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Abstract

This project presents a generic model of a direct torque controller (DTC) for
induction machines (IMs) using field programmable gate array (FPGA). The DTC
performance is significantly improved by the use of FPGA, which can execute the
DTC algorithm at higher sampling frequency. This model is developed in order to
reduce the sampling period to a point where torque ripple is minimal, while
maintaining the classical DTC control structure. To get simpler implementation and
fast computation, minimizing calculation errors and consuming hardware resource
usage, three methods were introduced: i) two’s complement fixed-point format and
a variable word-size approach was followed, ii) the modified non-restoring method
to calculate complicated square root operation of stator flux and iii) a new sector
analysis method. The design of the FPGA-based DTC for IMs is presented. Firstly, a
novel DTC architecture was designed. Secondly, very-high-speed integrated circuit
hardware description language (VHDL) is adopted to describe the behavior of the
control algorithms. Finally, to evaluate the effectiveness and correctness of the
proposed DTC, a co-simulation work performed by Matlab/Simulink and Modelsim

is conducted. The simulation results will be discussed.
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INTRODUCTION

SIMULINK/ MODELSIM CO-SIMULATION OF DIRECT TORQUE
CONTROL FOR INDUCTION MOTORS



General Introduction:

Induction Motors (IMs) have been widely used in industry because of their advantages:
simple structure, ruggedness, high reliability, low cost and minimum maintenance. The AC
Induction motor (ACIM) is essentially a fixed-speed machine. However, most industrial
applications require a motor in which torque or speed can easily be controlled. Therefore,
several high-performance control strategies have been developed for AC motors; two of the
most popular motor control methods are field oriented control (FOC) and direct torque control
(DTC) [1]. Unlike FOC, DTC, which was proposed by Takahashi in 1986 [2], is characterized
for its simplicity since it does not require Pl regulators, coordinate transformations, pulse width
modulation (PWM) generators, or position encoders on the motor shaft [3]. In spite of its
simplicity, DTC provides fast torque control in the steady state and under transient operating

conditions with simple control structure [4].

Ideally, the error or ripple of the torque (or flux) is restricted within the hysteresis band, so
that the output torque (or flux) will satisfy its demand. Unfortunately, in practice, as the
hysteresis controller performs in a discrete computation approach, this is impossible to achieve
due to the delay between the instant the torque is sampled and the instant the corresponded
switching status is passed to the inverter [5]. The ripple might exceed beyond the hysteresis
bands, i.e. overshoot or undershoot condition, and hence tends to select the reverse voltage
vector that causes rapid increase/decrease of the torque [6]. This, consequently, will produce
larger torque ripples and slightly degrade the performance of DTC,; this ripple is an unwanted

“noise” on motor signals that can lead to audible noise and vibration in the motor [7].

It is possible to reduce ripple by reducing the sampling period [8]. Moreover, the
effectiveness in minimizing the output torque ripple can be achieved if only a high switching
frequency is applied. Unfortunately, microcontrollers and DSPs are inadequate for the above
requirement. For this reason, recent DTC drives have been implemented by using fast
processing devices such as FPGAs [9]. FPGAs provide rapid prototyping, high performance
signal processing, high precision and flexibility due to their reconfigurable architecture. FPGAs
enable hard real time processing and high computing power based on a direct hardware

implementation of algorithms and functionalities [10].

This project presents an effective way to design and simulate the DTC of an ACIM,; the
original DTC strategy was designed by using a fixed-point architecture in order to be

implemented in VHDL language using the ModelSim program. Using the co-simulation



interface between Matlab/Simulink and HDL simulators ModelSim, we can verify the VHDL

implementation against our Simulink model.

Our report is divided mainly into two parts; the first part is the theoretical part, which is
organized into two chapters. In the first chapter, we presented the mathematical model of the
induction motors. In the second chapter, we presented the theoretical background of the direct
torque control and the proposed methods to improve it. In the second part of the report, which
is the practical part, it is organized into two chapters; we presented and described the design
and hardware of direct torque control in the third chapter. In the fourth chapter, we presented

and discussed Simulink/ModelSim co-simulation results.



CHAPTER 1

Induction Motor

SIMULINK/ MODELSIM CO-SIMULATION OF DIRECT TORQUE
CONTROL FOR INDUCTION MOTORS



1.1 Introduction:

The induction motor is one of the most important AC machines used in industrial
applications because of its well-known advantages: good self-starting capability, simple
construction, low cost, reliable and need less maintenance, etc.

The three-phase induction machine (IM) is widely used in industrial applications, such as belt
conveyors, pumps, fans, cranes, etc. It presents great mechanical sturdiness and there is a good
standardization between IM manufacturers worldwide. Nevertheless, the relative simplicity of the
operation of the motor hides a great complexity, especially when it is aimed at controlling the

performed electromechanical conversion [11].

In this chapter, we present the construction and principle of operation of the induction

motor, mathematical model, and finally the voltage source inverter fed three-phase IM.

1.2 Construction and principle of operation of Induction Motor:

1.2.1 Construction of Induction Motor:
Figure 1.2 shows the typical induction motor illustrating its construction; it consists of two

main parts: stator and rotor.

End Bell

Figure 1.1: Construction of Induction Motor [12]
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a. Stator:
The stator construction of a three-phase induction machine is similar to that of a three-phase
synchronous machine. A three-phase winding is placed in a number of slots in order to produce a

rotating sinusoidal MMF wave.

