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Abstract - Characterized by very good performance in both 
steady-state and dynamic regimes and also by a relatively 
simple control structure, the induction motor control with 
rotor flux orientation is frequently adopted in electric drive 
systems, especially in electric traction applications. This 
paper analyses the possibilities of rotor flux estimation in a 
real Romanian electric traction system of locomotives. 
Thus, to estimate the magnitude of rotor flux and the angu-
lar position of the rotor flux vector, two possibilities are 
identified and discussed. First, the use of the sensed speed 
and stator currents is taken into consideration, and then the 
use of the measured supply voltages and the stator currents 
is the second alternative. Dedicated algorithms were de-
signed for their related control. Both variants are analyzed 
through the results of the simulations obtained based on the 
specific models created in the Matlab/Simulink software. 
Four values of the imposed speed are taken into account in 
the performed analysis. It is highlighted that, in real condi-
tions where the drive system is provided with speed sensor 
and there is no sine filter for the distorted motor supply 
voltage, the best option to estimate the rotor flux is to use 
the measured speed and the stator currents. 

Cuvinte cheie: motor asincon, control cu orientare după fluxul 
rotoric, estimarea fluxului rotoric, tracțiunea electrică a loco-
motivelor, controlul vitezei. 

Keywords: induction motor, rotor flux-oriented control, rotor 
flux estimation, locomotives electric traction, speed control. 

I. INTRODUCTION 
The field-oriented control method is one of the most 

used in the control of induction motors, ever since its pro-
posal in the 1970s [1]. In short, to have good dynamic 
torque control as in the case of the direct current machine, 
the field-oriented control refers to the decoupling the 
torque and flux of the induction motor in a rotating refer-
ence frame. Clearly, the field-oriented control has much 
better performance compared to the classic V/f control [2]. 
The most common implementations consider the orienta-
tion according to the rotor flux. Using the components of 
the stator current in the rotating coordinates system (d, q) 
aligned with the rotor flux, the flux control is achieved by 
the d-axis current, whereas the torque control is achieved 
by the q-axis current. This control method is used in many 
applications, such as electric vehicles or traction applica-
tions [3]–[8]. 

To avoid using rotor flux sensors in the control scheme, 
the indirect control of the rotor flux is most often adopted, 
which involves the calculation of flux magnitude and its 

position starting from the operating equations of the in-
duction motor, through model-based estimators [9]–[12]. 

There are many flux estimation approaches in the litera-
ture, some of which are based on the stator model, while 
others on the rotor model. For example, the Gopinath ob-
server consists of two open-loop estimators, based on the 
stator or rotor models, depending on the speed range [13], 
[14]. An existing alternative in the literature is the use of 
non-linear observers, especially based on the sliding-mode 
theory [13], [15], [16]. One of the concerns is increasing 
the level of robustness in relation to disturbances and vari-
ation of the induction motor parameters. 

In order to increase the performance of the control sys-
tem, one of the researchers' concerns is taking into consid-
eration phenomena such as the magnetic saturation, the 
dependence of motor parameters on temperature and the 
iron losses [14], [18], [19]. As an adaption method for the 
estimation of the rotor time constant, the online tuning of 
this constant is proposed in [18], by using the voltage 
model of the induction motor, which does not depend on 
rotor time constant, as the rotor flux reference model. In 
[19], based on the steady state model of the electrical 
drive, it is proposed to eliminate the rotor time constant 
from the control algorithm.  

It must be clearly taken into account that the choice of 
the suitable method for estimating the rotor flux depends 
on the concrete application of the vector control. Specifi-
cally, the requirements regarding the required perfor-
mance and the existing hardware resources lead to the 
choice of the appropriate method. 

This paper analyses the possible options for estimating 
the rotor flux in the case of the electric locomotive traction 
system with induction motor and rotor flux-oriented con-
trol, equipped with speed sensor and without sine wave 
output filter at the inverter output.  

This real system belongs to a Romanian company deal-
ing with the modernization of locomotives. 

