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Abstract— This paper deals with field programmable gate array 

implementation of sensor fault detection and isolation in direct torque 

control induction motor based electric vehicle using Xilinx System 

Generator. The adopted control requires the use of two current 

sensors. Performances and robustness of the powertrain control 

depend intensely on their outputs. Thus, to ensure continuous 

operating with reconfiguration control, a fast sensor fault detection 

and isolation is required. The main interest of field programmable 

gate array is the extremely fast computation capabilities. That allows 

a fast residual generation when sensor fault occurs. Using of blockset 

Xilinx System Generator in Matlab / Simulink allow the real-time 

simulation and implemented on a field programmable gate array chip 

without any VHSIC Hardware Description Language coding. The 

sensor fault detection and isolation algorithm was implemented 

targeting a Virtex5. 
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I. INTRODUCTION  

Electric vehicles (EV) currently represent a possible 
alternative to conventional vehicles. These last has the 
following great advantages for the realization of high-
performance traction control. The ICV (Internal Combustion 
engine Vehicles) needs additional costly hardware, throttle 
and brake actuators but the EV does not need anything more. 
Traction control can be realized only by software.  

The actual response of EV is quicker than an ICV because 
an additional delay in the mechanical system must be 
included. In contrast, the response time of the electric motor 
torque is less than 10 ms. The generated torque of electric 
motors can be controlled much more quickly and precisely 
than that of internal combustion engines. Many studies are 
conducted to improve the performance of all electrical 
vehicles; these studies concerns the technology of electric 
motors, power units, and the control laws respecting the 
autonomy between these items [1], [2], [3], [4]. 

Electric drivetrain includes battery, power electronics, 
electric motor and gearbox [2]. The asynchronous motor 
seems to be the best solution for electric vehicle traction. It 
can run on a wide range of variation of speed with low torque 

ripple when combined with an adequate control [1], [4]. 
Techniques to drive the induction motor control are discussed 
in the literature. The best known is the vector control is now 
used for electric vehicle applications [2], [3], [4], [5]. A new 
concept called Direct Torque Control (DTC) appeared to be 
competitive with vector control techniques. DTC is applied to 
the transitional regime and allows for better dynamic 
performance. For this, the DTC seems to be very suitable for 
electric vehicle applications [1], [6]. 

 The electric vehicle is a key application where the 
propulsion control depends on the availability and the quality 
of sensor measurements. However, these latter are dynamic 
transfer elements for which only the output variable 
measurement is available. The real physical input is often 
unknown. The required sensors are current, voltage, and speed 
sensors. These components are usually subjected to errors such 
as offset, drift, disconnections and noise,. These failures 
obviously lead to overall EV performance deterioration [4], 
[7]. 

To improve the reliability of the electric vehicle, it is 
therefore compulsory to have a Sensor Fault Detection and 
Isolation (SFDI) system. A fault detection is one means that 
faulty behavior symptoms have been detected, while isolation 
amounts to identify the precise fault configuration leading to 
these symptoms [8], [9]. Several approaches have been 
developed based on the generation of a fault indicator called 
residual. Among which we find estimators [10], [6] and 
observers [11], [12], these two methods require a thorough 
knowledge of the system. An accurate model requires a 
relatively long time to adapt and adjust FDI algorithm for a 
specific application [9]. This paper interest to parity space 
technique, taking advantage of a share of specifications of 
electrical systems and secondly, equipment numerical 
implementation and control software [8], [13].  

The control law and the diagnostic technique developed 
for a specific electrical system will be more reliable with the 
use of Field Programmable Gate Array (FPGA) because of 
their rapidity and parallel operation [14]. Electronic Design 
Automation (EDA) tools are used to generate the FPGA 
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configuration file called bit-stream, from a high-level 
description. Development of FPGA application of EDA tools 
used a schematic editor (in our case XSG) or an HD, 
(Hardware Description Language) [15]. The proposed model 
is made with Xilinx System Generator (XSG) and therefore 
requires no HDL (Hardware Description Language) 
programming skills, since the FPGA code is automatically 
generated from a Simulink block diagram. This enables the 
engineer to quickly modify the motor drive model at will, 
without any dependency on an FPGA specialist [14], [16], 
[17], [18]. 

