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Abstract - The superiority of using field-oriented control in
electric drive systems based on induction motor has been
proven over the years. To increase efficiency, maintainabil-
ity, reliability and dynamic performance, modern electric
traction systems use induction motors. In this context, this
paper is focused on the performance determination and
analyzing of the rotor flux-oriented control with voltage
control, on an induction traction motor, in order to its im-
plementation. First, the control scheme and calculation fun-
damentals are presented. Then, after the entire system mod-
eling in Simulink environment, the performance of the sys-
tem in dynamic and steady-state regimes is presented by
simulating the operation of a real traction motor at three
prescribed speeds. Also, a specific phenomenon of electric
locomotives, respectively the passage of wheels over the rail
joints is taking into account. To determine the performanc-
es, the results obtained from simulating the acceleration
process by prescribing a speed ramp, operating in steady-
state regime and then electric braking with energy recovery
were analyzed. In the paper, three situations are presented:
the prescription of a low speed, about 20 % of the nominal
speed, of the highest speed, about 160 % of the nominal
speed and of three speed steps up to the nominal speed. The
analysis of the results leads to the conclusion that there is a
very accurate tracking of the prescribed quantities by the
actual quantities controlled in the system. It is also high-
lighted that the peak current through the motor does not
exceed its limiting value and the switching frequency of the
power electronic devices is lower than the imposed limit
value. The analysis of steady-state performance shows that
it is also very good.

Cuvinte cheie: control orientat dupa fluxul rotoric, motor cu
inductie, sistem de tractiune, control al vitezei.

Keywords: rotor flux-oriented control, induction motor, trac-
tion system, speed control.

I. INTRODUCTION

It is well known that the principle of the field-oriented
control proposed by Blaschke [1] starts from the goal of
obtaining a behavior of the induction motor similar to that
of the DC motor. Explicitly, this means that the torque and
the magnetic flux are decoupled. In this way, the magnetic
flux and the torque developed by the motor are controlled
independently, and the synthesis of the regulators in the
structure of the control scheme is more precise, because it
operates with quantities whose steady-state values are
constant. Most contributions in the literature over time are
related to improving performance and also to the imple-
mentation of the controls strategies [2]—[20].

The main specific requirements for electric traction sys-
tems with induction motors refer to: high power, speed
regulation in a wide range (from about 2% to (160-200)%
of the nominal frequency), high starting torques, but with
a sufficiently low increase in speed, to avoid the phenom-
enon of slipping, efficient braking with kinetic energy
recovery and high reliability.

In order to respond to these requirements and to have a
less complicated control, the rotor flux-oriented control is
often adopted. It involves working in the (d, q) rotating
reference frame, whose d-axis is aligned with the vector of
rotor flux. In this way, the control of rotor flux is per-
formed by means of the d-axis stator current of the motor,
while the control of the torque is achieved through the g-
axis stator current. Moreover, it is allowed to extend the
speed variation range well above the nominal speed by
weakening the field [4]-{7].

Regarding the type of adopted control (direct or indi-
rect), it is specified that the most frequently used is indi-
rect control [8]-[14]. Thus, the rotor flux and its position
angle are calculated using some easily measurable quanti-
ties, using the induction motor model and it is not neces-
sary to place sensors in the rotor circuit (as is specific to
direct control).

The existence of four controllers (speed controller and
active current controller in the first path and, respectively,
rotor flux controller and reactive current controller in the
second path) is specific to voltage control of the system.
Among the modulation strategies adopted in the inverter
control, sinusoidal modulation stands out [12], [15], [16].

Among the application areas of the field-oriented con-
trol, electric traction is also found [5], [12]-[18].

It should be noted that, in the case of railway traction,
the control system must manage the behavior of the sys-
tem when the wheels pass over the rail joints, so as to
minimize the effects that occur. There are very few ap-
proaches in the literature on this topic. [19], [20].