The stator of the motor is made up of many thin steel laminations stacked together and held
in the rotor housing. The conductors making up the coils in the stator windings are looped through
slots in the stator lamination. Coils in this machine insulated from the laminations using plastic

sheets and held together with string and paper to separate coil groups.
b. Rotor:

The rotor of an induction machine is different from other types of machine: there is no
requirement for a power source on the rotor. The rotor of an induction machine can be one of two

types: i) Wound Rotor and ii) Cage Rotor.

The rotor is constructed using steel lamination and cast aluminum. In addition, the conductors
are not arranged parallel to the axis of the rotor, but at an angle, this is done to reduce torque

vibrations and noise.

1.2.2 Principle of operation:

Induction motors derive their name from the way the rotor magnetic field is created. The
rotating stator magnetic field induces currents in the short-circuited rotor. These currents produce
the rotor magnetic field, which interacts with the stator magnetic field, and produces torque, which

is the useful mechanical output of the machine.

When the AC power supplies the motor's stator it will create a rotating magnetic field. This

passes through the air gap to the stationary rotor conductors.

An electromotive force (EMF) is induced in the rotor conductors due to the relative speed
difference between the rotating flux and stationary conductors. While the frequency of the induced

EMF is the same as the supply frequency.

Its magnitude is proportional to the relative velocity between the flux and the conductors.
Since the rotor bars are shorted at the ends, the EMF induced produces a current in the rotor
conductors. Then the axial currents in the rotor bars will interact with the radial flux Wave to
produce the driving torque of the motor [13]
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The frequency and speed of the motor, with respect to the input supply, is called the

synchronous frequency and synchronous speed.

Synchronous speed is directly proportional to the ratio of supply frequency and number of

poles in the motor.

1.3 Mathematical model of Induction Motor:

There are a number of ACIM models; the model used for vector control design can be obtained
by using the space vector theory. The 3-phase motor quantities, such as currents, voltages, and
magnetic fluxes, are expressed in terms of complex space vectors. Such a model is valid for any
instantaneous variation of voltage and current and adequately describes the performance of the
machine under steady-state and transient operation. The motor is considered to be a 2phase
machine by using two orthogonal axes; with this model, the number of equations is reduced and
the control design is simplified [14].

When describing a three-phase IM by a system of equations, the following simplifying

assumptions are made [14]:

e The three-phase motor is symmetrical.

e Only the fundamental harmonic is considered, while the higher harmonics of the
spatial field distribution and of the magneto-motive force (MMF) in the air gap are
disregarded.

o The spatially distributed stator and rotor windings are replaced by a specially formed,
socalled concentrated coil.

e The effects of anisotropy, magnetic saturation, iron losses, and eddy currents are
neglected.

« The coil resistances and reactance are taken to be constant.

e In many cases, especially when considering steady state, the current and voltages are
taken to be sinusoidal.

Taking into consideration the earlier-stated assumptions, the following equations of the
instantaneous stator phase voltage values can be written as follows:

4y (L)

V,= R.iy +
A sla dt
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] d
VB = RS"B + E "IJB (12)
., d 1
VC = RSlC + E '“IJC ( 3)

A three-phase variable system can be uniquely described through a space vector, which is a

complex term and time-dependent k(t) and a real homopolar component k,(t) as follows:

2
k(t):§[1*kA+a*kB+ a?x k. ] (1.4)
1

The real axis direction coincides with that one of phase A. Usually, the neutral connection for
a three-phase system is open, so that the homopolar component equals zero.

The ACIM model is given by the space vector form of the voltage equations. The system
model defined in a two-phase stationary (a, ) coordinate system attached to the stator is expressed

by the following equations:

The stator voltage differential equations:

Voo = Relsa ¥ o Yo (18)
Vig = Rsigp + % Ysp (1.7)
The rotor voltage differential equations:
Vie =0 = Ryipq + % Yy + 0Wp (1.8)
Vig =0= Rppp + % Vg + 0Py (1.9)

The stator and rotor flux linkages expressed in terms of the stator and rotor current space

vectors:
Ysa = Lslisqg + Linlrq (1.10)
Ysp = Lsisp + Linirp (1.11)
Yra = Lylyg + Liplsq (1.12)
Vg = Lylyg + Linisp (1.13)

The electromagnetic torque expressed by utilizing space vector quantities:

3 . .
T, = EP('PsalsB - l‘UsBlsa) (1.14)
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The ACIM model is often used in vector control algorithms. The aim of vector control is to
implement control schemes that produce high-dynamic performance and are similar to those used
to control DC machines [1]. To achieve this, the reference frames may be aligned with the stator
flux-linkage space vector, the space vector of the rotor current in the rotor reference frame, the
rotor flux-linkage space vector, or the magnetizing space vector. The most popular reference frame
is the reference frame attached to the rotor flux linkage space vector with direct axis (d) and
quadrature axis (q) [14].