The paper is organized as follows. Section II presents 
the possibilities of estimating the rotor flux in the physical 
system taken into consideration. Then, the performance of 
the rotor flux estimation approaches is analyzed based on 
modeling and simulation in the Matlab/Simulink envi-
ronment for different imposed motor speeds. Finally, Sec-
tion IV concludes this paper. 

II. POSSIBILITIES OF ESTIMATING THE ROTOR FLUX

To estimate the rotor flux in the real traction system 
taken into consideration, two possibilities were identified. 
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A. Estimation of the Rotor Flux Based on Speed and 
Stator Currents 

When the rotor flux is estimated based on speed and 
stator currents, the block diagram in Fig. 1 highlights the 
speed control path followed by the active current (isq) con-
trol path. There is also the rotor flux control path followed 
by the reactive current (isd) control path. Each control path 
contains a controller of proportional–integral (PI) type, 
witch provide the prescribed values of the active current 
and reactive current respectively. 

The gating signals for the power semiconductor devices 
are provided by a three-phase hysteresis band current con-
troller designed to have a limited switching frequency [4].  

Because three coordinate systems are used (three-phase 
(a, b, c), orthogonal stationary (α, β) and orthogonal rotat-
ing (d, q)), the transformation of quantities from one ref-
erence frame to another is performed through blocks BT1, 
BT2 and BT3, that materialize specific transformation 
expressions [8], [20]. 

The calculation of the rotor flux magnitude  and its 
angular position (λ) is done in the block Cψ, which has as 
inputs the components isα and isβ of the stator current vec-
tor and the sensed rotor speed (ω), as shown in Fig. 2. The 
following equations are involved [4], [8]: 

; (1) 

. (2) 

. (3) 

; . (4) 

In the above equations, (Ψrα Ψrβ) are the components of 
the rotor flux vector in (α, β) reference frame; Lm is the 
magnetization inductance; Rr and Lr are the total phase 
rotor resistance and inductance referred to the stator; ω is 
the rotor speed; p is the number of pole pairs; λ is the po-
sition angle of the rotor flux vector with respect to the α-
axis. 

As illustrated in Fig. 2, the magnetization inductance is 
estimated based on magnetization characteristic. Also, the 
dependence of the rotor resistance as a function of tem-
perature is considered. For this, it is approximated that the 
temperature of the rotor is equal to that of the stator, 
which is measured by a temperature sensor. 

Fig. 1. Control block diagram of the induction motor, when the estima-
tion of rotor flux is based on speed and stator currents. 

Fig. 2. The calculation of the rotor flux magnitude and its angular posi-
tion based on speed and stator currents. 

B. Estimation of the Rotor Flux Based on Voltages and 
Stator Currents 

The associated control block diagram of the induction 
motor when the estimation of rotor flux is based on volt-
ages and stator currents is shown in Fig. 3 and the specific 
structure of rotor flux calculation in Fig. 4 illustrates the 
following calculation expressions [8]: 

; (5) 

; (6) 

Fig. 3. Control block diagram of the induction motor, when the estima-
tion of rotor flux is based on voltages and stator currents. 

Fig. 4. The calculation of the rotor flux magnitude and its angular posi-
tion based on voltages and stator currents. 
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; (7) 

. (8) 

III. PERFORMANCE OF THE ROTOR FLUX ESTIMATION 
APPROACHES 

In order to analyze the performance in the rotor flux-
oriented control system applied in the field of electric trac-
tion of locomotives for the two flux estimation approach-
es, specific Simulink models were conceived and the sim-
ulation of the system operation at four imposed speeds 
was carried out. The main parameters of the real induction 
motor used in Romanian locomotives are summarized in 
Table I. It is noticed that the load torque taken into con-
sideration has three components: a constant component; a 
component dependent on the speed; other component de-
pendent on the square of the speed.  