This paper deals with the implementation of the rotor
flux-oriented control with voltage control on a traction
induction motor used in Romanian locomotives. Next, the
structure of the paper is as follows. The adopted control
scheme and the related calculation bases are the subject of
Section II. The MATLAB SIMULINK implementation of
the control algorithm is presented in the next section.
Then, the performance of the traction system with rotor
flux-oriented control is analyzed both in the dynamic re-
gime and in the steady-state regime. Thus, the results ob-
tained from simulating the acceleration process by pre-
scribing a speed ramp, operation in steady-state regime
and then electric braking with energy recovery, in three
cases are presented, as follows: prescribing of a low speed
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(about 20 % of the nominal speed); prescribing speed up
to nominal value in three steps and braking in two steps;
prescribing of the highest speed (about 160 % of the nom-
inal speed). Finally, some conclusions are formulated.

II. THE CONTROL SCHEME AND CALCULATION
FUNDAMENTALS

As illustrated in Fig. 1, there are two cascade control
paths in the control system. Also, each o them contains
two controllers, so that, there are four controllers.

In the first control path (of the speed and active cur-
rent), the  speed  controller (Re)  provides
the prescribed active current (i,) and the active current
controller (Ri;) provides the quantity u.,, which is the
prescribed voltage on the q axis of the system synchro-
nous with the rotor flux vector.

In the second control path (of the rotor flux and reactive
current), the flux  controller (Ry)  provides
the prescribed reactive current (i%,), and the reactive cur-
rent controller (R;g) provides the quantity u_4, which is the
prescribed voltage on the d axis of the system synchro-
nous with the rotor flux vector.

A two-step conversion of the prescribed quantities
ug,and u;follows. In the first stage (block B1), the con-
version is from rotating coordinate system (d, q) to the
fixed coordinate system (a, f3).

In the second stage (block B2), the conversion is from
fixed coordinate system (o, ) to the three-phase system
(quantities u;, uy, and uy). Then, the sinusoidal modulator
(PWM block) performs the synthesis of the control signals
for the inverter transistors.

On the feedback path, the three stator currents
igapcmeasured with current transducers T;are trans-
formed (in block B3), from the three-phase system (a, b,
c) to the fixed coordinate system (a, ) characterised by
the components iy, and igs. Specific relationships are used
for the transformation from one coordinate system to an-
other [20].

As shown in Fig. 1, using the measured currents and the
measured speed @ with the speed transducer 1o » the rotor
flux ¥’ and its position angle A between the rotating co-

ordinate system (d, q) and fixed coordinate system (o, )
are calculated in block B4.

The rotor flux components in the fixed coordinate sys-
tem (o, B) are calculated as follows [20]:

1 Lo
v, = (—pw% — Vot T—rzm) dt; (1)

v,s = [ (pov,, — Ti Vg + LT—’” ip)dt; ()

Thus, the calculated rotor flux is expressed as:

AERICRAZS 3)

In the above expressions, T, = L,./R,, R, and L, are the
resistance and inductance on a rotor phase referred to the
stator, L,, is the magnetization inductance, p is the number
of pole pairs, and the angle A is determined by trigonomet-
ric functions [20]:

cos(h) = r:”ﬂ = —yﬂ%:yﬂ ; “4)
T ra' Trp

sin(L) = Yo _ ¥ : (5)
|&| w;z”u-'—w?']}

The transformation of the stator currents from the sta-
tionary reference frame (a, ) to the rotating reference
frame (d, q) is achieved in block B5..

Finally, the sinusoidal modulation principle is imple-
mented in the PWM modulator block, having as inputs the
prescribed phase voltages.

I1I1. MATLAB-SIMULINK IMPLEMENTATION OF THE
CONTROL ALGORITHM

A specific Matlab-Simulink model has been created to
determine the dynamic and steady-state performance of
the system (Fig. 2). In addition to the main blocks, there
are auxiliary blocks used to determine the quantities of
interest.

The power part in Fig. 2 consists of the DC source

equivalent to the intermediate circuit, the voltage inverter
and the squirrel-cage induction motor.

; . BI . B2 _ %
CD* + R z*s'l + R U 54 U g ”*” AS” 1
4@_. ® __H J" 1q > (d,q) »> ({1,[3) ) » Voltage
® - A u b‘“WM Sy | Source
|ﬁ| + i s u'sp . i S, Inverter
> (o,B) —p| /(abc)—<p >
B4
A
< ) o/
dj— Frand Isq Isab, ¢
i A < T,
4 — calculation |«
Isp (a,b,c
. B3 M
3
Tfl’l

Fig. 1. Rotor flux and speed control scheme of a traction induction motor, based on rotor field-oriented control,
with PWM modulator and voltage control.



