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This paper presents a fault tolerant control FTC strategy of Permanent Magnet 
Synchronous Motor PMSM drive. Position sensor fault detection, isolation and 
reconfiguration are presented for control scheme devoted for PMSM. MRAS 
estimator and Luenberger observer are used in order to generate residuals for 
detection the defect, and then the estimator is used to reconfigure the drive and to 
conserve the performances of system in order to increase the reliability and to ensure 
the continuity of the process. The validity of the proposed strategy has been verified 
by the simulation. 
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1. Introduction 
 

Availability and continuity of service of electric drives with variable speed contribute 
mainly to the increasing performance and minimizing downtime. The variable speed 
electric drives using the Permanent Magnet Synchronous Motors PMSM are becoming 
more attractive for various applications such as electric vehicles [1] or electric traction 
railway [2]. For these applications, the detection of a fault and fault tolerance control 
contribute primarily to the availability, reliability and reduced downtime of the process.  

Several studies have focused on fault detection and fault tolerant controls for 
synchronous machines. But these studies have focused most of them on the defects in 
semiconductor converters or defects of inductances of the machine. Although the 
information and statistics on the sensor faults are not always available, it is clear that in the 
case of a sensor failure, a shutdown of the system is necessary. Fault detection of sensors 
and reconfiguration drives has earned attention [3]. In [4] a specific controller architecture 
based on two virtual sensors (a two-stage extended Kalman filter and a back-electromotive-
force adaptative observer) is dedicated to obtain a PMSM drive that is robust to speed 
sensor failure. Fault detection of position sensor algorithms based on wavelet 
decomposition and especially multiresolution analyses technique, and parity equations 
method are compared in [5]. Sensor fault-tolerant control for electric vehicles has also been 
treated in [6], [7], [8] and [9]. Fuzzy methods are used have been used [10] to reconfigure a 
drive for an induction motor. In [11], [12] and [13] observer and estimator based methods 
have been investigated for fault tolerant control FTC dedicated for Doubly-Fed Induction 
Generator DFIG. In [14] the discrete wavelet transform is used for fault tolerant control of 
induction motor. 

In this work, the aim is to propose a strategy for fault tolerant control position sensor to 
detect and isolate a defect and then reconfigure the process control. This work presents a 
sensor position FTC dedicated for PMSM, it is based on the combination of the actual 
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sensor position and two virtual sensors (a Model Reference Adaptive System MRAS 
estimator and Luenberger observer). In the case of a position sensor fault, the FTC is 
exploited for detecting and isolating a faulty sensor for cancelling the affect of the fault and 
reconfigured the control scheme to a replacement the measured position error by the 
estimated position to ensure continuity of service without any performance degradation.     

This paper is organized as follows: an introduction was given in part 1, the used control 
strategy of PMSM is presented in part 2, the estimator and observer design is described in 
part 3. Position sensor fault modeling is presented and analyzed in part 4, the proposed FTC 
performance is detailed in the part 5. The work and its contribution are resumed in a 
conclusion. Appendix and references are given. 
 
2.  Notation 
 
The following notations are used. 

Vs Stator voltage. 
Is(is) Stator current. 

 Flux. 
w Rotor speed. 

 Rotor angular position. 
p Number of pole pairs. 
Rs Stator resistance. 
Ls Stator Inductance. 
J Inertia. 
fv Friction coefficient. 
Cem (Cr) Torque. 
Kp, Ki              PI Controller coefficients. 
L1, L2 Observer gain matrix. 
TS Sampling period. 

 
3. PMSM control design 
 

The most common control strategies of electric drives are based on current vector 
control. Flux Oriented Control (FOC) is used in PMSM control. The drive is equipped with 
three controllers, as shown in fig.1; a direct current controller, a quadratic current controller 
and a speed controller. Three motor phase currents are measured by current sensors. For 
rotor position measurement, an incremental encoder is used. The PMSM mathematical 
model is developed in the (d, q) reference frame. The d component of the stator currents is 
forced to zero and the electromagnetic torque is controlled through the q component, in 
order to control the motor speed and to obtain the maximum electromagnetic torque with 
the minimum current. The PMSM parameters are given in table 1 of the appendix. 
By the neglecting the homopolar component, the stator voltages are expressed as follows:                                                                                                                                            (1) 

The stator fluxes are given by: 

                                                                                                                                                        (2) 
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Finally the developed electromagnetic torque can be expressed as:  32 ( )                                                                                                         (3) 

For a Surface Permanent Magnet Synchronous Motor SPMSM (Lsd=Lsq), equation (3) can 
be simplified as: 32                                                                                                                                                   (4) 

The electromechanical equation is:                 and              θ Ω p                                                             (5) 

Where p is the number of pole pairs, wr is the rotational speed and Cr is the load torque. 