After transformation into d-q coordinates the motor model follows:

. d
VSd = RSlSd + E llusd - (I)llusq (115)
. d
Vig = Rsisq + T Vsg — 0W¥sq (1.16)
. d
Via =0= Rpipg + E Yed — (ws - w)ll’,,q (2.17)
. d
Vg =0= Ryiyqg + T Vg — (W5 — 0)Wrq (1.18)
¥Ysa = Lsisq + Linira (1.19)
Ysq = Lsisqg + Linirg (1.20)
VYra = Lylrg + Lipisq (1.21)
Vg = Lylrg + Linisq (1.22)
3 . .
T, = EP(l,usdlsq — Yeisa ) (1.23)

1.4 Voltage Source Inverter Fed Three-Phase Induction Motor:

Inverters are used in a large number of power applications. A Voltage Source Inverter (VSI)
is one which takes a fixed DC voltage and converts it into independently controlled AC output.
VSI are divided into three categories PWM inverter, Square wave inverter and single phase
inverter with voltage cancellation, PWM technique is used to model the VSI. A fixed dc input
voltage is given to the inverter and a controlled ac output voltage is obtained by adjusting the ON

and OFF periods of the inverter components.

PWM techniques are characterized by constant amplitude pulses. The width of these pulses is

however modulated to obtain inverter output voltage control and to reduce its harmonic content.
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Single phase VSI is used for low power applications and three phase VSI is used for medium to
high power applications. The main purpose of these topologies is to provide a three phase voltage

source where the amplitude, phase and frequency of the voltage should always be controllable.

The three phase VSI generates less harmonic distortion in the output voltage utilized in the

phase to phase AC load. The circuit model of three phase VSI is shown in Figure 1.2:

-
v‘_m ;_. L C: S} | Dy ) Dy Ss DSE
a "
v (*) N b ~ v
ul ‘!
s T ¢ S ; Dy 5 ’/ Dy S J D,

Figure 1.2: Three-phase VSI

1.5 Conclusion:

In this chapter, we presented the construction and principle of operation of induction motor.
In order to understand and analyze the Direct Torque Control, the mathematical model of the
induction motor is necessary, which has been presented. The voltage source inverter fed three-
phase induction motor was also presented.

In the next chapter, we study the theory of Direct Torque Control technique and we present

the proposed methods to improve it.
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2.1Introduction:

With the enormous advances in converters technology and the development of complex and
robust control algorithms, considerable research effort is devoted for developing optimal

techniques of speed control for induction machines (1M).

Induction motor control has traditionally been achieved using Field-Oriented Control (FOC).
Another induction motor control technique known as Direct Torque Control (DTC). The theory
for the DTC control strategy was developed by Manfred Depenbrock as direct self-control (DSC)
and separately, as direct torque control (DTC) by Isao Takahashi and Toshihiko Noguchi, both in
the mid-1980s, although the DTC innovation is usually credited to all three individuals .

In this chapter, the direct torque control is investigated, we start by presenting FOC and DTC,
and then we present the principle and the proposed methods to improve the DTC. Finally, we

conclude this chapter by presenting the different module of the DTC.

2.2 Field Oriented Control and classic Direct Torque Control:

2.2.1 Field Oriented Control:

Field Oriented Control (FOC) is based on the decomposition of the instantaneous stator
current is into two orthogonal components in rotor flux oriented components: one proportional to
the flux and the other proportional to the torque. Since both current vectors are perpendicular to
each other, a decoupled dynamic system is obtained so that both variables can be controlled
separately; achieving a similar operation principle as in DC- drives.

Figure 2.1 illustrates a simplified control diagram of FOC. Both current components are
controlled by individual P1 controllers, which compute the corresponding stator voltage vector that
will generate the desired correction in the current control loop. Then a stator (a, B). Finally the

desired stator voltage vector is generated using space vector modulation (SVM).
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Figure 2.1: Field Oriented Control Block Diagram

2.2.2 Classic Direct Torque Control
Due to slow rotor flux dynamics, the easiest way to change the load angle is to force a change

in the stator flux vector by the application of the appropriate stator voltage vector.

In classic DTC the stator voltage selection is made by hysteresis comparator as shown in
Figure 2.2 with torque and flux magnitude errors as inputs and a predestined gate pulses look-up

table that selects the stator voltage vector corresponding to the desired action.

Switching Tahle Iaverter

T,‘+_ ._ :
% ,, L Lﬁ‘%}

Figure 2.2: Classic DTC Control Block Diagram
This control strategy leads to changes from full negative torque to full positive causing high
torque ripple. The capability to actuate on torque greatly depends on the EMF. This means that
ripple frequency varies with rotor speed obtaining variable switching frequency and a wide

spectrum for ripple and stator current.

10
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2.3 Direct Torque Control of Induction Motor:

2.3.1 Principle of control:

The main objective of DTC is to estimate instantaneous values of torque and magnetic flux,
based on motor current and voltage. Torque and flux vectors are controlled directly and
independently by selecting the appropriate inverter voltage vector that will maintain torque and

flux errors within the hysteresis comparator limits.

Figure 2.3 shows a block diagram of the DTC strategy. A decoupled control of torque and
flux was established to permit fast instantaneous control. The stator flux is controlled using a 2-
level hysteresis comparator, while the electromagnetic torque is controlled using a 3-level
hysteresis comparator. The outputs of the comparators, along with sector flux information, are
used to index the inverter voltage vector table, to select the appropriate voltage vectors to control
simultaneously both the stator flux and the torque. The most significant element that can guarantee

a satisfactory DTC performance is the estimation of the stator flux and the torque.

