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Abstract — The paper begins by presenting basic
electrical diagrams of the main types of electric
locomotives (with chopper and DC motors or with
rectifiers and DC motors or with VVVF and induction
motors IM or with self-controlled synchronous motors
SCSM) powered from DC contact line or from AC
contact line. To obtain the movement diagrams, in the
paper they are established the equations of useful
movement and it is built the structural diagram
corresponding to a locomotive with ,z” traction
identical motors. The paper aims to build, on the new
concepts basis, structural models (easily reconfigurable

in the Simulink models) for all types on
electromechanical converters, of traction, that are
today installed on the electric locomotives. For

modelling is proposed the original idea of fictitious split
of any traction electric motors into an ,,electromagnetic
part” and into a ,mechanical part”. Construction
differences, functional differences and mathematical
differences of the equations that describing the various
types of electromechanical converters are given only by
their electromagnetic parts. Starting from that idea, the
paper presents the mathematical equations and
structural  diagrams for all electromechanical
converters of traction used on the electric locomotives.
For electromagnetic part of the DC motors and the
induction motors, equations and structural diagrams
take into account the real iron core magnetization
curve. Only for modeling SM is adopted the Park
theory (with unsaturated iron core). As a validation of
the models, in the last part of the paper are summarized
the Simulink model of an induction motor, the Simulink
model for useful movement and, for concrete data, the
running diagrams of ETR 500 high speed train obtained
by numerical simulation.

Keywords:  Electric  Locomotives, Modelling,
Structural Diagram, Electromechanical Converters

1. INTRODUCTION

Electric locomotives with DC motors [1], [2], [3] [4]
have configuration of main electric circuit dependent
by voltage (DC or AC) of the contact line. From this
point of view we distinguish two basic structures:

- a basic configuration (as in Fig. 1) corresponding to
electric locomotives with chopper and DC motors
powered from the DC contact line (LC) of 1.5 kV or
3 kV and

- a basic configuration (as in Fig. 2) corresponding to
electric locomotives (with rectifiers and DC motors)
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fed from AC the contact line (LC) of 15 kV and 16%
Hz or 25 kV and 50/60 Hz.

Electric locomotives equipped with DC motors fed
from DC line (Fig. 1) have a LyCr network filter
(usually in T"), only one regardless of the number of
the dc choppers. If the electric locomotives (with DC
motors) are fed from AC contact line (like in Fig. 2),
both autotransformer (AT) and main traction
transformer (TP) are unique, regardless of the
number of rectifiers.
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Figure 1: Electric locomotives with chopper and DC
motors
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Figure 2: Electric locomotives with rectifiers and DC
motors
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In both cases, for limiting the load current corrugations
of the dc motor are used, in series, BN coils ( with
saturated iron core).

From last two decades of the XX century has started
the using of the three-phase induction motor (with
squirrel cage) as traction motor [4], [5], [6], [7], [8].
Use of induction motor on electric locomotives was

possible only after providing a three phase power-
supply, with variable voltage and variable frequency

(VVVF) inverters (IT with 2 or 3 levels).
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Figure_ 3: Electric locomotives with C4Q, VVVF and
M

Electric locomotives with induction motors of traction
(MAT) supplied by the AC contact line (at 15 kV and
16 % Hz or at 25 kV 50/60 Hz) are exclusively
equipped with four quadrant converters C4Q with 2 or
3 levels (on the line-side) and powered by the VVVF
inverter (IT inverters with 2 or 3 levels) on the
machine-side (Fig. 3).

Electric locomotives with induction traction motors
(MAT) supplied by the DC contact line (at 1.5 kV or

3.0 kV) have dc chopper of 2Q and / or only VVVF
power inverters (IT with 2 or 3 levels), as in Fig. 4.
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Figure 4: Electric locomotives with VVVF and IM

By replacing the dc traction motors (with commutator)
from Fig.1 (or Fig.2) with self-controlled synchronous
motors (SCSM, Fig. 5) we obtain a new configuration
for main electric circuit of the electric locomotives
(like as TGV) [2], [3], [4], [51,[8]-

The paper aims to build, on the new concepts basis,
new structural models (easily reconfigurable in the
Simulink  models) for all types of the
electromechanical converters, of traction, that are
today installed on electric locomotives.

