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This paper presents the implementation of space vector modulation-based direct torque control 
of an induction motor using a low-cost Spartan-6 XC6SLX25 FPGA board. The major 
advantages of FPGA compared to a DSP processor for the implementation of advanced control 
algorithms are parallel processing and less execution time. Most studies have employed FPGA 
for the implementation of a part of a control algorithm such as flux and torque estimators and 
torque and flux controllers. In this study, a complete control algorithm is executed in Spartan-6 
board using VHDL code. The complete control algorithm is developed, which is independent of 
third parties such as Matlab/Simulink-based Xlilinx system generators. The complete 
experimental setup is developed using a speed sensor; Hall effect current voltage sensors are 
used for estimating the torque and flux of the motor. Based on the output of controllers, the 
PWM signals are fed to the VSI-fed induction motor. Xilinx ISE (Integrated Synthesis 
Environment) 14.1 is used to simulate synthesis and perform an analysis on the Spartan-6 
board. The performance of the developed model is measured by perturbations in reference speed 
and load on the induction motor. The experimental results show that using FPGA, we can 
achieve fast speed response due to less execution time. 
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1. Introduction 
 

Over the last decade, direct torque control (DTC) evolved as an alternative to the field-

oriented control (FOC) of induction motors for fast torque response in industrial 

applications [1–2]. Compared with FOC of induction motors, DTC has advantages like 

simpler and robust control scheme, absence of coordinate transformations, and current 

regulators. However, conventional direct torque control (CDTC) suffers from major 

disadvantages such as a) high flux and torque ripples predominantly during starting and at 

low-speed operation [3–5]; b) variable switching frequencies due to hysteresis bands and 

variable motor speeds [3–4]; and c) current and torque distortion when the sector changes 

[5]. To overcome these disadvantages, several techniques have been developed such as 

direct self-control, DTC with space vector modulation (SVM), and DTC-SVM with neuro-

fuzzy logic controllers, as given in [6]. Improved CDTC with multilevel inverters, matrix 

inverters, and sensorless drive has been proposed in [7–8]. In recent years, artificial 

intelligence (AI) techniques, such as fuzzy logic, neural networks, and neuro-fuzzy for 

DTC, have been employed by researchers. The execution of the CDTC switching table with 

fuzzy logic is given in [9–11], which results in the reduction of torque and flux ripples to 

some extent. To reduce torque ripples, space vector modulation was proposed by 

researchers, but it increases switching complexity [12–13]. In general, digital signal 

processors (DSPs) or dSPACE is employed for the implementation of high-performance 
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control algorithms such as FOC and DTC of motors in industrial applications. The DSP 

processor has fixed architecture and performs all of its operations (arithmetic and logical) 

sequentially, which result in high sampling and execution times. Whereas FPGA does not 

have fixed hardware, parallel processing of the logic arrays takes much less computation 

time. Thus, FPGA is emerging as an alternative to DSP controllers due to its flexibility and 

ability to implement complex algorithms in industrial control systems [14–15]. FPGAs 

have potential in the improvement of controllers as their design methodology supports 

parallel functionality, with minimum response time and maximum operational performance, 

which allow rapid prototyping of the complex control schemes such as DTC and FOC [15–

16]. In switching table-based conventional DTC, the torque and flux are controlled by a 

hysteresis controller, which is difficult to implement in real time as it requires very high 

sampling rate and results in variable switching frequencies [17]. The space vector 

modulation-based DTC scheme to overcome the problem of high torque and flux ripples 

has been used in this paper [18]. Most of the studies use dSPACE to implement the DTC 

scheme [16–19]. Implementation of DTC of the induction motor using FPGA has been 

described in [20–2, 23]. The implementation of scalar control of induction motor is 

proposed in [22], however the scalar control drive is not suitable for high performance drive 

applications. In [23] the direct torque control is implemented using on FPGA but the 

complete netlist generation and independent control of SVM DTC algorithm using FPGA is 

not developed. Most of the researchers employ Xilinx System Generator (XSG) to 

implement a part of the control algorithm. In this study, we implement the complete DTC 

algorithm using economical Xilinx Spartan-6 (XC6SLX25) FPGA board. The complete 

control logic algorithm is developed step by step using very high-speed integrated circuit 

Hardware Descriptive Language (VHDL). In most of the previous works the SVM-DTC 

control algorithm is developed using digital co-simulation between software and hardware 

using XSG which makes the drive dependent on simulation software.  The novelty of 

presented work in this paper is the complete VHDL code with proper mapping is developed 

in Xilinx ISE 14.1 is used for the simulation, synthesizing, mapping, and placing of codes 

in the FPGA device. The speed control of induction motor is control independently for 

different load variations independently from Spartan 6 FPGA board. The effective 

implementation of SVM–DTC control algorithm using FPGA make the drive robust. The 

induction motor can operate at constant speed when subjected to sudden variations in load 

even at low speed of 1000 rpm and can maintain constant flux for changes in reference 

speed and load torque. The experimental results shown in paper validate the reduction 

torque and flux ripples and smooth implementation of DTC algorithms for high 

performance induction drives compared to works presented in [21-24]. 