3-phase lineo%—l

Hysteresis
Comparators

Flux e
g G : ¢ S,

Reference P H@ t 1 : g Inverter Voltage 3

T i Flux Vector Sh el

ReferenceTf %—’® i . Table

sector

Figure 2.3: Direct torque control block diagram.

2.3.2 Proposed methods to improve Direct Torque Control:

The following methods proposed by [15] yield to an improved FPGA-based torque and stator
flux estimator for DTC induction motor drives, which permits very fast calculations. The

improvements are performed by firstly using the two’s complement fixed-point format approach

11
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in all operations of FPGA implementation in order to minimize calculation errors and the
hardware resources usage. Secondly, by modifying the non-restoring method to calculate
complicated square root operation of the stator flux. Finally, by introducing a new sector judgment

method.

a. Fixed-point Arithmetic

A fixed-point variable consists of a binary pattern which is encoded in two’s complement
number, and a binary point. It is a way to encode negative numbers into ordinary binary. The size
of the binary pattern and the location of the binary point are specified using three parameters,
namely: sign bit, integer word length (IWL) and fraction word length (FWL). The total number
of binary pattern bits is well-known as word length (WL). The approach can represent numbers
in the range [2"V, 2L with a step size of 2°FWE, When using this arithmetic, the most important
aspect is always to consider the binary point location for every variable. VHDL has supported the
fixed-point arithmetic operations, and designers have some manipulation flexibility to improve

performance.

b. Non-restoring Square Root Algorithm

In order to reduce current ripple to a minimum, the DTC algorithm must have a processing
period as low as possible. In DTC drives, the stator flux is calculated as square root of the
quadrature flux magnitude, and the square root is the calculation that usually takes the longest [4].
For this reason, a special architecture was used in order to have an algorithm that could be scaled
easily to any number of bits and could execute quickly. The proposed non-restoring square root

algorithm is shown in the next chapter.

c. New Flux Sector Detection:

In this project we have used a simpler method to analyze the sectors of the voltage vector,
based on Eq.33 in which it is simpler to determine the sector of the voltage vector, compared to
the conventional methods of using arc tan of angle, three stages comparison or determination of
angle using CORDIC algorithm [16]. The proposed method consists of a simple data table,
without angle calculation, so that faster computation is achieved and less incorrect voltage vector

selections.

12
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2.3.3 Estimation of stator flux and electromagnetic torque:

In order to estimate the stator flux and the electromagnetic torque, several parameters need to
be determined. The instantaneous current (ia, ib) and DC bus voltage (Vac) signals are obtained
from the ACIM as illustrated in Figure 1. These analog signals are converted to digital values by
means of an analog to digital converter (ADC). The current and voltage signals, as well as the
current state of the voltage source inverter (VSI) vector (Sa, Sb, Sc), are transformed from a 3-phase

reference frame to a 2-phase reference frame («, £), as follows:

a. Thea, S current signals:

ip = i (2.1)
V3
ig = < (ia + 2ip) (2.2)
b. Thea, f voltage signals:

V,
Ve = =" (25a =S5 = SO (2.3)
V3
Vg = 5 Vae(Sp = So) 24)

c¢. Thea,f flux components:
Pa = Pao T (Va - Rsia)Ts (2-5)
op = @pot (Vg — Rsip)Ts (2.6)
where
Ts — Sampling period [seconds]
Rs — Stator resistance[ohms]
®a0, po — Previous flux component value [Wb]

Using the calculated Iq, I, Vo and Vg, the estimation of the stator flux in a-f coordinates is

performed as follows:
a. The stator magnetic flux magnitude:

Os = |9+ @p? (2.7)
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b. The electromagnetic torque:

3 . .
Te = EP((palﬁ - (pﬁla) (2.8)
2.3.4 Flux Sector ldentification:

In order to re-orient the flux vector ¢, first it is necessary to determine where it is localized.
For this reason, the flux vector circular trajectory is divided into six symmetrical sectors, as shown

in Figure 2.4.

The angle 6s can be calculated, based on the a, £ flux components as follows:

0, = tan‘1ﬁ (2.9)
Pa

However, implementing Eq. (2.9) in an FPGA is complex and time consuming and is usually
performed be means of the coordinate rotation digital computer (CORDIC) algorithm [16].
Instead, it is possible to determine the sector in which the flux vector is located, based on the signs

of the flux components. The sector can be determined by using Table 2.1 and Eq. (2.10).

Vg

Sector 3 T Sector 2

Ps

Ps

Sector 4 0 Sector 1
s

‘Va

Sector 5 Sector 6

I
I
I
I
I
I
I
I
I
I
v

Figure 2.4 Sectors of the flux vector circular trajectory.
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Sign of @« Sign of g Pret Sector
+ +/- - 1
+ + + 2
- + + 3
- +/- - 4
- - + 5
+ - + 6

Table 2.1: Stator flux space vector’s sector.

Prer = V3|0p| = |@al (2.10)
For example, if both flux components are positive and the result of Eq. (2.10) is also positive,
then the flux vector is located in sector 2. Instead, if the result of the equation is negative, the

vector is located in sector 1.

The method described previously to determine the sector of the flux vector is easier to

implement in a digital device and can be processed faster since it consists of a simple data table.

2.3.5 Hysterisis controllers:
As shown in Figure 2.3, the estimated magnetic flux and electromagnetic torque values are
compared with the magnetic flux reference and the electromagnetic torque reference, respectively.