2. MODELLING OF USEFUL MOVEMENT

Useful movement is the effect of the electromagnetic
torques of traction motors. Mathematical model of
useful motion of a locomotive (with “z” traction
identical motors) it is described by the next equations

(1], [3], [9]:
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Figure 5: Self-controlled synchronous motor (SCSM)
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Figure 6: Structural diagram of useful movement
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where (for a single traction motor) M;=M - My -
These equations, have permitted construction of the
structural diagram [1] as in Fig.6.

Changing mass “m” of the train, the dependencies i4
(x) and r. (x) or specific train route can be easily
operated, each time achieving mathematical models
that fully respects the concrete conditions of work.

3. MODELLING OF DC MOTORS

For modelling of the DC motors will be imagined a
"breakdown" as in Fig. 7 [1], [3], [9]. For the

electromagnetic torque M and angular velocity Q are
variables of internal interaction between the two
subsystems of dc motor.

Because that mechanical parts of the dc motors of
traction have been included in the model of useful
movement, still to be determined only complete model
of the electromagnetic subsystem for the two types of
DC motors (with series excitation and with independent
excitation) of traction.

3.1 Modelling Electromagnetic Part of a dc Motor
with Serie Excitation

Mathematically, the armature winding is represented
by circuit parameters R,, L, and average value of
the internal emf E. On these conditions, the equation
for the armature circuit, the emf E and the
electromagnetic torque M can be write in the form

(1], [3], [10], [11]:

dL, _ |

, . O —{U.-Ri-L-E]
electromagnetic subsystem, the input variable is Uy dt .
voltage. Output variable is electromagnetic torque M E=C, $-Q 2)
of the dc motor. Main magnetic flux ® is an internal M =
variable and not appear explicitly in the scheme of =Cn L
decomposition. The mechanical part has at input the
electromagnetic torque M and at output the angular where ¢ _ 1 PN i the constant of the machine.
velocity of rotation Q (of the rotor). In the same time, the 2n a
LC
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Figure 7: The "decomposition" of dc motor
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For a serie dc motor we have I, = I,. Instead, voltage U,
is determined in conjunction with the magnetic field and
with the parameters of excitation winding by the
following equations [1], [3] :

=1 ¢0=0(.)

ot da
(I)e ¢+GeI I

en 3)
Wezzp'wﬁ.q)e
dy
Ue: Re. Ie+_e
dt

Equations (2) and (3) with U, = Uy — U, form the
mathematical model for DC motor with serie
excitation. On basis of those equations it was
represented the structural diagram as in fig.8. The
only input variable is the voltage Uy, Rotor angular
velocity Q is an internal variable of the traction
motor. The output variables are M and [,.

Figure 8: Structural diagram for the electromagnetic
subsystem of the serie dc motor

3.2 Modelling Electromagnetic Part of a dc Motor
with Independent Excitation

The armature will be described by the equations (2).
Instead, at independent fed (with voltage U,) the

t
V.= [(Ue-Re 1) dt+y, (0)
0

Ye

g 2P Wex @
PP )

Ieﬂ
L.=f"(0)

Here I, = f'(®) functional means 'reverse" of
magnetization curve of the magnetic iron core.

Ensemble equations (2) and (4) represent mathematical
model for a dc motor with independent excitation. By
graphic representation, with symbols, they lead [1], [3]
to the structural diagram as in Fig.9. Here, armature

winding and field winding are only coupled by the
magnetic field.

Figure 9: Structural diagram for the electromagnetic
subsystem of the dc motor with independent excitation

The structural diagram has two input variables: U, and
U.. Here Q is the internal variable of the dc motor.
Instead, output variables are in number of three, namely:
armature current I, field current I, and electromagnetic
torque M.

4. MODELLING OF INDUCTION MOTOR

For the modelling, is judiciously as the induction

field winding equations are [1], [3], [10], [11]: motor of traction IM (or the asynchronous
"TERMINAL'l  INDUCTION MOTOR  |"SHAFT”
\ \
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suplies ig ‘ g part g part ‘ () |transmission
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\

Figure 10: The "decomposition" of induction motor of traction (MAT)
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Figure 11: Electromagnetic part of induction motor

electromechanical converter MAT in fig.3 and fig.4)
to be formally split into an ,.electromagnetic part”
and a ,,mechanical part”, parts connected together by
internal variables M and ®,, =p-Q,, as in Fig.10 [3],
[12], [13].

