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ABSTRACT 
In this paper two different observed-based flux estimation 
models to be used in the DFO control of induction 
machines are presented. The main idea relies on the use of 
estimation rather than direct measurement of the air gap 
flux, avoiding the inconveniences associated to the need 
of intrusive sensors. It is provided a performance analysis 
and comparison of both flux observers when applied to 
the speed tracking problem of a piecewise loaded 
induction motor drive in a wide speed operation range, 
perusing their behaviour in order to profit the advantages 
of each one  in a combined way. 
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1.  Introduction 
As it is well known, field oriented or vector control is 
used to deal with the torque and flux coupling effect 
inherent to ac drives that can not be avoided using other 
kind of scalar controls, providing a dc-machine-like and 
fast transient response (see for instance [1], [2] and [3]). 
In this sense, field oriented control has been established as 
the industrial standard high performance control method 
for induction machine drives (IMD). 
There are two general techniques of vector control; 
Indirect Field Orientation (IFO) consist of a feedforward 
scheme that makes the process highly sensitive to 
parameter uncertainties and load disturbances (see [4], 
[1]), specially in large and high-efficiency machines 
operating in field weakening conditions (see [5]). So, it is 
usual to utilize this method jointly with a parameter 
adaptation scheme (see [6], [7] and [8]). And Direct Field 
Orientation (DFO), which is based on the direct 
measurement or estimation of either the rotor or stator 
flux (see [9] and [1]). Nevertheless, rotor flux provides a 

natural decoupling if using a convenient orientation, an it 
is so, more interesting.  The direct measurement of the air 
gap flux presents the inconveniences of the lack of 
mechanical robustness and behaviour associated to the 
need of intrusive sensors. On the other hand, flux angle 
measurement using phase voltage saturation-induced third 
harmonic methods introduces complexity and does not 
eliminates the use of sensors to quantify the rotor flux 
magnitude (see [10] and [1 1]). Therefore, the use of 
estimation rather than measurement of the rotor flux for 
direct field orientation stands as one of the most 
interesting techniques for the vector control of induction 
machine drives. 
In particular, this paper presents two different observed-
based flux estimation models to be implemented in a DFO 
control scheme, providing a performance analysis and 
comparison when applied to the speed tracking problem 
of a piecewise loaded induction motor drive. 
The paper is organized as follows. Section 2 provides 
some background on Vector Control focusing on  
observed-based DFO Control. In Sections 3 and 4, the 
proposed current-based and voltage-based flux observers 
are developed, respectively. Section 5 presents two 
different simulation examples and finally, concluding 
remarks are stated in Section 6. 
 
 
2.  Background on DFO Control 
DFO control is a feedback method consisting of obtaining 
the principal command vector control parameters *e

dsi  and 
*e

qsi , that is, the stator current torque and flux components 
referred to a rotating reference frame, from estimates of 
the rotor flux. This rotating reference frame moves 
synchronously with the rotor, allowing the manipulation 
of the flux and torque separately and in a decoupled 
manner. To do so, two reference frame transformations 
are needed; The first one to transform the three-phase 



reference frame variables (a-b-c) into a two-phase 
stationary reference frame variables (ds-qs) And the 
second one to transform these to the synchronously 
rotating reference frame(de-qe) as explained below. 
 
2.1. Background on Field Orientation of IMD 
The mechanical equation of an induction motor drive can 
be written as: 

eLmm TTBJ =+ω+ω&    (1) 
where J and B are the inertia constant and the viscous 
friction coefficient of the induction motor respectively; Tm 
is the external load, ωm is the rotor mechanical speed in 
terms of angular frequency, which is related to the rotor 
electrical speed by the expression ωm=2ωr/p, where p is 
the number of poles, and Te denotes the torque generated 
by the induction motor defined as (see [1]): 
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where e
drψ  and e

qrψ  are the rotor flux linkages, with the 
superscript ‘e’ denoting that the parameter is referred to 
the synchronously rotating reference frame; e