  

     

 

 

 
Fig.1. PMSM drive structure. 

 
4. Estimator and Observer design 
 

To have a strategy for the fault tolerant control FTC position sensor, we used the method 
based on analytical redundancy. This method using models for reconstruct information 
from other analytical measurement. To achieve this goal, two virtual position/ speed 
sensors are used; Model Reference Adaptive System MRAS estimator and Luenberger 
observer. 

 
4.1. MRAS Estimator  
 

Speed estimation methods using MRAS have been described for various works.  In [15] 
method uses the stator flux to estimate the rotor speed for PMSG. Instantaneous and steady-
state reactive power methods are used have been used to estimate the speed for a Doubly-
Fed induction motor [16]. 
In this work, the MRAS estimator uses the stator flux to estimate the rotor speed for 
PMSM. The MRAS uses two models; a reference model that depends only on the stator 
currents to calculate the stator flux of the PMSM, the other is an adaptive model that 
considers the rotor speed as an adjustable parameter. The outputs of these two models are 
compared in an adaptation mechanism. A PI controller is used in the adaptation mechanism 
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to compensate the error between the two models for the convergence in the system. A bloc 
diagram of the proposed MRAS is shown in Fig. 2. 
 
 
 
 
 
 
 
 
 

Fig.2. Structure of MRAS Estimator. 
 
Equation (6) presents the reference model and the adaptive model is expressed as follows:                                                                                                      (6) 

Using (2) and (6), the adaptation mechanism is expressed as follows:                                                                                               (7) 

The controller’s parameters Kp and Ki are suitably chosen to assured the stability of the 
error εest to tune the speed estimation west. 
 
4.2. Luenberger Observer  
 

The main objective of the Luenberger observer is to observe the speed and the load 
torque from the set of stator current of the PMSM. In [11] Luenberger observer is used to 
observe stator and rotor currents of Doubly-Fed Induction Generator DFIG. 
The derived state space model used the mechanical equation and the load torque. The load 
torque is supposed to be constant between two sampling time. The general state space 
model is given in (8), where A is the system matrix, B is the input matrix, y is the output 
vector and C is the output matrix. The stator current is defined as input (9) in input vector u. 
The rotational speed and the load torque are the states (10) in state vector x of the model.  ;                                                                                                                                           (8) 

With:        0                                                                                                                                                       (9)                                                                                                                                                          (10) 

The system matrices are expressed as follows:  

0 0 ;  3 20 ;  (1 0)                                                                                   (11) 

The state equation Luenberger observer is given in (12) and is depicted in Fig.3. The error 
between observed states x and measured states x is used to correct the observed states. 
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Error dynamics of the observer and the gain matrix L are defined by placing the 
eigenvalues of matrix (A-LC) to impose an observer dynamic faster than system.  ( )                                                                                                                                                               (12) 

The observation error εobs and its dynamics are given by the following system of equations: ( )              ( )                                                                                                                                    (13) 

Where:                                                                                                                                                             (14) 

( ) 0                                                                                                                      (15) 

 

 
Fig. 3. Structure of the Luenberger observer. 

 
The system is observable and observabiliy condition is verified by the following system of 
equations. 0    2                                                                                                                                                  (16) 
The gain matrix L1 and L2 are determined by resolving (17). ( ( ))                                                                                                                                        (17) 

Development of (17) leads to (18) 

 , 42                                                                                                (18) 
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The eignvalues system are given by 0                                                                                                                                                                         (19) 

The eignvalues of the observer λ1,2  are chosen faster than eignvalues system as expressed in 
(20), where n is to fix according to desired observer dynamic. 

, .                                                                                                                                                       (20) 

Resolving (20), the gain matrix are expressed as follows 

0                                                                                                                                                               (21) 

The previous continuous model of the observer leads to the following discrete time state 
space model. ( 1) ( ( ) ) ( ) ( ) ( ) ( )( ) ( )                                                                                                                                                  (22) 

Where: 

( ) 1 1                                                                                                (23) 

3 2 0                                                                                                                                           (24) 

( ) 00                                                                                                                                            (25) 

 Ts : a sampling period. 
 