The mechanical part of the induction motor of
traction (through the mass of rotor, by considering
of the J in to constant inertia & = 1 + y and by
considering the torques M and Mym:,) has been
already integrated in the mechanical part of the
locomotive and mathematically it was included in
the equations of useful movement with structural
diagram in Fig.6. The electromagnetic part of an
induction motor of traction is governed by general
laws of the electromagnetic field. For modeling, will
consider the model from Fig.11. As working method
is adopted the space phasors method [10], [11], [12],
[13], [14], [15].

In the electromagnetic model will consider that core
saturation affects only the ¥, value of the useful
magnetic flux . The leakages flux are not influenced
by saturation and thus can be written in the forms:
Yo = Lio'lss and ¥'yo = Lol

The equations of a symmetrical electromagnetic part
of an induction motor in the stator reference frame
can be summarized [10], [13], [14], [15] in the form:

dy
u =Ry i t——
=ss Rs 1 dt
0 =R\ i, *T—"-j oV,
Yss:hc.lss+ijus

Mrs = L‘rc ! i‘rs + W

—us

iSS + i—'TS = i% ; \Iju = \'Iu (i‘x)

3 L
M=5-p-lmﬁss~yss}; o, =p-Q,

Due to the symmetry of the magnetic core will work
with a single magnetization curve ®, = ®(i,). Useful
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flux linkage Y, Yy is determined by the
relationship W, = wy'ky- @,. At neglecting the iron
losses, the phasors W, si i,s will keep same direction.
Mathematically we can write:

i.=Abs {i.} ;  ¢,=0,()
: (6)

L
Eus - \VU 1_

\Ilu:W1'kw1‘¢u;

where: W= W, si lis] = i,. Equations (6) have
permitted construction of the structural diagram as in
Fig.12 for modelling of core magnetization.

Figure 12: Model for “core magnetization ”

Mathematically, the equations for the
electromagnetic part (with saturated core ) of an
induction motor can be rewritten [3], [12], [13] as
bellow:

t
v, = [ -Rei)dt+y (0)
0

V= [0-Ry-i F oW )Y (0)

0
7
. _YSS-YUS . ( )

= 2

Lo

— Yrs -\iIUS
L'

M
i o}

1
Yus:\'/u.ij; ies:isg-‘ri,‘rs; ix:AbS{j%}
) B
¢, =fGi.)

33
M=2-pImi 3= plmi w3 o, =pQ,

V. =wikwrrd, 3
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Figure 13: Structural diagram for the electromagnetic part of the induction motor (MAT)

Corresponding to equations (7), in Fig.13 it was built
the structural diagram for the electromagnetic part of
an induction motor of traction of an electric
locomotive (MAT in Fig.3 and Fig.4). Here ug (space
phasor of the supply voltage) is the imput variable.
Output variables of the structural diagram from
Fig.13 are the electromagnetic torque M (that
determines the useful movement) and iy;. Note that all
variables (except ®,, and M) are complex quantities
in Fig.13.

Self—controlled synchronous motor

5. MODELLING OF SYNCHRONOUS MOTOR

Synchronous motor is used on electric locomotive
only by SNCF (BB 10004, BB 26000, TGV-A) in the
electrical  technology named  “self-controlled
synchronous motor” (SCSM, s. Fig.5). For modeling
of the SCSM is proposed [3] decomposition of Fig.
14.

At modelling of the electromagnetic system of a
synchronous motor (SM) is adopted the Park theory
[10], [11], [14], [15] as in Fig.15.
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Figure 15: Electromagnetic system of synchronous motor
a) in phase coordinates, b) Park model
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The windings equations from transverse axis of the
Park model of SM (with ig as input variable) can be

rewritten in the form:

St R, . R, ,
TQ=J[0—?-TQ+?-Lq i, 1dt +¥,(0)
Q
‘Pq_GqQ'L 1q+L'aq ‘PQ
Q

R (O
T L,

Q Q

Equations (8) permit to build the structural diagram
,Park transverse " for the electromagnetic part of SM as

in Fig.16.