In this paper, one of efficient technologies for designing 
digital systems was used, we mean Xilinx ISE suite design 
environment that including “Xilinx system generator” used to 
design and implement (DTC+SFDI). The design will be tested 
in a closed loop with the electromechanical drive being 
modeled with Simulink blockset. First, the (DTC with SFDI) 
are described. Next, the design procedure using XSG is 
presented to illustrate the important steps. Finally simulation 
results and discussion are given.. 

II. SYSTEM OVERVIEW   

A. Presentation  

 

Fig. 1. Overview of sensors location in a DTC-based induction motor in EV 

The basic idea of the method is to calculate flux and torque 

instantaneous values only from the stator variables. Flux, 

torque are estimated. The input of the motor controller is the 

reference torque (even we can apply the reference the speed, 

which is directly applied by the pedal of the vehicle). Control is 

carried out by hysteresis comparators and a switching logic 

table selecting the appropriate voltage inverter switching 

configurations [1], [6], [17], [19]. 

Figure 1 gives the global configuration of a DTC scheme and 

also shows how the EV dynamics is taken into account. To 

monitor the system, technical fault    detection and isolation 

(FDI) based on parity space that allows generating a fault 

indicator residue through which one can decide whether the 

system is abnormal or not used. 

B. Direct torque control (DTC) 

Direct torque control of AC drives is based on stator 
voltage control; hysteresis torque and flux 
controllers determine the errors which govern the selection of 
the required voltage space vectors to be applied to the motor. 
A simple switching logic is used to either increase or decrease 
the flux, and increase or decrease the torque, or effect no 
changes. 

 

Fig. 2. Structure of the DTC 

Transformation of Concordia: To swing a three-phase 
system to a two-phase system, the Concordia processing 
allowing power conservation is used. 
On applying this transformation, the components of the current 

( si  , si  ) are as follows: 
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Components of the voltage vector are reconstructed from 
the inverter input voltage U0, state control switches (SA SB 
SC) and applying the transformation CONCORDIA: 
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Flux estimator: The DTC is based on an estimation of the 
stator flux of the machine. The voltage to the stator is defined 
by: 

                               .
d sv R i ss s dt


                               (5) 

From this expression, the stator flux can be obtained by 
simple integration: 
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The modulus of the stator flux is: 
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The result of the difference between the estimated value 
stream and the reference will be used by a hysteresis 
comparator in two levels which its output is Boolean: 

 Cf = 0: Decrease in the flow. 

 Cf = 1: Increase in the flow. 
Torque estimator: The torque is estimated from the 

quantities stator current, it is flew by the following 
relationship: 

                              
 . .C p i iem s s s s     

                
(9) 

The result of the difference between the estimated torque 
and the reference   torque will be used by a hysteresis 
comparator three level which its output is   Boolean: 

 Cc = 1: Increase in the torque 

 Cc = 0 : Maintain the torque 

 Cc = -1: Decrease in the flow 
 Switching table: Based on the approach of Takahashi, we 
obtain the following table: 

TABLE I.  LOCATION FOR SETTING THE TORQUE AND FLUX 

N   
1 

 
2 

 
3 

 
4 

 
5 

 
6 

CF CC 

 
1 

 1 V2 V3 V4 V5 V6 V1 

 0 V7 V0 V7 V0 V7 V0 
-1 V6 V1 V2 V3 V4 V5 

 
0 

 1 V3 V4 V5 V6 V1 V2 

 0 V0 V7 V0 V7 V0 V7 
-1 V5 V6 V1 V2 V3 V4 

Vi are given by the following relationship: 
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C. Fault Detection and Isolation ( FDI) 

The parity space (PS) approach is adopted here for current 
sensor fault detection and isolation in DTC-induction motor 
based EV. This approach requires generating dynamic 
redundancy equations for residual calculation [8], [13] and 
[20]. A brief description is given here based on the discrete 
state space model expressed by (11).  

