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Abstract - The purpose of this work is the implementation
and experimental validation of a quasi-oriented rotor flux
control algorithm on a full scale, railway locomotive traction
system. This control method can be useful for industrial
applications based on DSPs which have limited computation
power, given the fact that the real time flux-oriented control
needs relatively high computation power, especially for the
flux estimator. The advantage of this method is given by the
elimination of flux estimation as it assumes the control sys-
tem is oriented. This way, a processor hungry control sec-
tion is avoided, the flux control loop being also avoided. The
control algorithm had been implemented in the Matlab
Simulink environment, using the dSPACE RTI toolbox, for
the DS1103 prototyping board. The dSPACE board had
been used for the control of the full-scale traction system
experimental stand.

Cuvinte cheie: control cu orientare dupa camp, sistem de
tractiune, control cu DSP.

Keywords: field-oriented control, traction system, DSP control.

I. INTRODUCTION

For its known advantages, the induction motor is wide-
ly used for the traction system of modern rail vehicles
[11[2][3][4]. Irrespective to the vehicle traction power, the
traction system is equipped with multiple relatively large
power induction motors. The control of the traction sys-
tem is assured by a DSP [5]. For the most railway vehi-
cles, the power inverter is fed from the overhead catenary
by means of a power transformer and bidirectional rectifi-
er (necessary to recover the braking energy to the power
grid. A new type of railway vehicles is the battery fed
locomotives which can recover the braking energy by
charging the battery [6]. The disadvantage of induction
motor traction systems is given by the relatively complex
and computing hungry closed loop control system. An
example of such a control system is the rotor field-
oriented control algorithm which can give good results,
but which needs the estimation of the motor flux [4][5].
The flux estimator is sensitive to computing error; there-
fore, it needs a high-performance DSP which can give a
sufficiently small sample time [7][8].

Another limitation of such systems is the relatively low
switching frequency of the power inverter transistors
which leads to high current ripple.

The prototyping systems are characterized by high
computing power (as dSPACE DS1103, for example [9]),
but industrial DSPs have limited computing power, which
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means that the sample time is inevitably higher for the
latter. High sample time values lead to cumulative compu-
ting errors which can further lead to instable and peculiar
system response, different than the response defined by
the equations [7].

An alternative to a small sample time is a simpler con-
trol algorithm, obtained by eliminating the flux estimator
and assuming that the control system is oriented. The con-
trol algorithm becomes quasi-oriented, which had been
validated on a small-scale experimental system [10].

After the introduction, the simplified, quasi-oriented
control algorithm is briefly described in the second sec-
tion, and its implementation is presented in the third sec-
tion. The experimental setup is described in the fourth
section and the experimental results are discussed in the
sixth section. Finally, the conclusions are drawn.

Il. SIMPLIFIED ROTOR FIELD ORIENTED CONTROL
ALGORITHM

For the rotor field-oriented control, the motor currents
are computed in a rotating referential (d-g) which is syn-
chronized with the rotor flux. Because the flux estimator is
no longer used, the rotor flux is now unknown, so the al-
gorithm uses the assumption that the system is oriented.
The advantage is given by the fact that the flux estimator
is not used. This implies that the flux controller can be
eliminated also. The disadvantage is given by the fact that
the active and magnetizing motor current components
cannot be regulated separately (on the d and g axes) but
commonly, by regulating the motor current magnitude
[10].

The simplified control is illustrated in Fig. 1 [10],
where:

- [m| - motor current magnitude computation

block;
- Ri - motor current magnitude controller;
- VSI - voltage source inverter;
- - Sinusoidal control signals generator;
- 178 - slip frequency computation block.

The algorithm inputs are the imposed rotor flux and the
imposed motor speed. For a given flux value, assuming
that the control system is oriented, the imposed magnetiz-
ing current is [12][10]:
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Fig. 1. Block diagram of the simplified field-oriented control algorithm
where: board, programmed in Matlab Simulink (the machine code
- Lm - magnetizing inductance; was obtained by compiling the model, using Simulink
] ) Coder and dSpace Real Time Interface library - Fig. 2.
- Yu - rotor flux on d axis or the referential; Although the actual control system is synthetized in a
- T, - rotor circuit time constant: grouped subsystem, some auxiliary blocks are needed:
- Model input signals, from the power section — the
measured quantities from the transducers are ac-
L. L,+L, quired by the DS1103 analog to digital converters
T, :R_ = —R ) and made available to the model as Simulink sig-
r r nals by means of the RTI blocks attached to the
_ board hardware resources,
- Lo - rotor leakage inductance; o The DS1103 analog inputs range is
- R - rotor resistance. +10V, so the transducers output signals

The active current (q axis) is obtained at the output of
the speed controller.