Annals of the University of Craiova, Electrical Engineering series, No. 48, Issue 1, 2024; ISSN 1842-4805 elSSN 2971-9852

Dsc ete,

Dcwerym

Rang|

e

anldn!la Cale_EnIM
alc_En_
2 o s [
S Gl o~ ] = =
paRg) -— PF_M THO_I
cﬁ _\_r—:l__El Ma:s switching [T b la_s THO!
ED{ D i ™ -
A
s
Calc. steady state ‘L—-
s -l E Calculation isd, Isq, s
VLx psi_sd, psi_sq, Lambda Calc. switching
i ,\:l:l I E frequency Lan

Flux controller

T
P
T)
‘. Joi [
{LE3

nq

Three-phase
Suboscillating

onr-omm Modulator

Memary

U s €I 1
. — WT%: 3
sl
T

Ts_Railway Joints

<Electromagnetc torque Te |

<Fotor cumert 1 E
<Rotor coment 'a@

T -& LI
ve
n
A
e { 2 2
;[ . Induction Motor
5 5\ Units.

g
IGBTs three-phase
Voltage source Inverter

Fig. 2. Traction system Simulink model for testing the voltage control algorithm with sinusoidal PWM modulator
and prescribing the rotor flux and speed.

In the control part, there are the rotor flux controller,
the speed controller, the block for calculating the pre-
scribed voltages on the motor phases from the stator cur-
rent components in the rotor field oriented system
"Transf R-S", the three-phase sinusoidal modulator which
also implements the voltage controllers for the three motor
phases and the "Ts_Railway Joints" block which imple-
ments the resistant torque. There are also the current con-
trollers and the three-phase sinusoidal modulator (block
"Three-phase Suboscillating Modulator").

In the part of feedback control (block "Calculation isd,
isq, psi_sd, psi_sq, Lambda), the main quantities are cal-
culated by estimation. Also, the estimated magnetization
inductance is used, which is obtained from the motor
model based on the voltage — current dependence at idle
conditions

There is a part for the calculation of steady-state ener-
getic indicators (block "Calc. steady state parameters”
which calculates and displays the phase voltage, the fun-
damental RMS current, total RMS current), harmonic dis-
tortion factor (THD) factor of the current through the mo-
tor and the apparent power).

Some quantities, such as the efficiency, power factor
and active power related to the induction motor, are calcu-
lated and displayed in the block "Calc En IM". The
three-axis oscilloscope "Te-Ts-n" displays the average
torque, the resistant torque and the motor speed.

It should be noted that the speed controllers, as well as
other calculation and display blocks, are validated by two
signals obtained as functions of time, in the blocks at the
top left of the figure. So, the speed and torque prescription
takes place only after the motor is magnetized. Also, the
rotor flux has the prescribed value.

A few more clarifications need to be made, as below.

The used controllers are of the proportional-integral
(PI) type.

The rotor flux and the motor speed are prescribed as
ramp signals.

For the limitation of the current, the outputs of the con-
trollers are not limited to the input level (+10), but +5 V
for the flux controller and +9.2 V for the speed controller.

In order to ensure the compatibility of the algorithm
with the DSP system used on locomotives (Texas Instru-
ments TMS320F28335), the Euler 1 integration method
and the 40us step (Ts) were used.

The sinusoidal PWM modulator operates with a switch-
ing frequency of 1 kHz.

In order to allow the overmodulation to achieve the
nominal power at 100 Hz, the amplitude of the modulating
(triangular) signal is 2.25 V, which also minimizes the
current distortion and limits the noise.

1V. PERFORMANCE OF THE TRACTION SYSTEM

Table I and Table II illustrate the main parameters of
the traction induction motor (a traction motor used in Ro-
manian locomotives) and of the PI controllers. The value
of the DC-voltage at the IGBT-based voltage source in-
verter input is 1800 V.

The motor start-up at constant resistant torque (Ts) and
nominal rotor flux for speed below the rated value and
diminished over the rated value, in case of three pre-
scribed ramp speeds (248 rpm, three speed steps up to the
nominal speed and maximal speed of 1983 rpm), are ana-
lyzed. Also, the periodic passage of wheels over rail joints
was considered. For this, the load torque variation shown
in Fig. 3 is considered, with the following parameters: T,
= 0.25-Ty; Ton = -0.5-T; Ty = 4 s; dtl = 0.05-Tmyj; dt0 =
0.1-dtl; d2 = drl.