dsi  and e
qsi  

are the stator current torque and flux components, rL is 
the rotor inductance, mL  is the magnetizing inductance 
and p represents the pole numbers as above. The relation 
between this synchronous rotating reference frame (de-qe) 
and the three-phase (a-b-c) stationary reference frame is 
given by the so-called reverse Park’s transformation (see 
[12]): 
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where θe is the angle position between the d-axis of the 
synchronously rotating reference frame and the a-axis of 
the stationary reference frame, assuming that the 
quantities are balanced. And so that eθ̂  represents the 
estimated angular position of the rotor flux vector ( rψ ) 
related to the a-axis of the three-phase reference frame. At 
this point, note that the stationary reference frame axis 
(ds-qs) may be considered as a particular case of frame 
(de-qe) where the above angular position becomes zero. 
Therefore, the mentioned relation (3) is also valid for the 
(ds-qs)→(a-b-c) axis transformation. 
Then, using the field orientation control principle (see, for 
instance [1], [2] and [3]), the current component e

dsi  may 
be aligned in the direction of the rotor flux vector rψ , and 

the current component e
qsi  may be aligned in the direction 

perpendicular to it. Under this conditions, it is satisfied 
that:  

,0e
qr =ψ   r

e
dr ψψ =   (4) 

Taking in account these expressions resulting from the 
above convenient field orientation, the equation of an 
induction motor (2) may be simplified to: 
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where KT represents the torque constant, and may be 
defined as: 
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where e*
drψ denotes the command rotor flux. 

Also, using the above mentioned field orientation, the 
dynamics of the rotor flux comes given by (see [1]): 
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with 
r

r
r R

L
T =  being the rotor time constant. 

And then, the mechanical equation (1) may be rewritten 
as: 
  e

dsmm bifaωω =++&    (8) 
being:  J/Ba = ;   J/Kb T=  and   J/Tf L= . 
 
2.2. Implementation of observed-based DFO Control 
Taking into account the above results, the DFO Control 
scheme can be implemented as indicated in Fig. 1 (see [3] 
and [13]), where the induction motor is commanded by a 
current-controlled PWM inverter. The functions of the 
blocks that appear in this figure are the following: 
The block ‘Speed Tracking Controller’ represents the 
chosen controller to be used to follow the desired angular 
speed reference *

rω  with the help of the mechanical 

model presented in Section 2.1. The blocks ‘ *e
qsi  

Calculation’ and ‘ *e
dsi  Calculation’ implement the 

necessary calculations to obtain the corresponding flux 
and torque current component commands using the rotor 
flux ( rψ ) value and the unit vector (cos eθ and sin eθ ) 
provided by the inner blocks (see Section 3). The blocks 
‘dq*/abc’ and ‘abc/dq*’ perform the conversion between 
the synchronously rotating and the stationary reference 
frames given by Eq. (3). The block ‘Current Controller’ 
consists of tree hysteresis-band current PWM control, 
which is basically and instantaneous feedback current 
control of PWM where the actual current ( abci ) 

continually tracks the command current ( *
abci ) within a 

hysteresis band. The block ‘Current Regulated PWM 
Inverter’ is a six IGBT-diode bridge inverter with a DC 
voltage source. The current regulator determines the 
command signal in the form of digital pulses for the 
IGBT-diode of the inverter to turn on, so that the current 
injected in the motor phase depends on the firing angle of 
this signal. Note that, since the current in an inductive 
load (the windings of the motor) is proportional to the 
integral of the voltage applied on it, the current regulator 
actually controls the time that the DC voltage is applied to 
the motor phases, and hence, it controls its current.  
Finally, the block ‘Flux Observer’ implements the 
different models for rotor flux estimation that will be 



developed in the following sections. These observers will 
be based on the so-called Voltage or Current Models (see 
[14] and [15]), so that not all of the inputs of the flux 

observer block represented in the general control scheme 
of Fig. 1 will be considered for each one.  