The imposed active and magnetizing currents are used
for the magnitude of the imposed motor current phasor,
which is regulated by a proportional-integrative regulator
(Fig. 1):

The feedback quantity of the current magnitude control-
ler is the real motor current phasor magnitude (computed
from the sampled stator currents in the stationary refer-
ence frame [1][7], using the Clarke transform.

The current magnitude controller gives the amplitude
modulation index (“ami” in Fig. 1) for the three-phase
sinusoidal control voltages, software generated based on
the motor frequency and slip frequency. The slip frequen-
cy is computed considering the imposed active current,
and flux [12]:
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The software generated control voltages are applied to
the sinusoidal PWM modulator.

I1l. SIMPLIFIED ROTOR FIELD CONTROL ALGORITHM
IMPLEMENTATION

The control algorithm has been experimentally validat-

ed on a full-scale locomotive traction stand. The imple-
mentation was done for a dSPACE DS1103 prototyping
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had been calibrated to this range — yel-
low Gain blocks in Fig. 2. are used to de-
normalize the analog measured signals;

- Model output signals to the power section — gat-
ing pulses for the power transistors (obtained by
the integrated PWM modulator), validation logic
signals;

- Local blocks needed for real time control, im-
posed quantities and interlocks.

Although the inverter is controlled by the DS1103
board, the power inverter has its own local DSP who man-
ages the power system initialization and protection (over-
current, overvoltage, etc.). This means that some valida-
tion signals are exchanged between the DS1103 and the
local DSP. A special kind of control signals received by
the DS1103 are the signals from the locomotive control
panel (containing the torque and speed levers).

The actual field-oriented control simplified algorithm is
detailed in Fig. 3. It can be seen that the control system
has two validation signals:

- The main validation signal, en, which validates
the flux-imposed value and the current controller;

- The secondary validation signal, which validates
the speed controller, the torque to active current
conversion block (for manual, torque control), and
the active current value.

The speed controller is a special proportional-
integrative controller whose limits are dynamically adjust-
ed (the upper and lower limits are given by the torque
imposing lever.
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Fig. 2.

The remaining blocks in the control subsystem are:

- third motor phase current computation
block (because only two currents are acquired);

- imposed torque to imposed
active current conversion block;

im abc
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Fig. 3. The simplified field-oriented control system
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- f2 RFOC - computes the slip frequency;

- TL_module - computes the imposed motor
current magnitude from the d and g axis currents;

- is_abctois alfa, is_beta - computes the meas-
ured motor current magnitude n the ap referen-
tial,

- isd-ird_from_Ec_Rot - gives the imposed
magnetizing current for the imposed flux;

- sine_generator - software generator of the
three phase control signals for the PWM modula-
tor.

The real-time control of the experimental system is
done using a virtual control panel, built in ControlDesk
NG, which gives the interface between the operator and
the Simulink model parameters and signals [9][13]. By
modifying the model block parameters, the validation sig-
nals and the control system parameters can be modified in
real-time. The Simulink model signals can also be dis-
played on panel meters and virtual scopes.

At the same time, the panel meters are displaying in-
stantaneous model signal values, so in order to virtually
measure RMS or mean values, the corresponding quantity
computing block is necessary.

The virtual control panel of the experimental traction
system, captured during an experiment is illustrated in
Fig. 4.

The data displayed on the virtual oscilloscopes was dec-
imated, given the large timespan (75 s), therefore the low-
er left scope (displaying the three phase duty factors) is

current controller output and the current in the d-q referen-
tial) are displayed correctly.

IV. EXPERIMENTAL SETUP

The main elements of the experimental stand are:
- Single phase boost rectifier;

- Three-phase traction inverter;
- Three-phase traction motor;

o Un = 1400 V, Iy = 576 A, Py = 1.39
MW;
o fn=62.5Hz; ny = 1250 rpm.