TABLE 1.
MAIN PARAMETERS OF THE TRACTION INDUCTION MOTOR
VN Pon fin In D s nn
M (kW) | (Hz) | (A) (rpm)
1400 1150 | 62.5 576 3 10.0104| 1237
Tn Ry Lot R Le2 Rm L
(Nm) | @) | (mH) | () |(mH)|] () | (mH)
8877 | 0.021 | 0.288 | 0.012 |0.275| 89.38 | 9.46
TABLE II.
PARAMETERS OF THE PI CONTROLLERS
Koo Tio Koy Tiy Kopig Tiia Kpiq Tii
100 | 0.004 10 0.04 0.3 0.1 0.15 0.6
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Fig. 3. Load torque during the passage of wheels over rail joints.

The evolution of several quantities (speed, rotor flux,
electromagnetic torque, phase current, current and voltage
components in the rotating reference frame, control and
switching frequency) are analyzed. Also, different quanti-
ties specific to the steady-state operation and energetic
indicators are given for each case study.

A. Case of Prescribed Speed of 248 rpm and Ts=Ty

When a low ramp speed of about 20% of the nominal
speed (248 rpm) is prescribed at nominal resistant load,
Fig. 4 — Fig. 14 illustrate the good response of the system.

It can be seen that the motor speed is very close to the
prescribed value and, at the end of acceleration, the motor
torque is very close to the load torque (Fig. 4). The speed
is very little affected by the appearance of the rail joints,
only +2% (Fig. 4 and 5).

The rotor flux also faithfully follows the prescribed
value (Fig. 6).

The is current has a maximum for fast motor magneti-
zation (Fig. 7), then become constant. The active current
(isg) follows the evolution of the torque (Fig. 8). There are
some current increases (about 1100 A, but maxim admis-
sible value is 1200 A) related to the appearance of the rail
joints (Fig. 9).

5 ] 10 15 20
Time (s)

Fig. 4. Time evolution of the average torque (black), resistant torque

(red) and speed (blue) at the prescribed speed of 248 rpm during the

whole process.
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Fig. 5. Details in fig a) and b) regarding the evolution of the average
torque (black), resistant torque (red) and speed (blue) during the passage
of a wheel over a rail joint at the prescribed speed of 248 rpm.

Rotor flux vy
(Wb)

ke
o

o

o
XY
IS

1 i i
8 10 12 14 16 18

Tlme (s)

Fig. 6. Rotor flux (prescribed — in red and actual — in black) at the
prescribed speed of 248 rpm.
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Fig. 7. d-axis stator current (prescribed — in red and actual — in black)

at the prescribed speed of 248 rpm.
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Fig. 8. g-axis stator current (prescribed — in red and actual — in black)
at the prescribed speed of 248 rpm.
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Fig. 9. Stator currents on the three phases at the prescribed speed of
248 rpm: a) during the whole process; b) detail on an interval of 1.2 s.

The resulted d and q components of the stator voltage
are illustrated in Fig. 10 and Fig. 11, and show that there
are low influences between them. As shown in Fig. 12 and
Fig. 13, the switching frequency is variable, but it average
value does not exceed 1 kHz. Fig. 13 shows the increase
of the stator voltage frequency up to the value of about 13
Hz.

Table III synthesizes the dynamic performance of the
system. 67 and on are the torque and speed variations.
Table IV summarizes the steady-state performance. A low
power factor (PF) of 37 % and a relatively low value of
the current harmonic distortion (7HD;) of 7 % are high-
lighted.
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TABLE IIL
DYNAMIC PERFORMANCE AT THE PRESCRIBED SPEED OF 248 RPM

TF Ts+ 6T 6 N+ 6 n— I max._acc. I max._steady-st. fswimax
@) | (@) | @) | (%) |(%)| A (A | (kH)
=50 | 25 100 2 2 1100 1160 1
TABLE V.
STEADY-STATE PERFORMANCE AT THE PRESCRIBED SPEED OF 248 RPM
V | Imagn. Pl Pm S PF T] THD'
M TAT] A | (kW) | (kW) | (KVA) | (%) | (%) | (%)

398 | 596 | 209 260 225 701 37 | 86.73 7

B. Prescribing Speed up to Nominal Value in Three Steps
and Braking in Two Steps

For prescribing speed step by step up to the nominal
value, also with brake, the waveforms of the main quanti-
ties are illustrated in Fig. 15 - Fig. 24. (the passage of
wheels over the rail joints is neglected).

