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Abstract: - In this paper the authors develop a new method to vector control of the airgap flux machine with only two 
sensors (one for stator voltage and one for stator current) without Park transformation and without speed sensor. This 
method is based on the spiral vector theory for modeling the induction motor and the extended complex Kalman filter 
“ECKF”, which is the variant of the extended Kalman filter in the group complex for estimating the rotor speed. The 
simulation tests show the effectiveness of the proposed method under the noise variation and load torque variation. 
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1   Introduction 
For high dynamic performance of an induction motor 
drive the vector control is used [1]. Speed transducers 
such as shaft mounted tachogenerators, resolvers, or 
digital shaft position encoders are commonly used to 
achieve the control of speed, torque and flux of 
induction motor in many industrial applications. 
However, in some cases it is difficult (e.g. a compact 
drive system) or extremely expensive, (e.g. submarine 
applications) to use sensors for speed measurement the 
mechanical sensor also reduces the robustness of drive 
and together with the cost of the hardware, causes 
additional expenses. Ongoing research has concentrated 
on the elimination of the speed sensor at the machine 
shaft without deteriorating the dynamic performance of 
the drive control system [2]. Speed estimation is an issue 
of particular interest with induction motor drives where 
the mechanical speed of the rotor is generally different 
from the speed of the revolving magnetic field. The 
advantages of speed sensorless induction motor drives 
are reduced hardware complexity and lower cost, 
reduced size of the drive machine, elimination of the 
sensor cable, better noise immunity, increased reliability 
and less maintenance requirement. The operation in 

hostile environments mostly requires a motor without 
speed sensor [2].  
To replace the speed sensor, the information on the rotor 
speed is extracted from measured stator voltages and 
currents at the motor terminals. Generally we use four or 
six sensors for measuring the stator voltages and currents 
that are necessary for Park transformation. In this paper 
the authors show that it is possible to develop a new 
sensorless airgap flux orientation control of an induction 
motor without Park transformation and with two sensors 
one for stator voltage and one stator current. The 
reduction in voltage and current sensor number 
augmented the advantages of the sensorless control as 
mentioned above. 
To be able to make the vector control of an induction 
motor with two sensors only, the authors propose to use 
the spiral vector theory for modeling the induction motor 
in both steady and transient state. The obtained model 
only depends on variables and parameters of one phase 
of stator and one phase of rotor, see the model order is 
reduced from six equations (three for the stator and three 
for the rotor) to a pair complex equations (one for stator 
and one for rotor) without matrix coordinate 
transformation. 
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The instantaneous magnitude and position of the 
machine flux must be precisely known to achieve high 
dynamic performance in field orientation control. There 
are the various types of methods and algorithms used to 
estimate the magnitude and position of airgap flux. 
In this paper we propose to estimate the shaft speed and 
airgap flux by the extended complex Kalman filter 
“ECKF” based on the developed model. The ECKF is 
more attractive than the real one from the point of view 
of modeling and stability consideration for more details 
about ECKF see [3]. 
This paper is organized in four sections. In the first 
section the induction motor by spiral vector theory is 
developed. The second section proven the application of 
spiral vector model to the airgap flux orientation control. 
In the last section, the computer simulation tests under 
different scenarios (variation of the load torque, 
mechanical and electrical parameter variation and speed 
reference variation) are given to show the effectiveness 
of the proposed method. 
 
 
2   Induction Motor Model by Spiral 
          Vector Theory 
2.1 Spiral vector theory 
The spiral vector theory is an exponential time function 
with a complex index. It can express almost all kinds of 
state variables, which appear in electrical engineering, 
and is the most natural form solutions of circuit 
equations of electric circuits and performance equations 
of electrical machine. Both steady and transient state 
solutions can be expressed by spiral vectors.  When 
spiral vector expressions are used, the steady state theory 
and transient state theory of AC circuit, which have been 
separated because of different expressions of state 
variables, are unified. Both steady state and transient 
state analyses of AC machines become simpler and 
easier [4] [5]. 
The spiral vector variable can be expressed in the 
following form: 

ϕδ ωλωλδ jt ejAei AA0,0,,with =≥≥+−==  (1) 
As the time goes on, variable “i” depicts a spiral on the 
complex plane, Fig.1. 

