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Abstract. This paper presents VLSI design for induction motor control in the case of Direct Torque Control
(DTC) algorithm. Following a tendency in the research area, the algorithm proposed is implemented in unique
FPGA device, which allows for a faster validation and simplifies the control structure. To ensure a proper
voltage vector selection by the DTC controller, the estimation of stator flux must be accurate. The calculation
of the electromagnetic torque too, depends on the accuracy of stator flux estimation. Most of the stator flux
calculation is based on voltage model, current model or the combination of both models. These models require
a precise calculation to accurately estimate the flux. In this paper an arithmetic approach of DTC strategy
using complex number and floating point representation is implemented using FPGA. The motor / inverter
dynamics is executed in Matlab / Simulink. The Xilinx software performs the speed control and the DTC
procedure which is written in VHDL (Very high speed integrated circuit Hardware Description Language).
Simulation results of this high performance drive system on 1/4 hp standard induction motor are as expected
and agree with the theoretical work.
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1 Introduction

The induction motor is well known as the workhorse of industry. It is estimated that induction motors are
used in seventy to eighty percent of all industrial drive applications due to their simple mechanical construc-
tion, low maintenance requirement and lower cost compared to other types of motors, such as brushless d.c.
motors[2, 5]. From a control view point, induction motors are non linear high order systems of considerable
complexity. Due to the highly sophisticated mathematical content of the equations, the signal processing per-
formed by the control systems is complicated and relatively expensive to implement. Before power electronics
was introduced, induction motors were mainly used for essentially constant speed applications because of the
unavailability of the variable-frequency voltage or current supply. The advancement of power electronics has
made it possible to vary the frequency of the voltage or current supplies relatively easy, thus has extended the
used of induction motor in variable speed drive applications; but due to the inherent coupling of flux and torque
components in induction motor, it could not provide the torque performance as good as the DC machine. A
couple of decades ago, field oriented control (FOC) of induction motor[9]. was introduced that has open a new
horizon to the induction motor applications. The method, which uses frame transformation, de-coupled the
torque and flux components of the stator current therefore has transformed the performance of IM similar to
that of the DC motor. The implementation of this system however is complicated and furthermore FOC, in
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particularly indirect method which is widely used, is well known to be highly sensitive to parameter varia-
tions due to the feed-forward structure of its control system. Another IM control technique known as a direct
torque control (DTC), which was introduced about a decade ago, has a relatively simple control structure yet
performs at least as good as the FOC technique[8]. Although most a.c. drives in use today adopt a micropro-
cessor based digital control strategy, implementation of current loop and PWM control is still tied to some
extent to analogue control circuitry. This kind of control scheme has the advantages of fast dynamic response
but suffers the disadvantage of circuit complexity, limited functions and difficulties when circuit modification
is required. DSP technology has been generally used for digital a.c. motor control implementation. However
recent developments in the field of microelectronics have enabled complex switching strategies for transis-
torized inverters to be implemented by means of ASIC / FPGA technology. With the growing complexity of
motor and motion control applications, it becomes apparent that a Field Programmable Gate Array (FPGA)
offers significant advantages in the area of performance, flexibility and inventory control. The main advantage
of FPGAs is their capability of parallel operation that can greatly increase with the execution speed of the
control algorithm, shortening the design and development cycle.

DTC is characterizing by the simplicity of its structure. Decreasing the parameter sensibility of the ma-
chine, rising the dynamic performances and require no speed or position sensors[3, 8]. This technique was
initially implemented on Digital Signal Processing (DSP) based hardware associated with an ASIC (Applica-
tion Specific Integrated Circuit)[4]. With the advance of the technology; such implementation became possible
using FPGA. A comparison between the implementation of DTC strategy in DSPs and FPGAs was made in[7].
The FPGA got a better performance and precision executing the control more rapidly than the DSP. In FPGA
proposal, it reached an execution frequency of 250 KHz, while in the DSP case, with all algorithm executed
in software, it reached only 40 KHz.