Absolutely similar, the windings equations from
longitudinal axis of the Park model of SM (with i4
and ug' as input variable) can be rewritten in the
form:

R, . R

t
v, = Jro —TE~TD+TE-Lad(id +i)Jdt + ¥, (0)
, . R, . R - :
W, = [lu; =5 W+ Ll +ip J+ W (0)
0 E E
, )
L, . .
lnzﬁ_ iy +ip)
LD LD
¥, L, . .
==L -4 (i, +ip)
LE E
. Ly o  Lu w
\Pd:_(I_GdE_GdD)'Ld'1d+rdd'\PD+Lvd‘\PE_
D E

_(I_GDE)'LD'i;)_(l_GDE)'LE'i;E

Corresponding to above equations, in Fig.17 has been
build the structural diagram named ,,Park longitudinal "
for the electromagnetic part of SM.
By "assembling" structural diagrams from Fig. 16
and Fig.17 in correspondence with Park equations
(10) is obtain the structural diagram "Park" (Fig.18)
for the electromagnetic part of SM.

3 . .
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.o dwyy
- u, =R, iy, +— - -
i— "Park transverse” %‘1 d s gt ¥ (10)
q i
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b) u, =R i, % SO
Figure 16: Structural diagram ,,Park transverse " for the 0=p-O= dg,,
electromagnetic part of SM p dt
77777777777777777777777777 i
i.’, ip }
ko) E \
Lp i \
igtig | ylp
LD . (I —opaLi }
D
\
\

\
\
i \
E
“d (1 —opp)Lis }
LA Te
ip \
\
\
—>ip
,,,,,,,,,,,,,,,,,,,,,,,,,, N
a)
i— . R
Park longitudinal™ | .y,
" L

b)

Figure 17: Structural diagram ,,Park longitudinal " for the electromagnetic part of SM

82



Annals of the University of Craiova, Electrical Engineering series, No. 34, 2010; ISSN 1842-4805

~ i = -
| Rs |
I . I
| [}(]‘I’qldi |
} ip | o
. D
14 | "Park ;
T T gl + ¥+
| longitudinal” dat A f Ua
Uge——os>] in w¥y | R
I T e
I I
w¥y
| &S |
‘ By © X \/ N ‘
a7 ) © @ ZP—T M
I o I
| <— |
| |
| | coba |
| o - L5 t u,
| Yy Ldt] K | a
;i "Park
1q*— |
| transversal” . |
iq . i
| t 1q
} S Faiq }
| (e} |
| 2 T I
| |
| |
L o _
a)
Ug Q M

"Park” model

|

Bar
b)

Figure 18: Structural diagram "Park" for the electromagnetic part of SM

That diagram is absolutely necessary for establish
self-controlled synchronous motor model (SCSM,
Fig.14) as traction motors.

6. NUMERICAL SIMULATION S| MAT ——a(3)
ot | M Psir
The SIMULINK models corresponding to the
presented structural diagrams can be easily MA&TY h .
implemented [9], [16]. o e
For example, the SIMULINK model of the traction -
induction motor contains two blocks, corresponding M
to the electromagnetical part (MAT) and to the useful Wiscae
movement part (Fig. 19). Here the UM block »(2)
contains the SIMULINK model of useful movement, ) ot
based on structural diagram from Fig.6. Figure 19: SIMULINK model of

traction induction motor
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Figure 20: SIMULINK model of useful movement
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1] 500

Figure 21: Running diagrams (numerical simulations) of ETR 500 high speed train

By means of this SIMULINK model (fig.19) they
have been drawn the running diagrams corresponding
to a test route of the ETR 500 high-speed train. They
have been drawn the variations of the force, of the
train resistance, of the acceleration, of the speed and
of the distance (fig.21).

7. CONCLUSIONS

Article describes in a unified manner, modern
modeling of electromechanical converters used on
electric locomotives. For modelling is proposed the
idea of fictitious decomposition (or split) of any
traction electric motors in an electromagnetic part
and in a mechanical part. Construction differences,
functional differences and mathematical differences
of the equations that describing the various types of
electromechanical converters are given only by their
electromagnetic parts.

Modeling was done by building structural diagrams
that have shown the input variables, output variables
and parameters (and characteristics) regardless of
physical nature (electrical, magnetic or mechanical)
of them. Structural diagrams can be easy converted
into Simulink diagrams. By coupling (or
interconnection) structural diagrams of traction
equipment suitable electric power schemes can be
easily established the models for any type of electric
locomotive.
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