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Abstract — In this paper extended Kalman filter (EKF) is 
reviewed for estimating the rotor position/speed of a vector 
controlled five-phase induction motor drive. The basic 
configuration of the Kalman filter is studied and the system 
vectors and matrices are explained. The EKF equations are 
made from a d-q-axis model of the five-phase induction 
motor by considering the rotor speed as a state variable. The 
simulation and experimental results show that the EKF is 
capable of tracking the actual rotor speed.  Care should be 
taken in the selection of elements of the covariance matrices. 
The performance of the EKF is acceptable even in the 
presence of noise. 
 
Keywords - Induction motor, Sensorless control, Kalman 
filter, Five-phase.  

 
I.  INTRODUCTION 

 
Three-phase induction machine in industry is mostly used 
for speed control. For speed control ac drives are used 
which require a power electronic converter for their supply 
(mostly an inverter with a dc link), therefore number of 
machine phases is effectively unlimited. Multi-phase ac 
drive applications have increases enormously, since 
multiphase machines tender many advantages over their 
three-phase counterparts. A number of multi-phase 
machine research results have been reported [1-8].  
 
Main advantages of multi-phase machine over three-phase 
machine are superior torque density, better efficiency, low 
torque pulsations, better fault tolerance, and reduced rating 
per inverter leg. Furthermore, noise performances of the 
drive improve as well. The limitation of multi-phase 
machine is that it needs a power electronic converter for 
phase conversion because three-phase supply is only easily 
available.  
 
In most drive systems (speed and torque controlled), 
closed loop control is used in which shaft encoder is used 
for measurement of speed/position of the motor. However, 
in a compact drive system it is very difficult and expensive 
to use speed sensors for speed measurement (e.g. 
submarine applications). The cost of system can be 
reduced by eliminating the speed sensor and connection 
cables, and so the consistency and ruggedness of the 
overall drive system increases. A series of speed sensorless 
control techniques for induction motor has been reported 
in the last decade. The motor speed is estimated using 
these techniques and used as a feedback signal for closed-
loop speed control.  
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Kalman filter is a unique observer which offers best 
possible filtering of the noise in measurement and of the 
system if the noise covariances are known. If rotor speed 
considered as an extended state and is incorporated in the 
dynamic model of an induction machine then the extended 
Kalman filter can be used to relinearize the nonlinear state 
model for each new value of estimate. As a result, the 
extended Kalman filter is measured to be the best solution 
for the speed estimation of an induction machine [9]. The 
extended Kalman filter has been applied to the vector 
control system [10-12] and for a direct control system or a 
constant Volt per Hertz. Few publications has been 
reported for the choice of the covariance matrices of the 
Kalman speed estimator. In this paper, the Kalman speed 
estimator for a vector controlled five-phase induction 
motor drive system is studied. 
 

II. KALMAN FILTERS 
 

Kalman filter takes care of the effects of the disturbance 
noise of a control system and the errors in the parameters 
of the system are considered as noise. The Kalman filter 
can be expressed as a state model [13]: 

)()( twtUBuAxx ++=&  (System equation)        (1) 
)(tvCxy +=         (Measurement equation)      (2) 

where 
)(tU = weight matrix of noise 

)(tv = noise matrix of output model (measurement noise) 
)(tw = noise matrix of state model (system noise) 
)(tU , )(tv , and )(tw are assumed to be stationary, white, 

and Gaussian noise, and their expectation values are zero. 
The covariance matrices Q  and R  of this noise are 
defined as: 

}'{)(cov wwEwarianceQ ==  (3)
}'{)(cov vvEvarianceR ==  (4)

where {.}E  denotes the expected value. 
The basic configuration of the Kalman filter is shown in 
Fig. 1. 
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Fig. 1: The basic configuration of the Kalman filter observer. 
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The state equations of the Kalman filter can be made as 
follows: 

yBuxCAx Kˆ)K(ˆ ++−=&  (5)

The Kalman filter matrix is based on the covariance of the 
noise and denoted by K . The measure of quality of the 
observation is expressed as follows: 

{ }∑ =−−= min)](ˆ)([)](ˆ)([ kxkxkxkxEL T
x  (6)

The value of K  should be such that as to minimize xL . 
The result of K  is a recursive algorithm for the discrete 
time case. The discrete form of Kalman filter may be 
written by the following equations, in which all symbols 
denote matrices or vectors [13]: 
(i) System state estimation: 

))(ˆ)()((K)()1( kykykkxkx −+=+  (7)

(ii) Renew of the error covariance matrix: 
)()1()(K)()1( kPkhkkPkP T +−=+  (8)

(iii) Calculation of Kalman filter gain matrix: 

1])1()1(

)1()[1()1()1(K
−

∗∗

+++

+++=+

Rkhk

PkhkhkPk
T

T  (9)

(iv)  Prediction of state matrix:  

)1(ˆ)()1( +=+
∂
∂

=+ kxxdd vBxA
x

kf  (10)

(v) Estimation of error covariance matrix: 

 QkfkPkfkP T +++=+∗ )1()(ˆ)1()1(  (11)

Discretization of (1) and (2) yields: 
   
 )()()()()1( kukBkxkAkx dd +=+  

(12)

)()()( kxkCky d=  (13)

where )(kK is the feedback matrix of the Kalman filter. 
)(kK gain matrix calculates how the state vector of the 

Kalman filter is updated when the output of the model is 
compared with the actual output of the system. The 
Kalman filter algorithm can also be used for nonlinear 
systems (e.g. induction motor). However, the optimal 
performance may not be obtained and it is impractical to 
verify the convergence of the model. To realize the 
recursive algorithm of the extended Kalman filter, a state 
model of the induction motor is required. After knowing 
the matrices dA , dB , and dC , the matrices )(kx  (state 
prediction) and )(ky  (output prediction) can be calculated. 
 