This work shows the simulation of the DTC control technique using Matlab / Simulink with Xilinx/ Mod-
elSim program simultaneously, allowing a global co-simulation of the motor dynamics and the DTC strategy
coded in VHDL. The inverter drive and the induction motor were implemented in a Matlab / Simulink envi-
ronment. The DTC control strategy was implemented in VHDL language using Xilinx program. DTC strategy
was executed exclusively in VHDL, using complex number calculation with floating point representation.
For a fixed point representation all the quantities (data and constants) are represented by integers in a fixed
range. This means that each must be converted to fit within this range. This must be done without decreas-
ing accuracy. Complex number and floating point representation in DTC scheme gives higher computational
accuracy than the fixed point representation. In this representation, all the variables and every mathematical
operation are directly described. The use of complex number calculation with floating point representation is
new proposal of this work with regard to similar study.

2 Principles of DTC of induction motor

The basic idea of the switching table DTC concept is shown in Fig. 1. The command stator flux ψ, andme

values are compared with the actual ψsc and mc values in hysteresis flux and torque controllers, respectively.
The flux controller is a two-level comparator while the torque controller is a three level comparator. The
digitized output signals of the flux controller are defined as

dψ = 1, for ψS < ψSC −Hψ

dψ = 1, for ψS < ψSC +Hψ (1)

and those of the torque controller as

dm = 1, for me < mc −Hm

dm = 0, for me = mc (2)

dm = −1, for me < mc +Hm

where 2Hψ is the flux tolerance band and 2Hm is the torque tolerance band. The digitized variables dψ, dm
and the stator flux section N, obtained from the angular position γS = arctg(ψsβ/ψsα), create a digital word,
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Fig. 1. Direct Torque Control structure

which is used to select the appropriate voltage vector. The needed calculations for the correct implementation
of the DTC strategy are listed below.

νds =
Udc(2Sa − Sb − Sc)

3
(3)

νds =
√

3Udc(Sb − Sc)
3

(4)

ids = ia (5)

iqs =
√

3(ia + 2ib)
3

(6){
ψds = ψsdamt + T (νds −Rsids)
ψqs = ψsqamt + T (νqs −Rsids)

(7)

where νds and νqs are the direct and quadrature components of the stator voltage respectively. Udc is the
inverter dc-link voltage and Sa, Sb, and Sc are the states of the upper switches of the inverter (S = 1 means
switch closed and S = 0 means switch open). ia and ib are the currents from ‘a’ and ‘b’ phases measured
by sensors and ψds and ψqs are the direct and quadrature components of the stator flux. T is the sampling
period of DTC algorithm. With the estimated flux and stator current components, it is possible to determine
the angular sector of the flux position and finally the electromagnetic torque of the motor is calculated, which
is given as

me =
3P
2

(iqsψds − idsψqs) (8)

where is the number of pole pairs of the motor. The stator flux magnitude is given by Eq. (9).

ψs =
√
ψ2
ds + ψqs

2 (9)

3 VHDL programming with complex number and floating point

VHDL has been established as a means for digital integrated circuit and standardized by IEEE. This
language is VHDL (Very high speed integrated circuit Hardware Description Language), balloted as standard
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for the first time in 1987[1] and reballoted in 1993. This standardization reduces confusion and facilitates
interfaces between different tools, suppliers and product[6]. The language has come to solve some of the
problems previously posed. Some of the previewed advantages are as follows.

• Allow shorter development phases in the projects.
• Provides continuous checking and verification of the system performance and behavior.
• Make the system independent of the target technology and the final implementation details, in the early

stages of the project.
• VHDL is a common language throughout most design phases, so CAD (Computer-aided design) tools

and user’s benefit from it.
• VHDL supply a common interface between different people involved in the project and between design-

ers and CAD tools.

Complex numbers are an extension of ordinary numbers and particularly imaginary numbers, sometimes
seem mysterious and unreal. A healthier approach would have been to define a symbol j, which has a property
j2 = −1. For equation such as x2 = −1, the solution could not be found in the real number system. Although
real numbers supply accurate representation for numerical values, they have great disadvantages such as the
inability to find the solution for quadratic equations. In this case, it is necessary the use of proper digital design
technique and the assembly of specific routines for treatment of complex number representation. Arithmetic
in case of complex number solves this problem. The arithmetic in complex number cause speed reduction in
the execution program, however the benefits obtained with its use can overcome such disadvantages. The main
advantage of such arithmetic is its easy implementation, since it does not need scale changes in its execution.
When examining DTC algorithm calculations (Eq. (6), to Eq. (8)) we noted a common expression in the most
of the calculation, such as: S = (A∗B)±(C ∗D) whenA = 0.2, B = 0.2+j3, C = −1+j4, andD = 2−j3.