 
 

Fig. 1. Block diagram of the proposed DFO control scheme 
 
 

 
3.  Voltage-based Flux Observer Model 
In general, the word observer refers to estimators that 
employ integration process models, and implies 
essentially a real-time simulation of the physical process 
at hand, i.e., the induction machine in this work. As 
indicated, when dealing with DFO Control, the objective 
is to estimate the rotor flux components. And depending 
on the system variables utilized for this purpose the 
structure of the observer varies. In this way, the input 
variables sensed in the case of the voltage-based flux 
observer model are the machine terminal voltages and 
currents.  
Let us consider the stationary reference frame (ds-qs). It is 
always possible to choose qs-axis with the same 
orientation that the a-axis of the three-phase reference 
frame, in such way that the correspondent angle 0θ = , 
and so, applying (3) the following expressions are 
obtained: 
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where s
ds

s
qs i,i , s

ds
s
ds v,v are the flux and torque components 

of the currents and voltages referred to the above 
mentioned stationary reference frame and expressed in 
terms of the sensed three-phase currents and voltages. 
On the other hand, considering the dynamical model of 
the induction machine (see [1] and [2]) one has that the 
stator flux components referred to the stationary reference 
frame are given by: 
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where sR is the stator resistance. 
Besides, the air gap flux linkage is defined as: 
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where lsL represents the stator leakage inductance, and 
the rotor flux may be expressed as: 
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Finally, eliminating s
dri and s

dri  in the above equations 

using Eqs. (13-14), and substituting s
dmψ  and s

qmψ  in the 
resulting expressions, it is obtained that: 
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with sL being the stator inductance, 
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2
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where s
dsi , s

qsi  are available from (9) and s
drψ , s

qrψ  are 
available by means of (11-12) and then from (10). 
 
 
4.  Current-based Flux Observer Model 
In this case, the input variables to be sensed are the 
currents and the rotor speed. In the same way that above, 
the stator flux components of the induction machine 
dynamical model, referred to the stationary reference 
frame may be expressed in terms of those variables: 
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Then, operating with Eqs. (15-16) it is obtained that: 
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where rω is directly available and where s
dsi , s

qsi  are 
available from (9). 
 
 
5.  Simulation Results 
In this section, the two above model-based flux observers 
are compared when implemented within the DFO control 
scheme proposed in Fig. 1. The induction machine drive 
used for both case studies is a 50HP, 460Volt, four pole, 
60Hz motor with the following parameter specifications:  

rR =0.228Ω, sR =0.087Ω, rL =35.5mH, sL =35.5mH and 

mL =34.7mH. Besides, the system has the following 
mechanical parameters: J=1.662kg⋅m2and B=0.1N⋅m⋅s. In 
addition, the following values have been chosen for the 
speed tracking controller: Kp=50, Ki=100. 
In order to analyze the simulation results, it is convenient  
to take into account previously some considerations about 
the performance of both models: In the case of the 
current-based flux observer, it may be observed that the 
influence of parameter estimate errors on the accuracy of 
the estimated flux is evident from Eqs. (21-22). This 
accuracy depends on the magnetizing inductance mL  and 
mainly on the rotor resistance term rR  of the rotor time 
constant (see (7)), which may present a considerable 
temperature dependence. Although a through parameter 
sensitivity analysis is beyond the scope of this paper, 
proofs over the estimated rotor flux show that it is relative 
unaffected by the rotor inductance.  
In contrast with the current-based flux observer, the 
accuracy of the voltage-based flux observer is not 
dependent at all on the rotor resistance, but it is very 
sensitive to the estimates of the inductances rL , sL , mL  
(see (17-18)) and primarily, to the stator resistance sR  by 
means of (11-12) which, as in the case of the rotor 
resistance, depends the temperature. This sensitivity to the 
stator resistance is particularly noticeable at low 
frequency because of the low values of the voltage signals 

s
dsv  and s

qsv . Besides, the dc offset affects negatively the 
integration process. However, at higher speed, voltage 
signal terms become more dominant and the control 
sensitivity to parametrical errors or parameter variation 
can be overcome.  