A. Case of Rotor Flux Estimation on the Basis of Speed 
and Stator Currents 

1) Prescribed speed is 0.2ωN

In the case of low speed ramp prescription (0.2ωN), the 
response of the control system (Fig. 5) shows a very a 
very faithful tracking of the prescribed speed by the actual 
speed. The steady state error is very low (about 0.4%). 

The time evolutions of the load and motor torques (Fig. 
6) illustrate that, after the end of the transient regime, the
motor torque is practically equal to the load torque. Fig. 7 
highlights the evolution of the estimated rotor flux and its 
prescribed value. It can be seen that, in steady state re-
gime, the two values of the flux are practical the same 
(about 2.488 Wb). The operation of the system with rotor 
flux orientation is confirmed by the zero value of the q-
axis component of the rotor flux. 

Also, as shown in Fig. 8, the sinusoidal waveforms of 
the rotor flux components in the stationary reference 
frame axes (α and β) confirm the correct operation of the 
system. The stator current components in the rotating ref-
erence frame (d, q) are very close to the prescribed values 
during the whole operation (Fig. 9). 

TABLE I.  
MAIN PARAMETERS OF THE INDUCTION MOTOR USED IN ROMANIAN 

LOCOMOTIVES 
UN (V) PN (kW) f1N (Hz) p IN (A) nN (rpm) TN (N·m) 
1400 1150 62.5 3 576 1237 8877 

R1 (Ω) Lσ1 (mH) R2 (Ω) Lσ2 (mH) Rm (Ω) LmN (mH) 
0.021 0.288 0.012 0.275 89.38 9.46 

Fig. 5. Real speed (in blue) and prescribed speed (in red) in case of rotor 
flux estimation based on speed and stator currents, when 0.2ωN is pre-

scribed. 

Fig. 6. Load torque (in red) and motor torque (in black) in case of rotor 
flux estimation based on speed and stator currents, when 0.2ωN is pre-

scribed. 

Fig. 7. Real rotor flux (in blue), prescribed rotor flux (in red) and q-axis 
component of the flux component (in green) in case of rotor flux estima-

tion based on speed and stator currents, when 0.2ωN is prescribed. 

Fig. 8. α-axis component (in blue) and β-axis component of the rotor 
flux (in black) in case of rotor flux estimation based on speed and stator 

currents, when 0.2ωN is prescribed. 

Fig. 9. Real i sd (in blue); prescribed i sd (in red); real i sq (in green); pre-
scribed i sq (in black) in case of rotor flux estimation based on speed and 

stator currents, when 0.2ωN is prescribed. 

Fig. 10. Stator phase current (in blue) and its prescribed value (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

0.2ωN is prescribed. 
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Although it follows the sinusoidal evolution of the 
prescribed current, the stator current has a high degree of 
harmonic distortion at this low speed (Fig. 10). 

2) Prescribed speed is 0.6ωN

The second value of the prescribed speed taken into 
consideration is 740 rpm (about 0.6ωN). First, the very 
good behavior of following the prescribed speed is high-
lighted (Fig. 11). The steady state error is below 0.14 %. 
The existence of a dynamic torque throughout the acceler-
ation period followed by reaching the load torque are il-
lustrated in Fig. 12. The prescribed rotor flux is also very 
well followed by the real one (Fig. 13). The components 
(prescribed and real) of the stator current in the rotating 
reference frame (d, q) are illustrated in Fig. 14. They are 
very close in values. As shown in Fig. 15, the phase stator 
current still has a high level of distortion, but lower than at 
the speed of 0.2ωN.  

Fig. 11. Real speed (in blue) and prescribed speed (in red) in case of 
rotor flux estimation based on speed and stator currents, when 0.6ωN is 

prescribed. 

Fig. 12. Load torque (in red) and motor torque (in black) in case of rotor 
flux estimation based on speed and stator currents, when 0.6ωN is pre-

scribed. 

Fig. 13. Real rotor flux (in blue) and prescribed rotor flux (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

0.6ωN is prescribed. 