The block diagram of the above expression is shown in the Fig. 2. The real and imaginary parts of the two
complex inputs are stored in the first set of pipeline registers. The multipliers used the stored values to produce
the four partial products. Since the input values are 16-bit numbers, the partial products are 32-bit numbers,
represented. The partial products are stored in the second set of pipeline registers. The subtractor and adder use
these values to produce the full 33-bit products. However only 22-bits of the product are stored in the next set
of pipeline registers .The least significant 13-bit are truncated. This still leaves two extra bits beyond the final
precision required for the MAC (Multiplier Accumulator) outputs, in order to reduce the effect of rounding
errors during the accumulation of the sums .The accumulator adders use an extended range .So the pipelined
products must be signed extended by two bits before being added into the previous accumulated sums .The
adders also produce overflow status outputs, which are used to set flip flops that record the overflow condition
for a sequence of inputs. Finally the accumulated sums are reduced to 16-bits at the MAC outputs. The least
significant two bits are truncated and bits 17 to 20 are discarded .The overflow logic must check that these
discarded bits are all the same as the sign bit.

Similarly for addition and subtraction of two complex numbers, the real and imaginary parts of the two
complex inputs are stored in the first of the pipeline registers. Then the subtractor and adder use these values
to produce the 17-bit product. The accumulator adders use an extended range, so the pipeline products must
be sign extended by two bits before being added into the previous accumulated sums .The adder also produce
overflow status outputs, which are used to set flip-flops that record the over flow condition for a separate of
inputs. Finally the accumulated sums are reduced to 16-bits at the MAC output.

The description of each of the modules used in the MAC can be assemble into a register-transfer-level
structural model .The signal declared in the architecture body represent the values calculated by each pipeline
stage and the outputs of the pipeline registers. The partial products are stored in the second set of pipeline
registers, represented by the next four instances of the ‘reg’ entity. Next, the model includes two instances
of the product-adder-subtractor entity .The first of these has its mode port tied to‘1’ causing it to subtract its
inputs to form the real part of the product .The other instance has its mode input tied to ‘0’, causing it to add
its inputs for the imaginary part .The real and imaginary parts of the product are both 32 bits, however, only
the most significant 20 bits of each are stored in the third set of pipeline registers, represented by the next two
instances of the ‘reg’ entity.
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Fig. 2. Register Transfer Level of Complex Number calculation

The real and imaginary part of the complex number may be floating point or real number. The floating
point number y is written in floating point as the following formula: y = y(m) ∗ 2y(e), where y(m) is the
mantissa portion and y(e) is the exponent part of the floating-point number y. The generic floating-point
format is shown in the Fig. 3.

Fig. 3. Floating Point Format

It has an exponent field e, a sign field s and a fraction field is a 2’s complement number. The sign field and
the fractional field can be considered as one unit and referred to as the mantissa field. The 2’s complement
fraction is combined with the sign bit and the implied most significant bit to create the mantissa. The mantissa
represents a normalized 2’s complement number.

4 Controller hardware implementation and experimental testing

In this work the HDL design for DTC scheme and its implementation in FPGA are presented. Particularly,
the XC3S100E circuit is an implementation target and Demo Board with Spartan 3E by Xilinx. Although
VHDL is a hardware description language and as such is primarily used for digital circuit design, it has the
basic properties of any software programming language. This allows complete power system modeling and
simulation, prior to digital controller design and implementation. The complete drive system was modeled,
simulated and evaluated using VHDL, now one of the most popular standard Hardware Description Language.

4.1 Simulation results

A simulation on the DTC drive is carried out using Matlab/ Simulink simulation package. The parameters
of the motor are extracted from the real induction motor used in the experiment (see Tab. 1). Fig. 4. shows the
Matlab/ Simulink diagram representation of the DTC induction motor drive system.
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Fig. 4. Matlab/ Simulink diagram representation of the DTC induction motor drive system

4.2 Implementation of DTC

The design methodology for presented DTC core implementation is based on using as a template Matlab/
Simulink model that is not a part of this work. When controlling inverter, apart from main control, there is
a set of many simple algorithms like: controlling measurements, collecting response of measuring devices,
digital filtering and pre-processing of received data, changing data format, synchronizing system, providing a
testing mode, which enables system verification before connecting to the actual inverter are implemented in
combinational logic. The central control system that includes DTC core is implemented in the same FPGA
chip; there is a gain in system integration. The DTC core computing unit architecture is realized by mixed
computations: sequential and parallel. The complex number and floating point calculation is incorporated in
the architecture of the DTC core.

