Lirex™. Available at:
http.//www.railway-research.org/IMG/pdf/457.pdf (accessed 22
March 2021).
11. Ogawa K., Yoneyama T., Sudo T. Kashiwagi T,
Yamamoto T. Performance improvement of fuel cell hybrid
powered test railway vehicle. Quarterly Report of RTRI, 2021,
vol. 62, no. 1, pp- 16-21. doi:
https://doi.org/10.2219/rtrigr.62.1 16.

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4 71



12. Omelyanenko V.I, Riabov Ie.S., Overianova L.V. Inertial
energy storage device as an advanced energy conservation
technology for electric rolling stock. Vestnik VELNII, 2013, no. 1
(65), pp. 38-54. (Rus).

13. Omelianenko H.V., Overianova L.V., Maslii A.S. Geometric
and electrophysical parameters of armature winding of
electromechanical converter of inertial energy storage for
suburban trains. Electrical Engineering & Electromechanics,
2020, no. 1, pp. 65-71. doi: https://doi.org/10.20998/2074-
272x.2020.1.11.

14. Severin V.P., Omelianenko O.V. Traction drive of electric
train with inertial energy storage. Bulletin of the National
Technical University «KhPly. Series: Problems of Automated
Electrodrivs. Theory and Practice. Power Electronics and Energy
Efficiency, 2017, no. 27 (1249), pp. 276-279. Available at:
http://repository.kpi.kharkov.ua/bitstream/KhPI-
Press/33984/1/vestnik KhPI 2017 27 Severin_Tyagovyy_privo
d.pdf (accessed 22 March 2021). (Rus).

15. HyPM™ HD 30 Heavy Duty Fuel Cell Power Module.
Available at:
https:/pdf.directindustry.com/pdf/hydrogenics/hypm-hd-
30/33492-420319.html (accessed 22 March 2021).

How to cite this article:

16. Ahluwalia R K., Hua T.Q., Peng J.-K. Fuel cycle efficiencies of
different automotive on-board hydrogen storage options.
International Journal of Hydrogen Energy, 2007, vol. 32, no. 15,
pp- 3592-3602. doi: https://doi.org/10.1016/.ijhydene.2007.03.021.

Received 13.05.2021
Accepted 17.06.2021
Published 27.08.2021

V.I Omelyanenkol, Doctor of Technical Science, Professor,
Ie.S. Riabovl, PhD,

LV Overianoval, PhD, Associate Professor,

H.V. Omelianenko 1, PhD, Associate Professor,

!"National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

e-mail: vicel@ukr.net; riabov.ievgen@gmail.com;
overanova@ukr.net (Corresponding author);
omeljanenkgalina@i.ua

Omelyanenko V.I., Riabov Ie.S., Overianova L.V., Omelianenko H.V. Traction electric drive based on fuel cell batteries and on-
board inertial energy storage for multi unit train. Electrical Engineering & Electromechanics, 2021, no. 4, pp. 64-72. doi:

https://doi.org/10.20998/2074-272X.2021.4.08.

72 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 4