The flux and torque errors (e,, er) are delivered to the hysteresis controllers.

A two-level hysteresis controller is used to establish the limits of the flux error. For the torque
error, a three-level hysteresis controller is used. The hysteresis controllers are shown in Figure 2.5.

The hysteresis controller output signals ¢ and 7 are defined as follows:

=1 for e, > +L, (2.11)
=0 for e, <-—L, (2.12)
t=1 for er>+L; (2.13)

=0 for e; =0 (2.14)
t=-1 for er <-—L; (2.15)
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a) b)
T
) 4
|
4 4
) :
i A _LT Y e
. -——— T ————> €
[ I
p—t——— €
_LfP I +L<P P A4
|-
A S
« >
AT,

Figure 2.5: Hysteresis controllers for (a) flux and for (b) torque.

2.3.6 Inverter Voltage Vector Table

The digitized output variables ¢, z and the stator flux sector determine the appropriate voltage
vector from the inverter switching table. Thus, the selection table generates pulses Sa, Sb, Sc to
control the power switches in the inverter in order to generate six possible active vectors (v1-v6)

and two zero vectors (v0, v7), as shown in Figure 2.6.

AY

_vafo11) ,/ v7(111) . [/ vo(000) avi(100) |/
< AN 7] 4

v5{001) v6(101)

Figure 2.6: Voltage vectors based on eight possible inverter states.
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For the stator flux vector laying in sector 1 (Figure 2.7), in order to increase its magnitude,
voltage vectors v1, v2 or v6 can be selected. Conversely, a decrease can be obtained by selecting

v3, v4 or v5. By applying one of the voltage vectors vO or v7, the stator flux vector is not changed.

Vg
3 t s2
v3 v2 wS
I (ps va 1
Vo

v5 v6

S1

Agg
55 56

Figure 2.7: Selection of the optimum voltage vectors for the stator flux vector in sector 1.

For torque control, if the vector is moving as indicated in Figure 2.7, the torque can be
increased by selecting vectors v2, v3 or v4. To decrease torque, vectors v1, v5 or v6 can be
selected. The above considerations allow the construction of the inverter switching table as

presented in Table 2.2.

Sector
@ T
1 2 3 4 5 6
=1 v2(110) v3(010) v4(011) v5(001) v6(101) v1(100)
p=1 =0 v7(111) v0(000) v7(111) v0(000) v7(111) vO0(000)
T=— v6(101) v1(100) v2(110) v3(010) v4(011) v5(001)
=1 v3(010) v4(011) v5(001) v6(101) v1(100) v2(110)
=0 =0  v0(000) v7(111) vO(000) v7(111) v0(000) v7(111)
=~ v5(001) v6(101) v1(100) v2(110) v3(010) v4(011)

Table 2.2: Optimum switching table.
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The optimal voltage vector is a vector such that, once applied to the VSI, will maintain the
flux and torque signals within the hysteresis comparator limits. The selected voltage vector is

applied at the end of the sampling period.

2.4 Conclusion:

This chapter was mainly devoted to the DTC. We presented the different methods used to
improve the system which permits very fast calculations with minimum errors. The various
modules of the DTC strategy have been specially developed in order to facilitate the modeling in
VHDL.

This chapter concludes the theoretical part of our report, in the next chapter we move to the
practical side; we present the design and the hardware architecture of our Direct Torque Control.
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Chapter 3 Hardware Design Of Direct Torque Control

3.1 Introduction:

Based on the background theory presented in chapters 1 and 2, in this chapter, we present a
hardware design of Direct Torque Control for induction motors. The different blocks of the system

are presented in details.

3.2 Direct Torque Control hardware blocks:

The system was designed by [17] to be implemented on a Xilinx Virtex-5 FPGA based on

two’s complement fixed-point architecture composed of seven main blocks shown in Figure 3.1:

100MHz
Clock

i 12
onversion Torque/Flux

Control m Estimator

Flux Vector
Detection

Figure 3.1: DTC architecture on Xilinx Virtex5 FPGA. [17]

One of the benefits of this DTC architecture presented is that it is completely generic; the data
width can be modified depending on the application or the precision required, and all the DTC
equations will adjust automatically. The flux data path has n bits while the torque data path can
have m bits, as shown in Figure 3.1. The data paths can be extended for more precision, however
this will also extend the sampling time. For this project, the flux data path was left at 20 bits and

the torque data path was set to 23 bits in order to achieve a low sampling period of 1.6 ps.
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3.2.1 Conversion control block

The current signals (ia, ib) are first obtained by sensing two of the motor lines by means of coil
sensors. The output is an AC signal that is amplified and added a DC offset, in order to have a
positive only value between 0 and 3.3 V for the ADC. The signals are then converted by the ADC
to a serial 12-bit value and then to a 12-bit parallel value. Finally, the offset value is subtracted and
multiplied by a scaling factor in order to obtain the original current signal. This process is shown
in Figure 3.2.

Motor
Current Line

Current
Sensor

! 1.55$
2 -1.65

0

e v T
oAt B |AMP 0@ 3 4, 49. 100
108 W AD [T 5P |3f>| OFF |ZE>|>< FACT IJ;?>,10A$

Control
Signals

Conversion Block

Figure 3.2: Current signal conversion process from current sensor to conversion control block. [17]

The conversion process for the DC bus voltage signal is similar to the process described for
the current signals, except that a current sensor is not used. Instead, by means of a resistive voltage
divider, the voltage signal is reduced to a suitable value. Since the signal is always positive, there
is no need to add an offset. The signal is only filtered and passed through several operational

amplifier (OP AMP) stages, in order to isolate and adjust to a specific value between 0 and 3.3 V.