 
Fig. 1. Spiral vector in the complex 

plane. 
 

In Fig.1 when 0=λ , “i” becomes a circular vector on 
the complex plane, which corresponds to steady state 
alternating current quantity. When 0=ω , it expresses a 
decaying direct current quantity. When 0=δ , it 
expresses a steady dc quantity. Thus the spiral vector can 
express almost all kinds of variables which appear in 
electrical engineering. 
 
 
2.2 Induction motor model 
 Generally the spiral vector theory is used to describe the 
model by transfer function [4][6][7]. In this paper we use 
this theory to develop a state space model.  
Assuming that the stator and rotor windings are 
electrically and magnetically symmetrical, the air-gap is 
uniform, the field distribution is sinusoidal, and 
neglecting the effects of magnetic saturation, eddy 
current and hysteresis. The induction motor is 
represented by the three phase stator and rotor windings 
not by the D.Q windings Fig. 2. The following per phase 
voltage equations arise: 
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Fig. 2. Three phase stator and rotor windings distribution 

of an induction machine. 
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The stator and rotor fluxes equations are as follow: 
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The stator and rotor currents of symmetrical spiral vector 
are: 
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Replacing (5) and (6) in the fluxes expressions, we 
obtain: 
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Introducing (7) and (8) in (2), we obtain: 
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With: tmωθ =  
The obtained model (9) by spiral vector theory can 
represent the induction machine in any reference frame.  
This model contains only variables and parameters of 
one stator phase “a” and one rotor phase “r”, which are 
segregated from the other phases. In opposition to Park 
model where the voltages and the currents of two phases 
have to be known, the spiral vector model only needs the 
voltage and the current of one phase to achieve a vector 
control [9][8][10]. 
 
 
3   Airgap Flux Orientation Control  
The air gap flux orientation control based on the spiral 
vector model consists of choosing a model in the 
reference frame attached to the revolving field, the air 
gap flux vector 0Φ  is aligned with the real axis in order 
to achieve, as in a separately excited dc machine, 
decoupling control between the flux and the produced 
torque [5][8]. 
The torque is then controlled by the imaginary part of 
the stator current of the phase “a”. At the same time, the 
flux is controlled by the real part of the stator current of 
the phase “a”, called the flux producing current [5][8]. 
To obtain the model in the reference frame fixed in the 
revolving field, we set: 

sj
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slj
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With: θθθ −= ssl  
We replace (10) and (11) in the (9), we obtain the model 
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As airgap flux orientation requires that 00 ΦΦ =Re  
and 00 =ΦIm , (12) and (13) become: 
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We consider the airgap flux and the rotor speed as 
reference, so we obtain the following airgap flux 
orientation equations: 
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In most applications, speed sensors are necessary and 
essential in speed control loop. However sensors have 
several disadvantages in terms of drive cost, reliability, 
and noise immunity [2]. 
Several papers deal with the speed estimation. The most 
used in the last decade is the EKF, but generally these 
papers treat the speed estimation. In this paper we 
present for the first time the simultaneous estimation of 
the airgap flux, and rotor speed by the ECKF in the 
direct airgap flux orientation control.  
 
 
4 ECKF Algorithm For State And  

 Parameter Estimation 
The ECKF is a variation of nonlinear Kalman filter in 
the complex form. It has been shown in Ref [3] that the 
ECKF is more attractive than the real one “EKF” from 
the point of view of modeling and stability 
consideration. The ECKF is more used in the power 
system estimation [11][12] but not in electrical machine 
estimation. The Kalman filter algorithm and its 
extension are a special kind of observer that provides 
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optimal filtering of the noises in measurement and inside 
the system if the covariances of these noises are known. 
The system and measurement noise disturbances are 
white and Gaussian probability distribution. When the 
Kalman filter is used, the state space model of an 
induction machine in the stator reference frame is 
required; for obtaining the model in stator reference we 
put a1 ii = , jθeii r2 = and avv =1  in (9), thus obtaining 
the following induction machine model in the stator 
reference frame: 
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After all treatment and simplification, we obtain the 
following state space model of an induction machine in 
the stator reference frame, which is a function of the 
airgap flux. 
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The discrete time varying model is deduced from the 
continuous model by applying the Euler formula (first 
order). It is given by: 
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With: kT  kt = , TAIA eeD +≈ , eeD CC =  TBB eeD ≈ . 