                            
     

   

1
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x k Ax k Bu k

y k Cx k Fm k
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Where x denotes n-dimensional state vector, u the m-
dimensional inputs vector, y the p-dimensional measured 
outputs vector, m the q-dimensional fault vector to be 
detected. Matrices A, B, C and F are known discrete matrices 
of appropriate dimensions that depend on system parameters. 
k corresponds to the time kTa, where Ta is the sampling period 
of measurement. Writing (11) for each of kTa , (k+1)Ta .... 
and  (k+s)Ta instants, the obtained equations are arranged by 
grouping known inputs and outputs in one side and state 
variable and faults, which are unknown variables, in the other 
side. Equation (12) is then derived, which links sensor outputs 
and sensor inputs measured on the time-window [k, k+s], 
using temporal redundancy. 

    
             , , ,     Y k s G s U k s H s x k H s M k sF          (12) 

‘s’ is the order of parity space, matrices G, H and HF are 
detailed in [8]. 

PS approach consist of eliminating the unknown system 
states included in   vector x(k), using a projection technique. A 
vector Vp, called parity vector [18], [20], [21], is determined 
verifying (13). Multiplying each part of (12) by Vp leads to the 
parity equations (14) and (15). These defined such as residual. 
The real time implementation of the residual is performed 
using (15) since it is expressed using only known input and 
output. 

                                     . 0V Hp                                              (13) 

                            ( ) ,P k V H s M k sp F                              (14) 

                            , ,P k V Y k s G s U k sp                         (15) 

The residual is null under healthy conditions and no null 
otherwise. Nevertheless, in real healthy conditions, there is no 
sensor fault but noise exists. So, the noise presence leads to a 
non null residual value. An accepted level of noise is used to 
calibrate the residual threshold. 

Based on simplifications introduced by real-time 
considerations, application of PS approach for electrical drives 
allows a simple and fast SFDI algorithm [8]. Generated 
residual depends only on consider sensor output. Thus, it does 
not require the knowledge of the system model and is therefore 
independent from system model complexity or accuracy. Note 

that 
k  a difference between two consecutive measurements 

as detailed in (16), residual is defined by (17). 

                                 1 k k ky y                                    (16) 

         1 1 2 2 3         k k k k k k kR                   (17) 

Threshold   is defined greater than the maximum residual 

values 
maxkR  in healthy sensor operating mode. Thus, 

residual 
maxkR  is accurately defined. It is depends of the 

measured signal waveform [8], [22]. Then, in the case of 

sinusoidal waveform variable is given by (18).  

                                  
2 23R A Tm m a                                   (18) 

Where Am is the maximum amplitude and 2.    ,   is 

the system time constant. It is very high with respect to 

sampling time Ta ( aT  ). 

In real situation, noise level should be added to this maximum 



 

value of residual Rk, but anyway it remains low.  

Mode of failure, the maximum residual value depends on 
the nature of a fault. 

Offset fault:   
'
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Gain fault:     
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III. PROTOTYPING IN XSG 

A. Introducing XSG 

 The control of mechatronic systems, composed of 
components of different nature such as power converter, 
electrical machine and control system.  The use of advanced 
control algorithms ensuring good profitability and operating 
efficiency, depends upon being able to perform complex 
calculations within timing constraints can resolved  with 
FPGAs as multiple operations are executed in parallel. 
 Xilinx System Generator (XSG) a high-level tool for 
designing high-performance DSP systems under Simulink 
environment, It is a highly desirable to have this simulation 
tool that can easily make the direct translation into hardware 
of control algorithms with no-knowledge of any Hardware 
Description Language (HDL). 
 XSG is a toolbox developed by Xilinx and built-in Matlab-
Simulink. The models created are displayed as blocks that can 
be connected to the toolbox of Matlab/Simulink . Use the 
Xilinx Gateway blocks to interface a floating point Simulink 
model with a fixed-point XSG design. The Gateway-in and 
Gateway-out blocks, respectively, convert inputs from 
Simulink to XSG and outputs from XSG to Simulink. The 
VHDL code generated by System Genartor (SG) exactly 
reproduces the behavior observed in Simulink environment.  
  For rapid prototyping, the choice of this tool is easily 
explained by the advantage to simulate the control algorithm 
is the possibility to generate code that can be used to program 
an FPGA directly from the simulation model. The control 
system must be checked often and quickly simulated 
throughout the development. When the prototype is validated 
theoretical models on Matlab the transition to the hardware 
platform is fast, which makes the validation of the prototype 
achieved a short-term project.  
 The XSG tool is used to produce a model that will 
immediately work on the equipment when completed and 
validated [15], [16], [18], [23]. 
 