The DC voltage signal (Vqc) is converted to digital using a serial 12-bit ADC; the serial signal
is converted to a parallel value and then multiplied by a scaling factor to restore it to the original

DC value. The conversion process for the DC voltage signal is shown in Figure 3.3.

DC Bus
Voltage

+120V

gRl LZ\;J: 3(3\;;l: T 3;1
|

7. 7. % 120V
[ AMP A/D s>p DE> x FACT Eﬂ> OMML
C1 R2 1
,I7—7_|‘][;|77 Control L :

Signals Conversion Block

Figure 3.3: Voltage signal conversion process. [17]
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3.2.2 Torque and flux estimator

The estimator is the heart of DTC. It is the most important part of the DTC process, since the
selection of the optimal voltage vector for the VVSI depends on the accuracy of the magnetic flux

vector [4].

The flux estimator was designed in VHDL to execute Eq. (2.1-2.8) presented previously in
chapter 2, the real time electromagnetic torque and magnetic flux vectors are estimated based on

motor current and voltage signals. Several equations are implemented in parallel.

The calculations of the flux and torque estimator are implemented in 3 stages, as shown in
Figure 3.4.

Va Vi Calculation I Is Calculation

A J v

Torque Calculation Pole

SQRT Calculation

Magnitude

34 Stage

v

Flux (¢p) Torque

Figure 3.4: The behavioral model of the proposed stator flux and torque estimator
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In FPGA implementation, word size is critical; a large word size reduces quantization errors
but increases area and affects costs. On the contrary, a small word size affects precision, increasing
control error and torque ripple [17]. Therefore, a fixed-point format with a variable word size was

used in the implementation of the DTC equations.

The DTC architecture was designed for implementation on an FPGA with data words starting
at 12 bits and increased according to the mathematical operations to avoid a loss in precision. The
estimator was divided in three stages as follows:

Stage 1: iq, ig, Vo and Vg Calculation - In the first stage, the values of ia, i and Vcq, and the
previous inverter vector (Sa, Sb, Sc) are used to calculate the corresponding stationary components

la, ig, Vo @and V. This stage is shown in Figure 3.5.

Vcd' Sa Sb Sc
1a 1p 7.5%
3.9 39 l 010 1 l 0.10 /3
I 2 " 3 3
4 A - 4 A - 4
A ‘1 7.15 f %715
59 }59 A - 4 2's Comp
T 4 19.15 7.15
59 010 3 v v v
i IS 3 2's Comp 0 0
\ Y 4 o
mma MU X 4
I5.19 b b
‘ 4 v i
o |
19.15
Adjust
‘;7.15 7.15 17_15 17.15
Register Register
: } ! !
1y Iﬁ 1{1 V.Ef

Figure 3.5: First stage of flux and torque estimator.

In the previous figure, the fixed-point format is indicated in each vertical line and width
adjustments are made when required. At the end of this stage, four 22-bit parallel registers restrict

data flow until they receive a pulse from the estimator FSM; this assures that all values pass to the

next stage at the same time.
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Stage 2: ¢, and @p Calculation - In this stage, flux stationary components ¢, and ¢z are
calculated based on data from stage 1. Both components are calculated based on the same equation,
therefore a generic block was designed for this calculation and is used twice in parallel. The
architecture for this stage is shown in Figure 3.6.

Va ia Rs Ts Vi iB  Rs Ts
7.15i 7.15i 46 t024 715 7.15i i4.6 +0.24
J A . 4

{11_21 111.21 1191 1[11.21

111.21 11.21
A - 4

i11.45

just

% i2.34
A 4

i2.34

Register

T2.34

2.34
Pa

Figure 3.6: Second stage of flux and torque estimator.

In this stage, both flux components are loaded to the register by a pulse from the estimator
FSM, which serves as the previous flux value (g0 Or ggo) for the next calculation.

Stage 3: Te and ¢ Calculation - In this last stage, the flux components are squared, added,
and then the square root (SQRT) algorithm is applied as in Eq. (2.7); a special architecture was
designed for the SQRT and will be described in detail later. The stator torque is calculated, by
means of Eq. (2.8), in parallel with the flux equation. The architecture for this last stage is shown

in Figure 3.7.
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io P ip 9 P 3/4
7.15 2.34i 7.15 2.34{ 5.0 1.2
230 230
i9.45 i9.45 is.z
9.30 9.30 1 s

Register

4.19
Te

Figure 3.7: Last stage of flux and torque estimator.