III. DESIGN OF EXTENDED KALMAN FILTER  FOR FIVE-
PHASE INDUCTION MOTOR DRIVE 

 
When rotor speed is considered as a state variable in the 
induction motor model, then an extended induction motor 
model is obtained and the rotor speed is considered as an 
extended state. The discrete induction motor model 
defined in (12) and (13) can be implemented in the 
extended Kalman filter algorithm.  
 
If the system matrix, the input and output matrices of the discrete 
system are denoted by dA , dB , and dC , while the state and the 

output of the discrete system are denoted by )(kx and )(ky ,then 
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The essential matrices and vectors for the recursive 
algorithm of the extended Kalman filter can be calculated, 
with the discrete system model. With the help of 
Matlab/Simulink program, speed estimation algorithm of 
the extended Kalman filter can be simulated, as shown in 
Fig. 2. The execution of the S-function block is based on 
an M-file written as MATLAB code. 

 
Fig. 2: Simulink based extended Kalman filter speed 

estimator. 
 

IV. SENSORLESS OPERATION OF FIVE-PHASE INDUCTION 
MOTOR DRIVES 

 
The developed model of a five-phase induction motor [4] 
indicates that an observer (Kalman Filter) used for three-
phase machines can be easily extended to multi-phase 
machines. For multi-phase machines observer-based speed 
estimator requires only d and q components of stator 
voltages and currents. From the model of a five-phase 
induction machine [4], it is shown that the stator and rotor 
d and q axis flux linkages are function of magnetizing 
inductance Lm and stator and rotor d and q axis currents, 
where as the x and y axis flux linkages are function of only 
their respective currents. Therefore in speed estimation for 
multi-phase machine the x and y components of voltages 
and currents are not required. The speed can be estimated 
using only d and q components of stator voltages and 
currents.  
The proposed extended Kalman filter-based vector 
controlled five-phase induction motor drive structure with 
current control in the stationary reference frame is shown 
in Fig. 3 (Appendix). 
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V.  SIMULATION RESULTS 

 
 

 
Fig. 4: Five-phase induction motor torque and speed 

characteristics for fixed voltage and fixed frequency fed 
supply ( 1g = 1q =le-6, 2g = 2q =le-2). 

 
Fig. 5: Five-phase induction motor torque and speed 

characteristics for vector control 
( 1g = 1q =le-6, 2g = 2q =le-2). 

 
Fig. 6: Locus of rotor d- and q-axis fluxes. 

 
The proposed drive is operated in speed mode with speed 
feedback is taken from kalman filter speed estimator. Fig.  
4 displays the results for torque and speed characteristics 
of the induction motor when motor is fed with fixed 
voltage and fixed frequency supply. The simulation time is 
t=1 sec. and a rated torque is applied at t=0.7 sec. For 
vector control, the total simulation time is t=2 sec. Speed 
command of 1200 rpm is functional at t=0.3 sec in a ramp 
wise mode from t = 0.3 to t = 0.35 sec and is further kept 
unaffected. Operation takes place under no-load and load 
conditions. Interruption dismissal properties of the drive 
are investigated next. A load torque equal to the motor 
rated torque is functional in a step-wise mode at t = 1 sec. 
In the last, reversing transient is examined. The command 
for speed reversal is given at t = 1.2 sec. The results, 
obtained for these periods, are shown in Fig. 5. It is 
concluded from the results that, the actual speed and 
torque closely follow the reference. Fig. 6 displays the 
locus of rotor fluxes. 
 
The error covariance matrix P  of the Kalman filter is 
taken as a unit matrix and the measurement noise 
covariance matrix R  of the extended Kalman filter is 
assumed as follows: 

)1,1,1,1,1(diagP =  and )31,31( __ eediagR =  
Selection of covariance matrix: 
The configurations of the state noise covariance matrices 
G  and Q  are of highest importance for the superior 
performance of the Kalman filter algorithm. They are 
expressed as follows: 

),,,,( 21111 gggggdiagG = and 
),,,,( 21111 qqqqqdiagQ =  

Fig.7 illustrates that the speed estimation of the extended 
Kalman filter is sensitive to the covariance matrices G  
and Q . 

 
(a) 
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(b) 

Fig. 7: Estimated speed with various covariance matrices 
for (a) fixed voltage and fixed frequency fed supply (b) 

vector control five-phase induction motor drive. 
 