 

Fig. 3. Interconnection between the control system (XSG) and Power system 

(Simulink) 

B. Modeling of FPGA-Based SFDI for DTC controller 

In this section, authers explain the developpement of sensor 
fault detection and isolation with direct torque control 
induction motor based EV for FPGA implementation without 
any VHDL coding. Fig.4 shows overall scheme design under 
Matlab/simulink integrate XSG. The development of each 
module in terms of architecture is based on standardization 
principles. These principles are regularity, understandability, 
and reusability of already designed components [14].  

 

Fig. 4. SFDI for Direct Torque Control (DTC) Induction Motor 

Flux estimator: The analytical expression for the flux 
estimator (7) shows the existence of the integral function that is 
not in the toolbox XSG. Then, stator flux estimator modeling 
based on equation (21) is designed such as Fig.5. 
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Fig. 5. Detailed block diagram stator flux estimator 

Arc-tangent function: Both flow estimates are used 

s set    to calculate the sector by the arc tangent 

function. The arc tangent function predefined into XSG has a 

slow execution time. That produces computation error and may 

affect control results. So, we defined the function arc tangent 

with respect a fast execution time. The proposed solution is 

shown in Fig. 6. It is consist of: 

-  Block "abs" is the real absolute value function: Function 

(abs) is not in the toolbox XSG as the Matlab / Simulink.  

-    Block "stage of calcul " contains 11 blocks. 
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-     Block "Subsystem" represents the calculated result of the 

exact value of     taking into account the sign of the inputs. 

-    The "teta" block is used to give the exact value of the angle 

calculated by the previous blocks in the interval [0, 2π]. 

Fig.6 shows a scheme of arc tangent function using XSG. 

 

 
Fig. 6. Overall scheme of the arc tangent function in XSG 

Hysteresis comparators: In DTC control two hysteresis 
comparator types are used:  
Hysteresis comparator with two-level for flow control. 
Hysteresis comparator with three-level for torque control. 

In this case, the notion of programming in Matlab themes 
built in XSG by Mcode block is used. Fig. 7. (a) shows the 
architecture of a hysteresis comparator two levels associated 
with a subtraction. Fig. 7. (b) shows the architecture of Table 
switching: This is the last stage of the DTC, its basic role is to 
establish the three control signals to the inverter. It tests the 36 
voltage vectors which are enabled by state of the input.  

 
Fig. 7.  (a) Architecture block «Hysteresis comparator to two levels», (b) 

Architecture of the block "table de commutation” 

Design of fault detection and isolation in XSG: the fault 
detection and isolation prototype is developed in XSG like 
shown in Fig 8. 

 

Fig. 8. Architecture FDI in XSG 

IV. SIMULATION RESULTS AND DISCUSSION 

A. Authors and Affiliations 

Simulation is then achieved under Simulink with the Xilinx 
System Generator (XSG) fixed-point toolbox. Fig. 4 shows a 
simulated version of the SFDI for DTC algorithm by XSG 
toolbox. The sampling frequency is fixed at 20 kHz. The 
obtained simulation results in healthy and faulty modes are 
summarized in Fig. 9, 10 and 11. The DTC strategy has been 
simulated on an induction motor drive, whose ratings are 
summarized in the Appendix. 

Healthy mode  

 

Fig. 9.  Simulation DTC for induction motor: (a) Motor torque (b) 

Stator Current (d) Induction motor speed (c) zoom in stator 

current (e) Trajectory of the flux. 