Square root algorithm:

To calculate the stator flux, the non-restoring square root algorithm, proposed by [18], is

shown as below (D=radicand, g=quotient, r=remainder, and n=half of the radicand word size).

o= —1 (/5 + 2bits)
Go= 0 (/5 + 1bits)
for i=0 to n—1 do:

if , 20 then

Tit1 = (47”1' + D(n—zi)—lD(n—Zi)—Z) —(4q; +1)

else

Tiv1 = (47, + Dn—2iy-1Dn2i)—2) + (4q; + 3)

if 1iyq =0 then
Giv1 =2q; +1
else

di+1 = 2q;

The square root result is qn(n/z — 1 downto 0) coded in "/, bits
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Despite the simplicity of the square root architecture presented, it proved to be a fast and
precise algorithm that could be scaled easily to adapt to the generic nature of the torque and flux

estimator. The only restriction is that it requires n having an even number of bits.
3.2.3 Flux sector detection block

Based on the value and sign of the stationary flux components, the flux vector sector is
determined by means of Eq. (2.10) and Table 2.1. The signs of the flux components are used to
determine the quadrant of the flux vector and the value of ¢re is used for selecting between the

upper or lower sectors in that quadrant.

Through the simplification, it will be possible to get simpler logic of the sector analysis for
FPGA implementation through VHDL gate level coding; each sector is represented on 3-bits. The
architecture for this block is shown in Figure 3.8.

Register

Sector

Figure 3.8: Architecture of the sector detection block.

25



Chapter 3 Hardware Design Of Direct Torque Control

3.2.4 Reference comparison block

In this DTC block, the estimated flux and torque values are subtracted from the corresponding

reference values. The structure of the comparison block is shown in Figure 3.9.

Magnetic Flux Torque
®s ®s Te Te
1.19 119 4.19 4.19

) - 4

1119 14.19
1119 4.19
er €

Figure 3.9: Reference comparison blocks for flux and torque.

3.2.5 Hysteresis comparators

Both the stator flux and torque controllers are responsible to generate the appropriate error
status of the stator flux and torque. A two-level comparator for flux and a three-level comparator
for torque are implemented in this block. Both hysteresis comparators were designed as FSMs in
order to provide fast transition from one to another state. The FSM for the hysteresis comparators
based on Egs (2.11 to 2-15) are shown in Figure 3.10.

e,>L,+ en> 0 ep> L+

Figure 3.10: FSMs for flux and torque hysteresis comparators.
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3.2.6 Switching table

The VSI optimal switching vectors listed in Table (2.2) are included in the switching table. A
voltage vector is selected based on the hysteresis comparator values ¢ and z, and on the flux vector
sector. The table output is a 3-bit vector and its complement, which are fed to the VSI. The 3-bit
vector is also sent back to the torque-flux estimator to obtain the next torque and flux values. The

architecture for the switching table is shown in Figure 3.11.

Flux
) T sector

PP
To
Estimator
Switching Table A
FI?;
d
1313

To VSI

Figure 3.11: Switching table architecture.

3.2.7 Global control block

A finite state machine (FSM) is included in this block and is in charge of the control of all the
other DTC blocks. In order to have a constant sampling period (Ts), a global FSM was used to
control the data flow from one block to the next. Since there is a register at the output of every
major block, the FSM sends a timed pulse to each one, depending on the selected width of the data
path. The ADC conversion and adjustment take a total of 600 ns and the estimation of torque and
flux take 940 ns with the data path set to 20-bits for the flux and 23-bits for torque. The rest of the
processes take only 20 ns each, giving a total of 1600 ns for the sampling period. The execution

times are shown in Figure 3.12.
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3.3 Conclusion:
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Figure 3.12: Execution times of each DTC block.

In this chapter, a detailed description of the hardware design of the DTC for induction motors

is presented. The hardware was designed to be implemented on a Xilinx Virtex-5 FPGA based on

two’s complement fixed-point architecture composed of 7 main blocks.

The DTC architecture presented is completely generic; the data width can be modified

depending on the application or the precision required, and all the DTC equations will adjust

automatically.

The next chapter is devoted for ModelSim simulation and Matlab/Simulink & ModelSim co-

simulation results.
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Chapter 4 Co-Simulation Results

4.1 Introduction:

Based on the background theory presented in chapters 1 and 2 and the hardware design in
chapter 3, the different blocks of the direct torque control are designed to be written as VHDL
codes.

In this chapter, we start by presenting the design flow of the FPGA-based DTC, and then, the
ModelSim simulation results for the VHDL codes. We conclude this chapter by presenting and

discussing the MATLAB/Simulink & Modelsim co-simulation results.

4.2 Top-down design flow of the FPGA-based DTC:

In our project, we propose the use of the FPGA-based language to control induction motors
using Direct Torque Control. To validate the used code, the simulation is done using
MATLAB/Simulink and ModelSim simultaneously, allowing a global co-simulation of the DTC
strategy coded in VHDL. After that, the codes are ready to be applied to the experimental FPGA-

based DTC of induction motor. Figure 4.1 shows the top-down test design flow.

4.3 Modelsim simulation results:

In order to write the full VHDL code for the DTC design, we have to go through the following
steps: i) writing VHDL code for each block presented in chapter 3, ii) placing the blocks inside
higher-level design using component instantiation, and iii) connecting up all components to each
other using port mapping.

Using these techniques, we got 2 main higher-level designs: i) the flux and torque estimator
which is the heart of our design, and ii) the final design of the DTC.

All VHDL codes were compiled and simulated separately in order to verify the functionality
of the design. The Modelsim simulation results for the flux and torque estimator, the flux sector
detection, the hysteresis comparators, and the switching table are shown in Figure 4.2, Figure 4.3,

Figure 4.4, and Figure 4.5 respectively.
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Matlab Simulation

Matlab Simulink
Workspace Model
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FPGA
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OK = Implementation
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Figure 4.1: Top-down test design flow.