The precision of speed estimation with various G  and Q  
may be find by the mean squared error between the actual 
rotor speed and the estimated speed. From Fig. 7, it is 
observed that when 1g = 1q =le-6, and 2g = 2q =le-2, the 
extended Kalman filter gives a more accurate result. When 

1g = 2g = 1q = 2q , the extended Kalman filter gives poor 
speed estimation results. For obtaining superior estimation 
results, the design principle is that the values of 2g  and 

2q  in the covariance matrices G  and Q  should be greater 
than the values of 1g  and 1q . 
 

VI. EXPERIMENTAL RESULTS 
 

With the advent of high-performance digital signal 
processors (DSPs) dedicated for motion control 
applications, it is now possible to control motors without 
speed sensors. This is obtained by algorithms/programs 
that estimate the desired quantities in real time, based on 
the electrical signals in the motor windings. The 
advantages are cost savings and improved consistency due 
to reduced component used. 
 
The motor used in both the experiment and simulation is 
same. The simulation results shown in Fig. 4 to Fig. 7 have 
been obtained under an 8.41 N-m load. The real-time 
control and observer program are implemented by using 
the software of digital signal processor (DSP) 
TMS320F2812. An eddy-current machine is coupled to the 
shaft of the IM as a load. A feedback control system is 
applied to the vector controlled IM drive system. In the 
inner loop of the control system, a standard proportional 
plus integral (PI) controller is used for current control and 
another PI controller is used in the outer loop for speed 
control. The parameters of the PI controller are tuned to 
obtain ample performance of the control system. A PC is 
used for data logging, data communication, and 
downloading. The stator currents are detected through 
Hall-effect sensors. The performance of the Kalman 
observer is tested in the implementation for trapezoidal 
references. The trapezoidal references are selected to show 
the performance of the proposed method in both directions 
at variable and constant speeds. The various experimental 
results are shown in Fig. 8 to Fig. 11. 

 

  

 
 

Fig. 8: Acceleration transients (speed, current, Id and Iq) 
of a five-phase induction motor drive from 50 to 1435 rpm. 
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Fig. 9: Deceleration transients (speed, current, Id and Iq) 

of a five-phase induction motor drive from 1435rpm to 50 
rpm. 

 

 

 

 
Fig. 10: Reversing transients (speed, current, Id & Iq, rotor 

position) of a five-phase induction motor drive from 
+1435rpm to -1435 rpm. 
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Fig. 11: Acceleration and reversing transients (speed, 
current, Id and Iq) of a five-phase induction motor drive 
under no-load and load from 50rpm to 1435rpm to -1435 

rpm. 
 

VII. DISCUSSION 
 
The results of the experimental study are illustrated for all 
transients by displaying the speed response, actual phase 
current and stator d- and q-axis current references. A step 
speed command is initiated in all the cases. There is no 
inertia wheel fitted to the motor. It can operates under no 
load and load conditions. All the transients are taken from 
the DAC outputs of DSP TMS320F2812. Acceleration 
transients, starting from 50 rpm, are shown in Fig. 8. The 
step speed command is 1435 rpm. Typical behavior of 
sensorless control of vector controlled five-phase induction 
motor is observed, with rapid stator q-axis current 
reference build up corresponding to almost instantaneous 
torque build up. Three different types of characteristics 
speed, current and Id and Iq are shown in Fig. 8.  
 
 
 

The second test is a deceleration transients illustrated in 
Fig. 9. The motor is decelerated from 1435 rpm to 50 rpm 
speed.   
 
The same quality of performance as for the acceleration 
transient is obtained. The speed, current and Id and Iq 
characteristics are shown in Fig. 9. Next, reversing 
performance of the drive is investigated. Transition from 
1435 rpm to –1435 rpm, is depicted in Fig. 10. Prolonged 
operation in the stator current limit results in all the cases, 
leading to rapid change of direction of rotation.  The 
speed, current, Id and Iq and rotor position characteristics 
are shown in Fig. 10 when motor is reversing.  
 
One more transition is performed in three steps. First, 
motor will accelerate from 50 rpm to 1435 rpm at no-load. 
Second a step loading is applied to motor in steady-state 
period. Lastly, motor is reversing from +1435 rpm to -1435 
rpm. All the corresponding transients are shown in Fig. 11. 
 

VIII. CONCLUSION 
 

In this paper, an extended Kalman filter is designed to 
estimate the rotor speed of a vector controlled five-phase 
induction motor drive. Effects of the covariance matrices 
of the Kalman filter are studied and a suggestion for 
selecting the covariance matrices is also given. Simulation 
results shows that the extended Kalman filter has excellent 
noise rejection properties. The attainable performance are 
examined by simulation and compared. It is shown that the 
dynamic behavior, obtainable with the indirect vector 
control, is the same as obtained with three-phase machine.  
Results are also obtained by experiments and compared 
with the simulation results. Experiment results show that 
proposed technique is well suited for speed sensorless 
estimation of five-phase induction machine. Same 
technique can be extended to multi-phase multi-motor 
drive system. 

 

APPENDIX 
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Fig. 3: A vector controlled five-phase induction motor with extended Kalman filter speed estimation algorithm
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