The traction inverter is dedicated to the traction motor,
so its rated parameters are in accordance. The inverter
power source is a single-phase boost rectifier, which can
have bidirectional power flow (the braking energy is re-
covered to the power grid). The DS1103 board controls
only the inverter power transistors, the transistors if the
boost rectifier are controlled by the power section local
DSP (the traction rectifier was used just as power source,
the DS1103 board cannot modify the imposed DC-Link
voltage, but the work status of the rectifier is controlled by
the DS1103 by means of the binary validation signals ex-
changed with the local DSP).

V. EXPERIMENTAL RESULTS

The experimental protocol considered the following
steps:

- The system is initialized (the rectifier is connected

to the grid and the DC-Link capacitor is charged

distorted. The low rate of change quantities (motor speed, to 1800 V);
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- The motor is magnetized (for this step, only the
flux imposing system and the current controller
are validated, the imposed torque to active current
converter block and the speed controller being in-
hibited);

- The traction motor is accelerated to 2500 rpm and
the stationary regime is obtained;

- The motor is decelerated to 1000 rpm.

The relevant quantities had been recorded by the
DS1103 and saved as Matlab workspace file. The record-
ed signals were subsequently analyzed in Matlab.

As stated, the first step of the experiment consisted in
accelerating toe traction motor to twice the rated speed,
when the motor is magnetized. For this, the two validation
signals are set one by one (the torque and speed subsys-
tems are manually validated when the motor is magnet-
ized. The motor imposed/assumed flux is illustrated in
Fig. 5. The imposed flux reaches the steady state value
(motor rated flux) in 1 s. For this, the d axis-imposed cur-
rent is given in Fig. 6. The necessary current in order to
obtain 2.76 Wb is 277 A.

After another 3 s, after the motor flux reaches the
steady state value, the speed control subsystem is validat-
ed, and the first imposed speed of 2474 rpm is established.
The imposed speed increases linearly from close to 0 to
the steady state value in 20 s. The first interesting thing is
that when the motor is only magnetized (the first 4 s of the
experiment), although the imposed q axis current is null
(Fig. 8. ), more than that, the speed control subsystem is
inhibited, the motor real speed is not null, but about 72
rpm. The fact that the motor was not driven at this time is
further confirmed by the estimated -electromagnetic
torque, presented in Fig. 9.
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Fig. 5. The motor imposed flux
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Fig. 6. Imposed d axis current
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It must be mentioned that the speed controller was de-
signed to have the imposed speed equal to the real speed
when the controller is inhibited, so the initial imposed
speed is not null, but equal to the real speed of 72 rpm.

The motor speed catches up with the imposed value,
although an overshoot of about 3% is noted. An important
fact is that the traction motor is driven idle. The steady
state q axis current is 75 A. The settling time is about 15 s.

It can be seen that above the motor rated speed, the flux
is diminished (the d axis-imposed current is corrected with
the speed).

After the steady state regime is settled, the imposed
speed is reduced to 1000 rpm. The imposed g axis current
becomes negative (as well as the estimated torque), as the
motor enters the electromagnetic braking regime. Again,
the motor speed follows the imposed speed. The motor
estimated flux (given by the d axis current) increases to
the motor rated value, as the speed decreases to and bel-
low the rated speed.

The motor current magnitude is illustrated in Fig. 10. It
results that the current control is good, but the current con-
troller is somewhat slow, and the fast transients of the
imposed current are missed. Although, the motor perfor-
mance (respective to the speed) is not affected.

Looking at the current controller output signal (Fig. 11.
— the amplitude modulation index), it results that the trac-
tion system has sufficient power reserve.

It must be mentioned that at 61th second (experiment

time) the system is manually powered off (by resetting the
two validation signals).
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CONCLUSIONS

The simplified rotor field-oriented control system was
successfully validated on the experimental full scale trac-
tion system with good speed regulation results, given the
fact that the orientation is only assumed. The filed weak-
ening regime is also obtained with good performance. The
DSP sample time for the experiment was 40 ps, but the
control algorithm can be used with equally good results
with sample times as high as 100 ps. The speed control
was good even more so as the idle motor control is diffi-
cult. The drawback of the control system is given by the
fact that the motor tends to rotate at low speed, when only
magnetized, even the fact that the q axis current is null
(and the entire speed and torque subsystem is inhibited).
This happens also due to the fact that the motor is idle (so
the resistant torque is low), which is not the case of a
heavy railway vehicle.
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