In this example, it is desired the rotor speed to follow a 
low speed command that accelerates until 12 rad/s. The 
system starts with an initial load torque TL=50N⋅m, and at 
time t=2s the load torque steps from this value to 
TL=100N⋅m. 
Figure 2 shows the command rotor speed (dashed line) 
and the real rotor speed for the case of the current-based 
flux observer. As it may be observed, the rotor speed 
presents a good performance and tracks the desired speed. 
Moreover, the speed tracking is slightly affected when the 
load torque is doubled at time t=2s. 
Same results are shown in Fig. 3 for the voltage-based 
flux observer.  In this case, it may be observed how the 
speed tracking, as well as the motor torque shown in 
Figure 7, being also accurate,  are quite more erratic due 
to above mentioned low speed problems. These low speed 
problems compose the main limitation of this model.  
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Fig. 2. Reference and real rotor speed signals (rad/s) for the 

current-based flux observer 
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Fig. 3. Reference and real rotor speed signals (rad/s) for the 

voltage-based flux observer 
 
 
 
 



 
Figure 4 shows the currents of the stator windings 
corresponding to the current-based flux observer. It is 
seen that in the initial estate, the current signals present a 
high value due to the need of a high torque to increment 
the rotor speed. In the constant region, the rotor torque 
has only to compensate the friction and the load torque 
and consequently, the currents are lower. Finally, at time 
t=2s the currents values increase  because the load torque 
has been also increased. 
In Fig. 6, the current-based flux observer motor torque 
evolution is presented. As in the case of the stator 
currents, the motor torque shows a high initial value in the 
acceleration zone, then the value decreases until the 
constant final speed is reached, increases again due to the 
load torque increment and finally remains constant.     
Analogous results for the stator currents and motor torque 
corresponding to the voltage-based flux observer are 
shown in Figures 5 and 7, respectively. 
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Fig. 4. Stator currents iabc(A) for the current-based flux observer 
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Fig. 5. Stator currents iabc(A) for the voltage-based flux observer 
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Fig. 6. Motor torque Te(N⋅m) for the current-based flux observer 
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Fig. 7. Motor torque Te(N⋅m) for the current-based flux observer 

 
 
 
Similar results are obtained for a higher speed command. 
In the following example it has been used a speed 
command that accelerates until 120rad/s, with the same 
load torque step at time t=2s. Both current-based and 
voltage-based flux observers present a good performance 
in terms of stator currents and motor torque, as it may be 
seen in observed in Figures 10, 11 and 12, 13, 
respectively. Besides, it may be observed in Figs. 8 and 9 
how the trajectory tracking is in this case very similar for 
both models once overcome the low speed handicap of 
the voltage-based flux model.  
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Fig. 8. Reference and real rotor speed signals (rad/s) for the 

current-based flux observer 
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Fig. 9. Reference and real rotor speed signals (rad/s) for the 

voltage-based flux observer 
 

0 0.5 1 1.5 2 2.5 3

−500

−400

−300

−200

−100

0

100

200

300

400

500

time(s)

i a, i
b, i

c (
A

)

 
Fig. 10. Stator currents iabc(A) for the current-based flux 

observer 
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Fig. 11. Stator currents iabc(A) for the voltage-based flux 

observer 
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Fig. 12. Motor torque Te(N⋅m) for the current-based flux 

observer 
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Fig. 13. Motor torque Te(N⋅m) for the voltage-based flux 

observer 
 

 
 
 
 



6.  Conclusion 
In this paper two different observer-based flux estimators 
for direct field orientation has been developed and then 
analyzed and compared when applied to the control of 
induction machines. The observers present a different 
behavior because of the nature of the input variables 
considered for each one, and they may be classified as 
current-based or voltage-based models depending on the 
choice of these inputs.  
It has been provided a performance analysis and 
comparison of both flux observers when applied to the 
speed tracking problem of a piecewise loaded induction 
motor drive. As conclusion, it has been shown that the 
current-based flux observer presents a better performance 
at low speed due to the low frequency problems of the 
voltage-based flux model, while affording a similar 
performance at high speed. Nevertheless, it has to be 
taken into account that the sensitivity to parametrical 
errors or parameter variation of the voltage-based model 
decreases at high frequency, while the current-based 
sensitivity remains. And note also that a flux vector 
estimation error due to an incorrect orientation in the 
DFO control system is equivalent to the presence of 
motor parametrical errors. Therefore, it would be 
desirable to combine both estimation models in order to 
achieve the good performance of the current-based flux 
observer at low frequencies and the behaviour of the 
voltage-model at high frequencies. 
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