To take into account the system uncertainties and 
disturbances, the following stochastic model is 
introduced: 
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The state noise W and measured noise V can be any 
combination of harmonics and complex Gaussian white 
noise with zero-mean and variances 2

wσ  and 2
vσ  

respectively. Real and imaginary parts of )(kW are 
mutually independent and have the same variance, i.e. 
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wr σσ = . We proceed in the same 

way forV(k) . The ECKF allows simultaneous estimation 
of complex states and rotor speed. The rotor speed is 
considered as extra state in an augmented state vector. 
This augmented model is non-linear because of 
multiplication between states. Thus, it must be linearized 
along the state trajectory to give a linear perturbation 
model. An extended induction machine model results if 
the rotor speed is included as additional state variable. 
The extended model can be expressed as follows: 
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Then, linearizing the above system around the states and 
applying an ECKF, we obtain a nonlinear recursive filter 
based on the ECKF for estimating a complex state and 
parameters of an induction machine as follows: 
 
Prediction of state 
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Estimation of error covariance matrix 
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Where: )(ky represents the measured current            
*: conjugate, t: transpose, I: unit matrix. 
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5   Simulation Results 
The simulation results tests were carried out using the 
direct airgap flux orientation control scheme of Fig. 3 
without any speed measurement. The control is realized 
when we track one voltage and one current without any 
geometric transformation to the opposite of vector 
control based on the D.Q model where it’s necessary to 
track two voltage ( bsas and vv ) and two current ( bsas and ii ) 
to apply Park transformation. 
To test the performance of the proposed control, the 
simulations were performed on an induction machine 
with the sampling time T=0.1ms.  
Fig.3 shows different scenarios used to test the 
performance of the estimation and control algorithm 
under load torque variation, and system noise and 
measurement noise variation.  
In the first part, 25.10 ≤≤ t , the simulation test between 
zero speed to 125rad/s under a load torque of 5Nm from 
standstill to 2s. We note that the rotor speed and airgap 
flux are not affected by the load torque and track its 
reference, the electromagnetic torque tracks its reference 
with little undulations caused by the noise variation. 
In the second part, sts 5.225.1 ≤≤ , the simulation test in 
the field weakening range under load torque is shown, 
the estimated rotor speed and estimated airgap flux are 
not affected by the torque and noise variation with small 
error between the estimated rotor speed and the real rotor 
speed, the electromagnetic torque tracks the reference 
quickly. 
In the third part, sts 5.45.2 ≤≤ , the simulation at low 
speed is shown and at st 5.3= the load torque (10Nm) is 
applied to the motor shaft. We note that the estimated 
rotor speed track there reference quickly with small error 
between the estimated rotor speed and real rotor speed 
and the estimated airgap flux tracks its reference with 
small undulation. 
In the last part, inversion speed test (-125rad/s) under 
load torque (10Nm) is shown. We note that all variables 
track their references quickly and are not affected by the 
load torque and also are not affected by the noise 
variation. 
These results show that the ECKF and the direct airgap 
flux orientation control achieve a small speed error and 
also give stable airgap flux response. The obtained 
results show that the expected performance is attained. 
    
 
6   Conclusion 
This paper shows that it is possible to release the direct 
airgap flux orientation control of the induction motor by 
only two sensors to the opposite of the vector control 
based on the D.Q model where it is necessary to use four 
or six sensors for park transformation. This result is 
possible only when we use the spiral vector theory 

model. Also this paper has presented a new nonlinear 
filter “ECKF” for rotor speed estimation. The 
performances of the ECKF algorithm and direct airgap 
flux orientation control are tested for different scenarios 
obtained by applying step and linear variation to the 
rotor speed reference with load torque, noise variation. 
The performances observed of the system are 
satisfactory under step type variation and reversal of the 
load torque and step/linear changes and reversal in the 
rotor speed.  
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Fig. 3. Sensorless direct airgap flux orientation control. 
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Fig.4. Simulation test results.  
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