 

2. SVM-DTC of Induction motor 

 In the DTC scheme proposed by [1], torque and flux errors are processed through 
hysteresis controllers. The digitalized output of the controllers and stator flux angle 
determines the switching state of VSI. The implementation of hysteresis controllers using 
DSP requires high sampling rates, which results in variable switching frequencies and high 
torque and flux ripples. In SVM-DTC, the torque and flux hysteresis bands are replaced by 
PI controllers. Fig.1, shows the block diagram of SVM-DTC of an induction motor. The 
voltages and currents fed to the induction motor are fed back using Hall Effect transducers. 
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Fig1. Block diagram of SVM-DTC of Induction motor 
 

 The stator flux and torque are estimated using the following equations: 
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The motor speed is sensed using a speed sensor, which converts the mechanical speed 

into equivalent voltage value, which is compared with the reference speed. The PI 

controller gains KP and KI are mathematically determined for the linearized model of the 

induction machine and closed loop control scheme.  In advance control algorithm like 

SVM-DTC of induction motor nonlinearities exist due to induction motor, sensors and 

change in motor parameters. Initially open loop speed control suing SVM-DTC algorithm is 

implemented. The KP gains of the controllers are initially set to meet the reference speed. 

Later the KI gains of the controllers are adjusted to obtain fast transient response with zero 

steady state error. So, the KP, KI gains of the controllers are determined using trail and error 

technique. The speed error is processed through the PI controller of KP = 250 and KI= 140, 
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which generates the reference torque. The reference torque is compared with the estimated 

torque generates the torque error which is processed through torque PI controller of KP = 

255 and KI= 166 generates Vd*. The estimated flux is compared with the reference flux of 

0.8 and the error is processed through the flux PI controller of KP =0.8 and KI = 0.048 

generates Vq*. The Vd* and Vq* are transformed into Va, Vb, and Vc using the θ 

estimated. 

The six PWM signals given to the VSI are generated using the carrier-based Space 

Vector Pulse Width Modulation (SVPWM) technique. Initially the sector is identified based 

on the stator flux angle, which indicates the location of the reference vector. Once the 

reference vector is identified, the switching time calculations are determined using the 

following equations [23]: 
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where n represents the sector number, and the angle in each sector ranges from α = 0 to 

60˚. The dwell timings in each sector are given by equations 8–10. 

 

3. Experimental Implementation of Direct Torque Control 

 

3.1. Introduction to FPGA 

Owing to the advancement in VLSI technology, engineers are employing modern tools 

for the implementation of complex control algorithms in industrial applications. The 

application of FPGA boards in the industrial control of drives has received more 

importance in recent years due to their advantages such as 1) fast execution time compared 

with a DSP or micro-controller due to parallel processing; 2) flexible hardware architecture, 

which enables the user to configure the logic to be implemented based on the 

interconnection of logic cells; 3) as the hardware structure is determined by the user, using 

FPGA, a large amount of data can be processed with fast processing speed ; and 4) the 

design can be easily modified or updated by changing the VHDL code in FPGA. Dedicated 

configurable logic blocks (CLBs) are used to implement logic of the control algorithm, and 

input–output blocks (IOBs) are used to perform the input and output functions of FPGA. 

 

The complete closed-loop control algorithm of DTC of the induction motor is developed 
using VHDL code. Most of the studies have employed XSG for the development of the 
VHDL code. The novelty of the work presented in this study is that a complete VHDL code 
for the execution of control algorithm is developed step by step and mapped for the 
execution of DTC of the induction motor. 
 