4.3. Robustness of speed estimator and observer 
 

It can be seen that the MRAS estimator and Luenberger observer model depend on the 
motor’s parameters. Therefore, and to test the effectiveness of the estimator, we changed 
two parameters of motor Rs and Ls. Then the total stator resistance and inductance will be 
Rstot=Rs+ΔRs and Lstot=Ls+ΔLs. Tests are performed at rated speed and variable load. 
Intensive simulations are performed under Psim and Matlab. 
Fig.4 (a) shows that for variations to ΔRs=+50% of the stator resistance or for variations to 
ΔLs=-50% of the stator inductance, the speed error are negligible with the variation of load 
torque.  
To evaluate the evolution of the eigenvalues and the dynamic of observer, we can act on 
inertia J. The eigenvalues of system P1,2 and observer λ1,2 are presented in Fig. 4 (b). These 
values have only real part with P1=0 and P2=-0.5215. We choose n=3, for a fast dynamic 
observer, then the eigenvalues of the observer are: λ1=0 and λ2=-1.5645. Then we evaluate 
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increases gradually from 0 to 20 (ΔJ>0), in this case the eigenvalues of the system and 
observer tend to zero. Therefore the stability is achieved but the dynamic becomes slow. 
Simulations are performed to evaluate the robustness of the observer, for speed and inertia 
variations. Fig. 4 (b) shows that, for a variation from ΔJ=-20% to ΔJ=+10%, the speed 
errors are negligible and are symmetrical with the variation of speed. We can conclude that 
the MRAS estimator and Luenberger observer reveal a good robustness.  
Fig.5(a) and (b) shows the results obtained from the speed and position for position 
sensorless control, based on the estimator and the observer. The encoder is used for 
measuring the output speed. The PMSM is operated at the rated speed, the rated load is 
connected at t=2s and disconnected at t=3s.  
It is clear that the estimator has a slow dynamic compared with the observer, during the 
transients, because the operation of the observer is in a close loop and he corrects the error 
between the real value and the observed value. But the operation of the estimator is in open 
loop. The results obtained show the good performances of system without position sensor. 
Therefore these two virtual sensors can be called to reconfigure the PMSM drive in the case 
of position sensor failure. 

 
5. Position sensor fault modelling  
 
5.1. Position sensor  
 

In PMSM drives, an optical Incremental encoder sensor is used to determinate the rotor 
position. The encoder is composed of a LED, a phototransistor and a disc mounted on the 
motor shaft that has three tracks A, B, Z. The two tracks A and B calculate the rotor 
position and determine the direction of rotation. The Z track has a single hole to determine 
the number of turns. The principle is based on sending a light signal through the three 
tracks.  

 
 

 
 

 
 
 
 
 

 
Fig. 6. Blocs diagram of the incremental encoder and electronic circuit.  
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The receiver is the phototransistor that converts the light pulses to binary signals 0 or 1 
which correspond to a pulse dark or a pulse clear. To determine the rotor position, an 
electronic circuit for the recovery of the position is necessary. The structure of encoder and 
electronic circuit are shown in fig.6. 
The block of the recovery position is composed of two elements; logical ports and a 
counter. The counter operates in up/down counting for each H clock pulse; if U/D=1, it 
increments, otherwise it decrements. The Z signal ensures the reset of counter.  
 
5.2. Position sensor fault 
 

The connection between the phototransistor and the electronic circuit is made from 
wires. It is clear that these wires are the seat of internal or external defects. The sensor can 
exhibit the following fault conditions:  

-Loss total or partial of output information. 

-Sensor gain drop.  

-External disturbance. 

-Offset. 

In this work, a single type of incremental encoder failure is presented: a loss total or partial 
of output information. Indeed, a disconnection of one of these wires leads to a loss of 
information of the rotor position. Example, a loss of signal A or B causes loss information 
of direction rotation, against a loss of signal Z leads to a faulty count of position and 
number of rounds. The fault is applied to the signal A and the signal Z. This fault is 
modeled by a switch placed between the optical system and the electronic circuit. Fig.1 
shows that a position sensor fault engenders an important error in Park transformation and 
speed controller. In this case the speed controller is not possible and the current values in 
the Park reference frame become erroneous. 
 Fig.7 (a) and (b) show the impact of position sensor fault on the speed, position and stator 
currents. The fault is appears at time td=2.59 s, when the motor operates at full load.  
In the case of a signal A failure, the incremental encoder begins decrementing the position; 
therefore the actual position begins decrementing and the speed increases. We note that the 
dynamic of electrical position reconstructed by the encoder is faster compared with the 
mechanical position.  
The signal Z failure causes the stop counting of the position, in this case the actual position 
decrements, which causes a drop in the speed motor. Consequently, the currents in the park 
reference frame become unstable and oscillating.  
It is clear that a position sensor fault may seriously damage the structure of the motor drive 
and even causes the stoppage of the process. To limit the impact of the defect and its spread 
in the process, the aim is to propose a strategy for fault tolerant control FTC position sensor 
to detect and isolate a defect and then reconfigure the process control. 
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1( ) 1.2( ) 2    ( ) 1                                                                                                   (28) 