To ensure a proper voltage vector selection by the DTC controller, the estimation of stator flux must be
accurate. The calculation of the electromagnetic torque too, depends on the accuracy of stator flux estimation.
A large deviation of the calculated torque and flux from the true values can result in instability of the drive
system since wrong voltage vectors selection is made. Stator flux and torque estimations are based on the
IM dynamic equations in the stationary stator reference frame. The stator flux calculation is based on voltage
model. The model requires a precise calculation to accurately estimate the flux. In this paper complex and
floating point representation is included with the DTC scheme by means of signal declaration, which makes
accurate calculations of flux. The interface and communication algorithms are implemented and tested in the
system is shown in Fig. 5. In this system control algorithms and DTC core are executed by PowerPC and
implemented in the smallest FPGA chip SPARTAN3E family. In the implementation of the DTC presented in
this work all calculations are performed in per unit value, 16 bit, floating point data format is used. The chosen
data format ensures that even over current situation there will be no over flow error. For increased security
the over flow decoder is also included. The RTL view of DTC core block is shown in Fig. 6. The complete
VHDL code was synthesized using the popular synthesis tool, Synplify. Before synthesis the target device is
selected as XC3S100E by Xilinx Family. During synthesis a gate level net list is developed in an Electronics
Data Interchange Format (EDIF). A file bearing EDIF net list information is created with various extension
names depending on the target type. The target device XC3S100E of Xilinx family is used here in the design
and the relevant EDIF net list file created. During synthesis an RTL (Register Transfer Level) corresponding
to the design code is developed, which represents an optimized design. Further optimization of the design is
accomplished in the next phase called Place & Route. The timing simulation carried out by ModelSim XE. A
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Fig. 5. Testing system blocks

Fig. 6. RTL view of the DTC core

.sdo (Standard Delay Format Output) file is also generated which contains timing delay information for use
with VITAL (VHDL Initiative Towards ASIC Libraries) compatible libraries. The .sof (SRAM Object file) file
generated during Placement and Routing is downloaded finally to the FPGA target via JTAG (Joint Test Action
Group) port. Thus the entire design is strictly based on the FPGA design flow concepts and rendered expected
results. The simulated waveform given below in Fig. 7. shows a particular switching vector selected for the
error conditions of the motor. If reference torque is 10000000, the actual torque is 01000000 and the reference
flux is 00100000, the actual flux is 00010000 the corresponding switching vector selected is 011(V4). The
DTC is performed on a 1/4 hp, 50 Hz, standard induction motor. The machine parameter is given in table
1. To sense two of the three stator phase currents, the Hall effect current sensors with anti-alias filtering are
employed. The Matlab/ Simulink reference model and VHDL model implemented in FPGA have the same
functionality but the calculations are not the same. This is caused by differences in model’s construction.

5 Conclusion

The simulation results presented in this work is an evidence that the advantages of DTC technique in
terms of dynamic response in the speed control of induction motors. The new methodology presents a case
study of the integrated modeling simulation and design of Direct Torque Control of induction motor, using
VHDL and targeting FPGA implementation. Although VHDL is a hardware description language and as such
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Fig. 7. Overall simulation of the induction motor controller

Table 1. Induction machine parameters

Parameter Symbol Value
Stator resistance Rs 10.9Omega
Rotor resistance Rr 9.588Ω
Stator self inductance Ls 0.857H
Rotor self inductance Lr 0.857H
Mutual inductance Lm 0.828H
Nominal Speed ωr 2820rpm
Nominal voltage (phase) Vs 138V
No of pole pairs P 1

is primarily used for circuit design it has the basic properties of any software programming language. This
allows complete power system modeling and simulation prior to finalizing the digital controller design and
implementation. The complete drive system model used enables the design of a high performance holistically
optimized controller for speed and torque. The VHDL digital controller design was finally downloaded into a
single Xilinx Spartan 3E XC3S100E FPGA.

The complex number and floating point arithmetic was used as an alternative form in the codification
of the calculation in DTC technique. The bigger calculations time in programs that use complex number and
floating- point, does not affect the results because it still holds sufficiently small for a good functioning of the
DTC technique. The test results confirmed that the designed controller operates correctly in conjunction with
the interface circuits, the power system and the induction motor.
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