3.2. Experimental setup using Spartan-6 FPGA board. 
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Fig. 2. SVM-DTC of Induction motor using FPGA 

 

Fig 2 shows the completed experimental setup for the execution of SVM-DTC of the 

induction motor. Xilinx Spartan-6 XC6SLX25 FPGA board is a low-cost, easy-to-use 

board within the FT256 package. It consists of 24,051 logic cell equivalents, 52 18K-bit 

block RAMs, 229 kB distributed RAM, 38 DSP48A1 slices, two clock management tiles, 

and two memory controller blocks. It also has one 34-pin header used for the IPM interface 

with 16 PWM outputs and eight capture inputs, one 26-pin header ADC, and one five-pin 

phoenix connector DAC of 12-bit resolution. It is equipped with a 100 MHz variable clock, 

eight output light emitting diodes (LEDs), eight input switches, four user push-button 

switches, one RESET push-button switch, and two-user limit switch. It has an onboard 

JTAG Programmer, an isolated FT232 port (USB to UART), and 20 x 4 alphanumeric LCD 

display. The enhanced quadrature encoder pulse speed sensor is used to sense the speed of 

the induction motor, which converts mechanical speed into equivalent square pulse. The 

output of the sensor is fed to a frequency-to-voltage converter, which generates voltage 

corresponding to motor speed. The voltage and currents of the induction motor are fed back 

using the voltage and current transducer, which works on the principle of Hall Effect.  

 

High voltages are stepped down to low-level voltages and currents suitable for the 

control circuit. ADC7366 present in the FPGA board is used to convert incoming analog 

signals into digital signals. Twelve-bit four-channel ADC is employed, which is capable of 

converting analog signal having the voltage range from –10V to +10V. AD5724 DAC IC is 

used to convert digital output from the controller into analog signals. A 34-pin FRC cable is 

used as the interface Spartan-6 board and PWM signals fed to IGBT-based VSI. The 

Spartan-6 board has an onboard USB to JTAG programmer, which enables us to connect 

Spartan-6 to the computer USB port using a USB cable. The opto-couplers are used to 

isolate the control circuit from the power circuit. Pulse width modulation signal (PWM 1 to 

PWM 6) coming from the FPGA board is given to VSI using opto-couplers. 

 

3.3. Implementation of direct torque control algorithm using VDHL 
 

Xilinx ISE 14.1 simulator is used to develop the control algorithm using the VHDL 

code. The complete control algorithm is divided into different components to develop the 

code. Port assignment is carried out to map the components. The code for variation of 

reference speed, using two limit switches, is developed, named as the “reference speed” 
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component. The conversion of speed of the induction motor into equivalent voltage signal 

is called the “speed estimation” module. The speed, torque, and flux PI controller VHDL 

codes are developed, named as “speed PI”, “flux PI”, and “torque PI” modules, 

respectively. The VHDL code for the flux torque estimator is developed and named the 

“fluxtorqueest” module. The conversion of dq to abc is developed and is named as the 

“VCO” module. The pwm generation code is developed and is named as the “PWM 

generation module”. All of the modules are interconnected using port mapping. 

 

  

 

 
 

Fig.3. Flow chart of implementation of DTC control algorithm using FPGA 
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 Fig 3 shows the flow chart for the implementation of the DTC algorithm using Spartan-6 

board. Initially the developed VHDL code is simulated using Xilinx ISE simulator. On 

successful completion, synthesis of code is performed, followed by the allocation of pin 

number on the board in the VHDL code developed. The simulator develops the program 

file, which is an implementation file. The generated program file is downloaded on the 

FPGA board for hardware interface. The three-phase AC supply is provided to the motor 

using VSI with initialized values given in the code for reference speed and direction of the 

motor. The speed of the motor is fed back using Quadratic Encoder Pulse (QEP) Speed 

sensor, the actual speed is compared with the reference speed-generated speed error. 
  
 The speed PI controller develops the reference torque. The torque error and flux error are 
calculated and processed through the torque and flux PI controllers. Based on the outputs of 
the PI controllers, flux angle, and Vdc, the Va, Vb, and Vc are calculated. The six PWM 
signals given to VSI are generated using the SVPWM technique. Switching frequency of 10 
kHz and dead time of 3 µsec are employed. The reference speed can be increased or 
decreased using two limit switches on the board. LCD is interfaced with the port of 
reference speed, actual speed, flux, and torque. 