The simulation results of DTC for induction motor in 

healthy mode are shown in Fig. 9. The flux reference is 0,8 

Wb. Figures illustrate both the steady state and transient 

performance of the proposed torque control scheme. Note that 

the good dynamic response of the system to a step change in 

torque command at t=0.3s. It is also clear in Fig. 9. (e) that the 

flux regulation is quite good, even during the torque transient.  
 Fig. 9. (a) shows an oscillatory transient increase to a 

maximum value of 16.5 Nm, and then it goes down almost 
instantly to its reference value 11 Nm with ripple amplitude in 
steady state. Fig. 9. (b) shows that the stator current is 
characterized by a high starting current up to 30 A . That 
allows the engine to develop a maximum power to achieve the 
desired speed. Then it stabilizes to its nominal value ≈ 8A as it 
appeared in Fig 9. (c). Figure 9. (d) shows the speed has a zero 
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excess, it increases rapidly with an almost linear speed up to t = 
0.3 s, and then stabilizes around the nominal value of the motor 
1440 tr / min. 

Faulty mode 

To evaluate the proposed SFDI for DTC strategy 
performance, simulations have been carried out on a induction 
motor in faulty mode. So, an offset fault is applied for t = 5.25s 
with an amplitude of d = 4 ( 50%). Fig. 10 presents a current 
sensor fault impacts. 

 

Fig. 10. Impact of offset fault on stator current  sensor measurement at 

t=5.25s: (a) Motor torque , (b) Induction motor speed, (c) Trajectory of  
the flux , (d) Stator Current. 

 

Fig. 11. Detection of offset fault on stator current sensor measurement at 

t=5.25s: (a) zoom in fault application,  (b) Residual its zoom. 

Figure 11. (a) and (b) shows that the SFDI algorithm 
developed in XSG has immediately detected the fault 

appearance. Fig 11. (a) shows stator current, an offset fault is 
applied at t=5.25 s. To emphasize residual as well in healthy 
condition as in faulty condition, the magnitude of applied fault 
is chosen little (50% of maximum magnitude). Fig 11. (b) 
shows that the residual value increase significantly. 

High accuracy of the DTC model has been proved for the 

stator flux. However, any small variation in the stator flux will 

cause a massive starting up stator current.  

      The XSG is very practical since knowledge of any HDL is 

unnecessary; and it renders algorithm prototyping more 

accessible and less laborious as it permits an automatic 

extraction of bit-file targeting commercial FPGA devices. 

Figure 12 and table 2 presented an FPGA implementation of 

the DTC and SFDI  algorithm for AC drives has been 

presented using the XSG tool under Simulink environment.  

TABLE II.  Consumed Resource report 

Target Device :  xc5vlx50t-3ff1136 

Logic Utilization Used Available Utilization 

Number of Slice Registers 123 28800 0 % 

Number of Slice LUTs 1626 28800 5 % 

Number of fully used LUT-FF pairs 41 1708 2 % 

Number of bonded IOBs 52 480 10 % 

Number of BUFG/BUFGCTRLs 1 32 3 % 

Number of DSP48Es 14 48 29 % 

 

 

Fig. 12. RTL diagram of the FDI for DTC Induction Motor 

V. CONCLUSION 

This paper describes a real time simulation using Xilinx 
System Generator of sensor fault detection and isolation in 
direct torque control induction motor based electric vehicle for 
field programmable gate array implementation.  

Simulation results demonstrate the validity and the 
performance of the SFDI in DTC induction motor. But we find 
that the contribution of clever techniques necessary to 
minimize the undulations at the stator flux and torque. 

The method of rapid prototyping XSG enables us to 
develop and simulate the behavior of the machine by applying 
direct torque control algorithm and a sensor fault detection 
based on parity space. Among the advantages of XSG, it can 
generate a complete VHDL project to be synthesized by ISE 
and implemented in an FPGA. According to the synthesis 
results obtained by ISE HDL code generated by XSG, we see 
the performance of the algorithm architected speed. In terms of 
prospects for this work,we shall complete this work to reach a 
fault tolerant controler. 
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APPENDIX 

State model of the simulated induction motor:  

     = A X + B U , y= C XX



 

Where “X” is the state vector, “U” is the input vector and “y” is 

theoutput vector: ,       
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Rated data of the simulated Induction motor 

Power 
(KW) 

Voltage  
(∆/y) 

(V)  

Pole 
Pair 

Rs 
(Ω) 

Rr 
(Ω) 

Ls 
(H) 

Lr 
(H) 

M 
(H) 

J 
(Kg.m2) 

F 
(IS) 

4  220/380  2 1.2  1.8  0.1554  0.1556  0.1500  0.024  0.011 
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