Fig. 14. Real i sd (in blue); prescribed isd (in red); real i sq (in green); 
prescribed i sq (in black) in case of rotor flux estimation based on speed 

and stator currents, when 0.6ωN is prescribed. 

Fig. 15. Stator phase current (in blue) and its prescribed value (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

0.6ωN is prescribed. 

3) Prescribed speed is ωN

When the nominal value of the speed (1237 rpm) is pre-
scribed, it is also accurately followed (Fig. 16). The load 
and motor torques are practically equal in steady state 
operation, as shown in Fig. 17. It can be seen that the im-
posed rotor flux is very well followed (Fig. 18).  

Fig. 16. Real speed (in blue) and prescribed speed (in red) in case of 
rotor flux estimation based on speed and stator currents, when ωN is 

prescribed. 

Fig. 17. Load torque (in red) and motor torque (in black) in case of rotor 
flux estimation based on speed and stator currents, when ωN is pre-

scribed. 

Fig. 18. Real rotor flux (in blue), prescribed rotor flux (in red) and q-
axis component of the flux component (in green) in case of rotor flux 
estimation based on speed and stator currents, when ωN is prescribed. 

Fig. 19. Real i sd (in blue); prescribed isd (in red); real i sq (in green); 
prescribed i sq (in black) in case of rotor flux estimation based on speed 

and stator currents, when ωN is prescribed. 
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Fig. 19 shows the (d, q) stator current components and 
their prescribed values, which are very close to each other. 
As illustrated in Fig. 20, the magnetization inductance 
depends on the magnetization current. The stator current is 
closer to the prescribed value than at lower prescribed 
speeds (Fig. 21), with a lower total harmonic distortion 
factor (about 17%). 

4) Prescribed speed is 1.6ωN

The last value of the prescribed speed taken into con-
sideration in the analysis is 1983 rpm (about 1.6ωN). In 
this situation as well, the prescribed ramp speed is fol-
lowed faithfully (Fig. 22). The equality between the 
torque developed by the induction motor and the load 
torque in steady state regime is very well illustrated in Fig. 
23. At this high value of the prescribed speed, the pre-
scribed rotor flux no longer has a constant value through-
out the range of speed variation. It is 2.488 Wb when the 
speed is bellow the nominal value and then, it is reduced 
up to the value of 1.55 Wb, which is inversely proportion-
al to the speed (Fig. 24). It can be seen that the real rotor 
flux accurately follows the prescribed value. The magneti-
zation inductance evolution is shown in Fig. 25.  The pre-
scribed components of the stator current in the (d, q) ref-
erence frame are illustrated in Fig. 26 along with their real 
values, making evident very close values. From Fig. 27, it 
can be seen that the phase current is slightly more distort-
ed than in the case of prescribing the nominal speed. 

Fig. 20. Magnetization inductance in accordance with the magnetization 
current in case of rotor flux estimation based on speed and stator cur-

rents, when ωN is prescribed. 

Fig. 21. Stator phase current (in blue) and its prescribed value (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

ωN is prescribed. 

Fig. 22. Real speed (in blue) and prescribed speed (in red) in case of 
rotor flux estimation based on speed and stator currents, when 1.6ωN is 

prescribed. 

Fig. 23. Load torque (in red) and motor torque (in black) in case of rotor 
flux estimation based on speed and stator currents, when 1.6ωN is pre-

scribed. 

Fig. 24. Real rotor flux (in blue) and prescribed rotor flux (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

1.6ωN is prescribed. 

Fig. 25. The magnetization inductance evolution in case of rotor flux 
estimation based on speed and stator currents, when 1.6ωN is pre-

scribed. 

Fig. 26. Real i sd (in blue); prescribed isd (in red); real i sq (in green); 
prescribed i sq (in black) in case of rotor flux estimation based on speed 

and stator currents, when 1.6ωN is prescribed. 