30



Chapter 4 Co-Simulation Results
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Figure 4.2: ModelSim simulation of the torque and flux estimator.
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Figure 4.3: ModelSim simulation of the flux sector, showing the sector selection S5.
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Figure 4.5: ModelSim simulation of the switching table showing V2(110).

These results confirm the correctness and the functionality of the proposed VHDL codes of
the direct torque control strategy of induction motors.
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4.4 MATLAB/Simulink & Modelsim co-simulation results:

4.4.1 Simulink/Modelsim co-simulation results:

After confirming the functionality of the proposed DTC VHDL codes by Modelsim
simulation, the codes are ready to be applied to the MATLAB/Simulink & Modelsim co-
simulation.

MATLAB/Simulink is a software package for modeling, simulating and analyzing dynamic
systems. Figure 4.4 illustrates the complete model of DTC drive, which consists of an induction
machine and a voltage source inverter (VSI). The direct torque control (DTC) strategy was
implemented in VHDL language using the ModelSim program. MATLAB/Simulink allows the
execution of both programs in co-simulation way through a Hardware Description Language
(HDL) simulator. The supported HDL simulators include ModelSim.

4.|——|—:‘a
S
o outt
ModelSim
T_ref Vdc " sb - y—»vs
Simulator
1 Convert o . hase
[ L, _r v
Data Type Conversion wk INDUCTION
et s MOTOR
Rhi_rer
- Sharedntem Inverter
CCCCC
Simuk wmec
Data Type Comversiont

wmi

Figure 4.6: Simulink Direct Torque control of Induction Motor.

Figure 4.5 and Figure 4.6 on the next page show Simulink induction motor and 3-phase

inverter subsystems respectively.
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Figure 4.8: Simulink 3-phase inverter subsystem.
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Chapter 4

Figure 4.9 presents the input test.

a
b)

03

025

005

06

Figure 4.9: The inputs test: (a) Sa; (b) Sb; (c) Sc.
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4.4.2 Simulink/Modelsim co-simulation results:
Figure 4.10, Figure 4.11, Figure 4.12 show the Simulink/Modelsim co-simulation results:

Torque (Nm)

Actual

Time (s)

Figure 4.10: Torque dynamic response in MATLAB/Simulink.

PSlbeta (Wb)

e
w0

LIX

PSlalpha (Wb)

Figure 4.11: Flux locus in MATLAB/Simulink.
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Current (A)

Time (s)

Figure 4.12: |,, l5 currents in MATLAB/Simulink.

The torque dynamic response is shown in Figure 4.10 with a sampling period of 1.6 ps and

the hysteresis band reduced to 0.1 Nm. The ripples are due to the use of the hysteresis comparator.

Figure 4.11 shows the rotor flux locus and stator flux locus in MATLAB/Simulink. Thanks to
the small sampling period, the torque ripple was reduced to a small value. Similarly, the flux
hysteresis band was reduced to 0.06 Wb and as a result, the flux locus is almost a perfect circle
with very small ripple.

Consequently, due to the small sampling period and reduced torque ripple, 1, and Ig current

signals appear almost as a sinusoidal, as shown in Figure 4.12.

4.5 Conclusion:

In this chapter, we present Modelsim simulation results of some modules to prove their correct
functionality. After that, we listed the steps we followed in the Simulink/Modelsim co-simulation.

Finally, the results are presented and discussed.

As a conclusion, the results have proved that the proposed design of the torque and stator flux
estimators was successful. This means that the main problem - "the heart of the DTC" - has been
resolved. All units in the system have been designed in fully generic VHDL code, independent of

the target implementation technology.
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General Conclusion:

This report has presented an induction motor drive using classical DTC as the main control
strategy. This technique was preferred over others due to its simplicity and high performance in

motor control.

Although DTC is characterized for presenting large ripple on flux and torque signals, it was
possible to minimize it to a low value by reducing the sampling period, so that the appropriate
value of the bandwidth of the hysteresis comparator can be achieved. This reduction was achieved
by using a new sector identification method and the application of a novel architecture for the

square root algorithm in the torque/flux estimator.

The DTC algorithm was designed based on a structural description and generic VHDL blocks,
in order to make the controller easily re-scalable and completely independent of the FPGA
technology. The design coded in VHDL uses two’s complement fixed-point format and variable
word size for all arithmetic calculations. This way is simplest and most effective technique, it is
very important in order to achieve a good implementation of the estimators, and consumes

minimum hardware resource usage.

In order to evaluate the effectiveness and correctness of the proposed DTC, the complete
controller algorithm was firstly simulated on Modelsim. Secondly, it was co-simulated using
MATLAB/Simulink and Modelsim, which performed double-precision calculations. Via this
design methodology, the VHDL code of the DTC for IM can be fast developed, and the risk in
experimental development can be greatly reduced. The induction motor presented a smooth,
vibration-free operation with a precise torque dynamic, which proves the validity of the presented

torque algorithm.
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Appendix:

The table A.1 shows induction motor parameters used in Simulink/Modelsim

cosimulation.
1. Parameter Value
Poles 4
Rs 1.77 Q
Rr 1340
Ls 13.93 mH
Lr 12.12 mH
Lm 369 mH

Table A.1: Induction motor parameters.
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