First, new information is offered by d-axis stator current
(Fig. 15) that, after 10 seconds decreases, although the
rotor flux remains constant (Fig. 16). After the brake con-
trol is given, the current increases and reach the rated val-
ue. The speed follows the prescribed values both during
the accelerating and braking regimes (Fig. 17). The g-axis
stator current (Fig. 18) has the constant values in steady-
state, increases in the time of acceleration and decreases in
braking time. It is significant that, it does not have nega-
tive values, similar to the torque (Fig. 19). It means that
the motor does not operate in braking regime and the de-
creasing of the speed is caused by the resistant torque on-
ly.

The phase currents of the motor are under 1000 A on
the first two steps and exceed a little 1000 A at the nomi-
nal speed (Fig. 20). The average switching frequency is 1
kHz for speed under 1000 rpm, but decreases to 400 Hz
when the speed is over 1000 rpm (Fig. 21).
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Fig. 15. Time evolution of stator current along the d-axis (prescribed in
blue and actual in red) when speed is stepped up to nominal speed and

braking.
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Fig. 16. The time evolution of the rotor flux (prescribed and actual in
red) from speed prescription in steps up to nominal speed and braking.

1500 T T T

~

é 1000

0 .

°

S 500

el

=

B o

(5]

Q" H

N o0 i i i i i
o 10 20 30 40 50 60

Time (s)

Fig. 17. Speed evolution over time (prescribed in blue and actual in
red), in the case of speed prescription in gears up to nominal speed and

braking.

1000 : . : : :
~~
<
N—
Z
=
=
[0}
=
=]
O

200 ; i i ; ‘

0 10 20 30 40 50 60
Time (s)

Fig. 18. The time evolution of the q-axis component of the stator cur-
rent (prescribed in blue and actual in red), when prescribing the speed in
steps up to rated speed and braking.



Annals of the University of Craiova, Electrical Engineering series, No. 48, Issue 1, 2024; ISSN 1842-4805 elSSN 2971-9852

Avrg. torque(Nm)/25;
Spged n(rot/min);

Time (s)
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Fig. 20. Time evolution of the currents on the 3 phases, from speed
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Fig. 21. The time evolution of the switching frequency averaged over
10 ms, when prescribing the speed in steps up to nominal speed and
braking.

The time evolution of the stator voltage on the compo-
nent along the d-axis is similar to that of the stator current
of the same axis (Fig. 22), because the voltage determines
the current.

Because the rotor flux is constant, the time evolution of
the stator voltage component on the q-axis is similar to
that of the torque (Fig. 23).

The form of the cosin of the rotor flux position angle
(Fig. 24-a) proves a good orientation of the calculation
system. The control frequency follows the speed as form
(Fig. 24-b). It means that the slip is very low.

C. Case of Prescribed Speed of 1983 rpm and
T,=0.625-Ty
For the highest speed (1983 rpm), the waveforms of the
main quantities are illustrated in Fig. 25 - Fig. 37 and the
performance summary is presented in Table V and Table
VI. The resistant torque is diminished so that, over the
nominal speed, the power to be at nominal value.
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Fig. 22. The time evolution of the component along the d-axis of the
stator voltage, in the case of stepped speed prescription up to rated

speed and braking.
~~
>
N
E3
s
[
=
<
=
S

> o0 ‘ i i : ;
o 10 20 30 40 b0 60
Time (s)

Fig. 23. The time evolution of the component along the q-axis of the
stator voltage, in the case of stepped speed prescription up to rated
speed and braking.
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Fig. 24. The evolution over time of: a) the cosine of the angle of the
rotating system; b) the control frequency, in the case of prescribing the
speed in steps up to nominal speed and braking.