Where: D(t) is a binary decision signal. 
 
It is clear that the algorithm uses the two residues in combination to mention the existence 
of sensor failure and avoid the false alarms. If any of these conditions is false then no fault 
is detected and the signal D remains at zero. Fig.9 shows the structure of the detection 
technique.  
 
 
 
 
 
 
 

 
Fig.9. Technique of residual generation and detection method used. 

 
6.2. Reconfiguration of control   
 

After the detection, the PMSM drive is reconfigured using MRAS estimator replacement 
for the faulty sensor. So, the isolation of the failed sensor and the reconfiguration must be 
done in very short period of time, to limit the impact of the defect.  
Fig.10 shows that the reconfiguration is done by the opening of the switch K1 and closing 
the switch K2 in the case of position sensor failure or intermittent sensor connection. 
Switching between K1 and K2 is achieved using the decision signal D; upon the occurrence 
of position sensor fault, the signal D detects this fault and sends an order to open the switch 
K1 and to close the switch K2. The switching must be done in a very short of time. The 
encoder will be replaced in this case by MRAS estimator in order to ensure continuity of 
service and maintain the system performances.  
 
     
 
 
 
 
 
 
 
 
 
 
 

Fig.10. FTC structure. 
 

 
 

 
 

Fig.11. Necessary steps toward a fault tolerant control. 
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Then, we can resumed the steps necessary to reconfigure the PMSM drive (fig.11); the 
generation residuals is achieved from the measured, estimated and observed speed, to detect 
a position sensor fault, isolate the faulty encoder and reconfigure the PMSM drive. So, the 
fault tolerant control is achieved when these steps are performed.  
Detection algorithm and reconfiguration method are evaluated through simulation for an 
intermittent signal A connection and a permanent signal Z failure. The motor operates at 
variable speed without load and at full load. A speed sensor is placed to give the evolution 
of the actual motor position mes and speed wmes before and after the reconfiguration.  
Fig.12 (a) and (b) shows that the performances of system are conserved despite the 
presence of the intermittent signal A failure or permanent signal Z failure. The decision 
signal D indicates the presence of signal A failure after a period of time ∆t=0.9ms.  
The signal Z failure is detected after a period of time ∆t=1.2ms. 
We can see that at the presence of fault, the algorithm developed scales of the measurement 
speed to the estimated speed. The fault is detected in a very short period of time, before the 
fault affects the system. Isolation and reconfiguration are in real time performed after the 
detection of the defect and system performances are maintained. Therefore, the position and 
speed keep the same form even in the existence of fault.  
The current in (d, q) reference frame is the same in the case of fault and without fault. The 
system continues to operate in good condition, despite the existence of a faulty sensor.  
These results show that the position sensor fault is limited, the reconfiguration was 
successful and continuity of operation is achieved.  
 
7. Conclusion 
 

In this work, position sensor fault tolerant control of permanent magnet synchronous 
motor is presented. A method based on analytical redundancy is used to detect the faulty, 
isolate the failed sensor, and reconfigure the control scheme. Two virtual sensors are used 
in combination with the PMSM drive to ensure this operation. Fault detection, isolation and 
reconfiguration are possible within in a very short time without interruption of drive 
operation. The simulation shows that the effect of fault is limited and that the performances 
of the motor after the reconfiguration are identical to those in safe mode. 

  
 Appendix 
 
The PMSM parameters are listed in table1. 

 
TABLE 1 

PERMANENT MAGNET SYNCHRONOUS MOTOR PMSM PARAMETERS 

   Variable Designation Rating values 
Rated power             Pn             53 kW
Pole pair              P             5
Rated speed                 Nn                600 rpm 
Rated current                 Isn                122 A 
Armature resistance                 Rs                87 mΩ 
d-axis inductance                 Lsd                0.8 mH 
q-axis inductance                 Lsq                0.8 mH 
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