 

 
Fig.4. Experimental setup of SVM-DTC with FPGA 

 

4. Results and discussions 

This effectiveness of the developed control algorithm is verified using the experimental 

results obtained using the experimental setup shown in Fig 4. Advanced Xilinx Spartan-6 

XC6SLX25 FPGA board capable of performing compute-intensive functions, such as PID 

controller, Clark/Park transforms, and space vector PWM with dedicated PWM ports, are 

used to implement the DTC algorithm. Initially the motor is started with a reference speed 

of 1000 rpm and incremented to 1400 rpm on no-load and full load. The actual and 

reference speed responses when subjected to sudden change in reference speed on no load 

and full load are shown in Fig.5 (a) and 5(b). The speed and torque response of the drive for 

variation in load torque is shown in Fig 6. The flux and torque response of the drive for 

variation in load torque is shown in Fig 7. The d-axis and q-axis flux response and the 

trajectory path of the flux are shown in Fig 8. The voltage waveforms when the motor is 

driven at 1000 rpm full load are shown in Fig 9. The current waveforms when the motor is 
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driven at 1000 rpm full load are shown in Fig 10. The RTL view of the DTC control 

algorithm is shown in Fig 11. 

 

 
Fig.5(a) Experimental speed response at no-load 

 

 
Fig.5 (b) Experimental speed response at full load 

 

 
Fig.6 Experimental speed response with variation in load torque 
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Fig.7 Experimental flux  response with variation in load torque 

 

 
Fig.8. Experimental response of d-q flux and flux path trajectory 

 

 
Fig.9 Voltage waveforms of DTC at 1000 rpm full load 

 

 
Fig.10 Currents waveforms of DTC at 1000 rpm full load 
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Fig.11 RTL view of DTC of indcution motor top module 

 

 As shown in Fig 5(a) and (b), initially the reference speed is set to 1000 rpm; the motor 

is able to track the reference speed in 6 s in both no-load and full-load conditions. The 

reference speed is subjected to a step change from 1000 rpm to 1400 rpm; using the limit 

switches, the motor is able to meet the change in speed without any oscillations. 
  

As shown in Fig 6, when the motor is subjected to load variation by tightening the belt, 

the motor can still maintain the constant speed of 1000 rpm. This experimental result 

depicts the robustness of the closed-loop speed control scheme for change in load torque. 

 

As shown in Fig 7, when the motor is subjected to variation in load torque, it maintains a 

constant stator flux. These experimental results prove that the concept of torque is 

independent of flux. 

 

 Fig 8 shows the experimental flux response of the induction motor. As shown in the 

Fig.8, there are less flux ripples and smooth trajectory of the flux path. Figs. 9 and 10 show 

the voltage and currents drawn by the induction motor during the experimental 

investigations of the drive. The currents and voltages drawn by the induction motor are 

smooth and have fewer ripples.  

 From the results we can observe that the performance of the drive using SVM-DTC 

during startup, sudden change in load perturbations and step change in reference speed is 

improved.  The summary of the numerical experimental results is shown in Table1. The 

settling time to reached reference speed during starting and step changes in reference speed 

is just 6 and 1 seconds respectively. The torque and flux ripples in SVM-DTC are reduced 

to 4± 0.5 (12.5%) and 1± 0.08 (8%). The sinusoidal currents drawn by all three phases 

indicate less harmonics in the current and voltage waveforms drawn by the induction 

motor. The THD of voltages and currents are well within acceptable limits. 
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Table 1. Summary of experimental results 

 

Value SVM-DTC with PI 
controllers 

Settling time to reach 1000 rpm 6 s 

Settling time for 1000 rpm to 
1400 rpm 

1 s 

Flux ripples (Wb) 1± 0.08 (8%) 

Torque ripples 4± 0.5 (12.5%) 

Current THD in % 3.52 

Voltage THD in % 14.112 

 

 Complete details of resource utilization on Spartan-6 FPGA kit are provided in Table 2. 

The given brief provides an overview of the number of registers, DSP blocks, multiplexers, 

and input–output ports used for the implementation of the DTC algorithm developed using 

the VHDL code. 

 

Table 2.Summary report of DTC of induction motor design 

 

 Used Available Utilization 

Number of Slice Registers 2,194 30,064 7% 

Number of Slice LUTs 3,981 15,032 26% 

Nummber of MUXCYs used 3,252 7,516 43% 

Number of bonded IOBs 57  186 30% 

Number of DSP48A1s 24  38 63% 

 

5. Conclusion 

 In this study, implementation of robust and fast dynamic speed control of the induction 

motor using the DTC algorithm is proposed. The complete control algorithm is developed 

using the VHDL code and implemented on economic Spartan-6 XC6SLX25 FPGA board 

using Xilinx ISE 14.1. The complete control algorithm developed is independent of other 

software platforms. The experimental results show successful implementation of speed 

control of the induction motor for variation in load torque and change in reference speed. 

The results also exhibit fast dynamic response and less torque and flux ripples compared 

with the implementation of conventional DTC using dSPACE or DSP controller.  
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