Fig. 27. Stator phase current (in blue) and its prescribed value (in red) in 
case of rotor flux estimation based on speed and stator currents, when 

1.6ωN is prescribed. 
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B. Case of Rotor Flux Estimation on the Basis of 
Voltages and Stator Currents 

As stated previously, other possibility for estimation the 
rotor flux consists in using the measured voltages instead 
the measured speed.  

It should be mentioned that this version faces difficul-
ties in implementation because the voltage supplied by the 
inverter is much distorted and its precise measurement is 
not simple. Moreover, there is no voltage sensor in the 
physical system on which the proposed control will be 
implemented. 

However, by simulation, for all the prescribed speeds 
taken into consideration, it is shown that the estimated 
rotor flux is very close to the one obtained in the case of 
rotor flux estimation on the basis of measured speed and 
stator currents. Fig. 28, Fig. 29, Fig. 30 and Fig. 31 illus-
trate the estimated rotor flux for the four prescribed speeds 
(0.2ωN, 0.6ωN, ωN and 1.6ωN) compared with those esti-
mated through the other method. 

Fig. 28. Prescribed rotor flux in case of rotor flux estimation based on 
speed and stator currents (in blue) and in case of rotor flux estimation 

based on voltages and stator currents (in red), when 0.2ωN is prescribed. 

 Fig. 29. Prescribed rotor flux in case of rotor flux estimation based on 
speed and stator currents (in blue) and in case of rotor flux estimation 

based on voltages and stator currents (in red), when 0.6ωN is pre-
scribed. 

Fig. 30. Prescribed rotor flux in case of rotor flux estimation based on 
speed and stator currents (in blue) and in case of rotor flux estimation 
based on voltages and stator currents (in red), when ωN is prescribed. 

Fig. 31. Prescribed rotor flux in case of rotor flux estimation based on 
speed and stator currents (in blue) and in case of rotor flux estimation 

based on voltages and stator currents (in red), when 1.6ωN is prescribed. 

If the values of the prescribed rotor flux calculated by 
the two methods are compared, it can be seen that, alt-
hough they are very close, there are small oscillations of 
the prescribed flux in the case of rotor flux estimation 
based on voltages and stator currents, especially at low 
speeds (Fig. 28, Fig. 29, Fig. 30 and Fig. 31). 

A possible alternative to measuring the distorted volt-
age could be its generation based on the inverter’s IGBTs 
control signals.  

When the waveforms of the measured and generated 
phase voltage are analyzed (Fig. 32), they appear to be 
identical at first glance.  

Nevertheless, when the difference between the two-
phase voltages is calculated, its time evolution (Fig. 33) 
shows that the phase voltage generated from IGBTs con-
trol signals is not very accurate. 

As a natural consequence, the rotor flux estimated by 
using the calculated phase voltages from the control sig-
nals of the IGBTs is not acceptable, because it has large 
and unacceptable pulsations (Fig. 34). 

Fig. 32. Measured phase voltage (in red) and calculated phase voltage 
based on the control signals of the IGBTs (in black) when the prescribed 

speed is 1.6ωN. 

Fig. 33. Difference between the measured phase voltage and calculated 
phase voltage based on the e IGBTs’ control signals when the pre-

scribed speed is 1.6ωN. 
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Fig. 34. Rotor flux (in blue) and its prescribed value (in red), when the 
rotor flux is estimated on the basis of the calculated phase voltage from 

the IGBTs’ control signals and the prescribed speed is 1.6ωN. 

IV. CONCLUSIONS

From the analysis of the possibilities of estimating the 
rotor flux, it results that that use of the measured speed 
and stator currents leads to the best results, i.e. very good 
performance of the control system.  

As a conclusion, it is the chosen method for rotor flux 
estimation, especially in the case of the induction motor 
used in the locomotive traction system on which vector 
control will be implemented. 

The estimation of the rotor flux by using the IGBTs 
control signals is not a viable solution.  

It is intended to implement the rotor flux-oriented con-
trol with rotor flux estimation based on the measured 
speed and stator currents for a railway traction motor in a 
Romanian company dealing with the modernization of 
locomotives. 
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