The prescribed speed is followed very well by the real
speed and the effects of passing the joints are diminished
(Fig. 25). The details from Fig. 26 and Fig. 27 underline
some aspects. Thus, the motor torque does not follow the
resistant torque, and its variation represents less than 50%
of resistant torque variation. The total and the d-axis rotor
flux are diminished over nominal speed and have a hyper-
bolic evolution (Fig. 28 and Fig. 29). Also, the g-axis rotor
flux is null because the calculation system is well oriented
(Fig. 29). The d-axis stator current decreases when the
speed increases, especially over of the nominal speed (Fig.
30). At nominal speed, the d-axis stator current becomes
near zero. The g-axis stator current increases when the
speed exceeds the nominal value and magnetic flux de-
creases (Fig. 31). The real current does not have variations
when the wheels passing over the joints.
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Fig. 25. Time evolution of the average torque (black), resistant torque
(red) and speed (blue) at the prescribed speed of 1983 rpm.

Tav, Ts (N-m/25);
Speed n (rpm)

I~

IS

E 250

Z  zo0f

-

&1 150

S

&~ ;

345 346 34.7 34.8
Time (s)

Fig. 26. Detail regarding the evolution of the average torque (black) and
resistant torque (red) during the passage of a wheel over a rail joint at
the prescribed speed of 1983 rpm.
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Fig. 27. Detail regarding the evolution of the speed during the passage
of a wheel over a rail joint at the prescribed speed of 1983 rpm.
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This aspect is showed better by phases current (Fig.
32). There is a little diminution of the current when the
prescribed speed is obtained and the acceleration torque
disappears. The d-axis component of the stator voltage
evolves similarly to that of the corresponding current (Fig.
33). It should be noted that the final values are negative
(about — 250 V).

Also, the g-axis component of the stator voltage
evolves similarly to that of the active current (Fig. 34).
After the nominal value of the supply voltage is obtained,

the switching frequency decreases because the phase volt-
age is more little modulated (Fig. 35). The control fre-
quency increases to 100 Hz, larger of 1.6 time from the
nominal value (Fig. 36).

The magnetizing inductance and current (Fig. 37),
shows that the inductance increases a little although the
current decreases from 180 A to 100 A. This means that
the motor is not saturated.
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Fig. 32. Stator currents on the three phases at the prescribed speed of
1983 rpm: a) during the whole process; b) detail during the passage of a
wheel over a rail joint.
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Fig. 37. Time evolution of: a) magnetizing inductance; b) magnetizing
current, at the prescribed speed of 1983 rpm.

V. POSSIBILITY OF IMPLEMENTATION

The d-axis stator current decreases with increasing
speed although the rotor flux is constant. This aspect does
not respect the physical phenomenon and the operating
equations of the induction motor in the rotor flux oriented
system [12]:

. d
0= RTle + Eq'ﬂi; (6)

q’rd = L'rirli + Lmisd- (7)

Equations (6) and (7) show that, if w,;=constant, two
very important aspects can highlight the correctness of the
algorithm: iq = 0; isg = Yra/Lm = constant, because Y =
constant also involves L, = constant.

It is found that, even at very high speed, the perfor-
mance is good (Tab. V and VI).

TABLE V.
DYNAMIC PERFORMANCE AT THE PRESCRIBED SPEED OF 1983 RPM
Too | Tsr | OT [ 0N+ | §n_ Imax_ace. | Imax_steady-st. | Tsw_max
%) | (%) | (%0) | (%) | (%) A A (kHz)
S50 25 1 75 | 05| 023 1100 1025 1
TABLE VL
STEADY-STATE PERFORMANCE AT THE PRESCRIBED SPEED OF 1983 RPM

\Y | |magn. Pl Pm S PF ‘I’] THD|
M A A) | kW) | (kW) | (KVA) | (%) | (%) | (%)

828 (614 | 107 1184 | 1124 1526 | 77.6 | 94.95 | 17.23
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Fig. 38. Time evolution of: a) current; b) magnetic flux, at the pre-
scribed speed of 1983 rpm.

It is appreciated that the appearance is determined by
the calculation error, especially when calculating the posi-
tion angle of the rotor flux. There are two ways to reduce
calculation errors: using a smaller integration step and

using an integration method of order 2 or higher. The first
modality was verified for Ts=5us (Fig. 38). But, this sam-
pling period can’t be used for real-time implementation,
because it is too small.

In same time, the dSPACE 1103 prototyping board,
used for the code generation operates by first order inte-
gration method, as the used processor too. Consequently,
the research activity will continue with the development,
implementation and testing of a calculation sequence that
details the 2nd order integration. Only then, will tests be
carried out on the physical model.

VI.  CONCLUSIONS

Following the analysis of the energetic and dynamic
performance of the traction system with rotor flux-
oriented control in the acceleration, steady state and brak-
ing regimes, few aspects can be highlighted.

The evolution of all quantities, excepting d-axis stator
current, respects the physical phenomenon and the operat-
ing equations of the motor.

The current absorbed by the motor is higher than the
nominal value, by about 3% at the low prescribed speed
and by about 10% at the highest prescribed speed.

The power factor is significantly lower than in sinusoi-
dal supply conditions and increases with speed. The effi-
ciency has very good values (86.73 % to 97.3 %). THDI
has a low value (7%) at low speed and increases at high
speed (17.23%).

The maximum average switching frequency is below
the maximum allowed value of 1100 Hz.

When passing over the rail joints, the torque accurately
follows the variations of the resistant torque, so the speed
variations are very small. In conclusion, the rotor flux-
oriented control leads to good performance when applied
to the traction induction motor.
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Abstract - A rotor field quasi-oriented control algorithm for
drive systems equipped with a low cost DSP system has been
implemented and experimentally validated in this paper.
The system is designed for induction motor traction systems.
The control algorithm implementation was done for a
dSPACE DS1103 prototyping board in the Matlab Simulink
environment. The control algorithm principle is based on
the assumption that the current system is oriented by the
rotor flux and the real flux follows the imposed value.
Therefore, the rotor flux estimation is no longer necessary
as well as the flux control loop. This makes the control algo-
rithm suitable for low cost industrial DSP applications. The
drawback is given by the fact that the current projections on
the dqg axes cannot be regulated, the current control being
done by means of the current phasor magnitude. The con-
trol system implementation was validated with good results,
in terms of current and speed regulation especially at varia-
ble mechanical load (such as track joints or switches), mak-
ing this method suitable not only for low cost traction sys-
tems, but especially for railway vehicles.

Cuvinte cheie: control cu orientare dupd camp, motor de
inductie, sistem de tractiune.

Keywords: field oriented control, induction motor, traction
system.

I. INTRODUCTION

The induction motor is the standard motor used in gen-
eral modern electric drive systems [1]. The same is valid
for electric traction systems used in modern electric vehi-
cles and especially in high power railway systems [2]. As
catenary fed vehicles are not power limited by the battery,
the traction system power can be very large. For these
traction systems the field oriented control is an advanta-
geous choice as it offers high torque at low speed and high
dynamic performance [3]. A particularity of traction sys-
tems is the use of the traction motor above the rated speed.
In this regime, the field oriented control gives good per-
formance, given the fact that it implies higher frequency
of the motor currents [1]. This is important because high
power drive systems imply relatively low switching fre-
quency (which affects the performance of the control sys-
tem). At the same time, the motor current relatively high
frequency needs a fast and high computing power DSP to
execute the control algorithm in real time. Because the
rotor field oriented control requires high computation
power, unavailable for standard industrial DSPs, the aim

10

of this paper is the implementation of a simplified, quasi-
oriented rotor field control algorithm on a dSPACE
DS1103 prototyping board. The experimental validation
of the implemented control algorithm was done on an ex-
perimental railway traction stand.

II. ROTOR FIELD QUASI-ORIENTED CONTROL ALGORITHM

For the rotor field oriented control the motor currents
are expressed in the dq referential which rotates with the
rotor flux [1-8]. To avoid the estimation of the flux, as-
suming that the current phasor is oriented and the real
rotor flux correctly follows the imposed flux, the real time
determination of the flux phasor can be avoided. There-
fore, the flux control loop, which gives the magnetizing
current on the d axis of the referential, can be also avoid-
ed. This can lead to an important simplification of the con-
trol algorithm, effective for drive systems that use less
powerful DSPs [9].

The control algorithm for traction systems with simpli-

fied rotor field orientation (quasi-orientation) is synthe-
tized in [9], where [8]:

- Ro - speed controller;

- | Tl - current magnitude computation block;

- R - current controller;

- VSI - voltage source inverter;

- &= - three phase sinusoidal control signal
generator;

- B - slip frequency computation block.

The algorithm inputs are the imposed rotor flux and the
imposed speed. For the given flux value, assuming as stat-
ed that the system is oriented, the value of the imposed
magnetizing current is obtained [8][9]:

: a¥.,
lg=——"| VY +T.-—7 |, )
- dt
where [8]:
- T, - rotor circuit time constant:
=l _lntle 2)
R, R,
- Ly - magnetizing inductance;
- Lo - rotor leakage inductance;
- R - rotor resistance.
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Fig. 1. Rotor field quasi-oriented control algorithm.

The imposed active current is obtained at the output of
a proportional integrative speed controller [9].

The two currents are further used to compute the im-
posed motor current phasor magnitude (Fig. 1) used for
the current control loop (which also uses a proportional
integrative controller) [9]:

* .2 .2
1, =iz +1ig, 3)
The feedback information is the real motor current
phasor magnitude, computed from the measured three-
phase currents [9]:

.2 .2
I, =.i, +iy 4)
where, i« and i, are the stator current phasor projections

on the stationary reference frame [1], [6].

The output of the current magnitude controller is the
amplitude modulation index (“ami” in Fig. 1) of the three
phase sinusoidal control signals generated and applied to
the PWM modulator. The frequency of these signals is
obtained by summing to the motor shaft frequency, the
imposed slip frequency [8]:

. L,
=7 +—
f2 =g 2.7, T

Iz

)

III. DS1103 IMPLEMENTATION OF ROTOR FIELD QUASI-
ORIENTED CONTROL ALGORITHM

The rotor field quasi oriented control algorithm was
implemented for the experimental traction system in the
Matlab Simulink environment. This was possible because
the control subsystem of the traction system is made en-
tirely by the dSpace DS1103 prototyping board, which can
be programmed using this graphical programming envi-
ronment. Of course, the experimental stand includes addi-
tional electronic circuits, but used only for auxiliary pur-
poses (such as initialization, overcurrent/overvoltage pro-
tection, gate drivers, etc.), the control algorithm being
completely implemented by the prototyping board.

Because the experimental stand is used to test a com-
plete traction system it also includes the single phase recti-
fied which feeds the traction inverter. It must be men-
tioned that the rectifier (which is a PWM boost rectifier) is
not controlled by the prototyping board, but by a dedicat-
ed DSP (as it does not make the object of this study).

As illustrated in the prototyping board control model
(Fig. 2), the control algorithm (Fig. 3) is grouped into a
subsystem, for better clarity.

The link between the power system and the control al-
gorithm (model) is done by the power section transducers
(voltage, current and speed) and the DS1103 acquisition
system. Each analog to digital converter (connected to a
transducer) have a corresponding Simulink block (from
the Real Time Interface library) which outputs a Simulink
signal, further de-normalized (with the appropriate Gain
blocks). Some of the converted signals are not needed for
the control algorithm, but only for system monitoring pur-
poses.

The speed transducer which was used is an incremental
encoder therefore it was connected to the DS1103 incre-
mental encoder specialized input. This gives at the output
port of DS1103ENC_POS_C1 the number of increments
further used to obtain the speed. Because of the relatively
low number of pulses, the sliding window averaging tech-
nique was used to smooth the speed.

The output of the control algorithm (the IGBT gating
signals) are obtained by applying the three phase generat-
ed control signals to the DS1103 hardware PWM modula-
tor (by means of the DS1103SL_DSP_PWM3 block).

The actual control algorithm is illustrated in Fig. 3. Itis
also grouped in several subsystems for better understand-
ing of the model, given the algorithm typical sections:

- The motor current magnitude — computed from
the acquired three phase motor currents (in the of3
referential);

- The d axis (magnetizing) current obtained as a
function of the imposed motor flux (for the as-
sumption that the system is oriented);
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- the slipping frequency, from the motor speed and -

motor equations;

- The imposed active stator current in the dq refer-

ential (isq)-

The active current, igq, is imposed in two manners:

100z

100z1

Fig. 2. The DS1103 Simulink control model.
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- Automated mode — the active current is imposed
at the output of the speed controller.
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Fig. 3. The rotor field quasi-oriented control algorithm.
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