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Abstract

In this thesis project, a vector control system for an ingucimotor is implemented on an evaluation
board. By comparing the pros and cons of eight candidategaddi&ion boards, the TMS320F28335 DSP
Experimenter Kit is selected as the digital controller of trector control system. Necessary peripheral
and interface circuits are built for the signal measurentéetthree-phase inverter control and the system
protection. These circuits work appropriately except thatconditioning circuit for analog-to-digital con-
version contains too much noise. At the stage of the conltgorithm design, the designed vector control
system is simulated in Matlab/Simulink with both S-funatiand Simulink blocks. The simulation results
meet the design specifications well. When the control sys&erarified by simulations, the DSP evaluation
board is programmed and the system is tested. The testysholtv that the current regulator and the speed
regulator are able to regulate the stator currents and tlehinespeed fast and precisely. With the initial
values of the motor parameters there i5286% overshoot in the current step response. By adjusting the
stator resistance and the inductance this overshoot caulérhoved and only minor difference remains
between the simulated and measured current step responses.

Index Terms: Induction Motor, Inverter, 3-phase PWM, DSP, Vector Cohtro
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Chapter 1

Introduction

1.1 Background

AC motors(Alternating Current motors) have a simple stitestand has higher efficiency than the DC
motors(Direct Current motors) when operated at high sp@kdAC motors also provide more durable
service with a lower cost compared to DC motord [24]. Besi#€smotors can easily be supplied directly
from the grid and therefore they are widely used in industiigwever, when it is directly connected to the
grid, traditional AC motor gets the better performance atlyhe speed near the synchronous speed due
to its working principle [[2]. In some low cost applicationdi@re only DC is available, e.g. in electrical
vehicles, the usages of AC motors are limited.

For a variable-speed application or if the power source isd@riable-speed driver is needed, which is
usually realized with a three-phase inverter(DC-to-ACwenter). With feedback or estimation of the field
orientation, AC motors can be modeled as a separately magd®C motor through a series of coordinate
transformations based on the orientation. For the tramsfdrAC motor model, DC motor control methods
can be applied, which can obtain good transient performancdeeliminate oscillation in the produced
torque [37]. This method of controlling the transformed AGtor is called vector control.

Mostly, an embedded microcontroller governs the overadirafpon of AC motor controller. Among
various microcontrollers, Digital Signal Processor(D8B) perform complicated computation, such as
coordinate transformations, field estimation algorithmd eontroller algorithms. Before implementing the
vector control system on the microcontroller, the contigbathm could be verified with the help of the
simulation softwares, such as Matlab/Simulink.

1.2 Purpose and Objectives

The task is to select an evaluation board according to theifgggions and to design and implement the

vector control system on the board for an induction machiten, documenting the implementation and

commenting the program codes are parts of the task, whichtmigke it easier to use or rebuild the vector
control system. The electrical interface of the evaluaioard should be modified to meet the standard of
the dSPACE DS1103 system, because the systems must be ggabdnaccording to the specifications.

The final result of this project should be a vector controltaysof an induction machine based on an
evaluation board. The vector control system will contameéhmain parts, transformations, controllers and
the filed estimator. Eventually, the mature control systeightnplay a role in the experiment of master

students or Ph.D. students at D&ision of Electric Power Engineeringt Chalmers

1.3 Scope and Methods

This project covers several academic areas, such as conapché@ecture, programming, debugging, analog
and digital circuit design and construction, induction friae modeling and vector control theory with the
representation of three-phase quantities in the compbmep|



Chapter 1. Introduction

For the selection of an appropriate evaluation board, uaraata sheets from different semiconductor
companies, webpages and academic articles are studiedel&kant information for the fulfillment of the
specifications are collected and presented. Based on thisdist suitable board is selected. The electrical
interfaces, analog and digital, are designed accordirtggt@pplication circuits in the selected components’
data sheets. The vector control system is first designedpef@s a continuous time system and it is veri-
fied with the simulation using Matlab/Simulink. Before thantrol system is implemented on the evaluation
board the interfaces of the board are tested, such as tteephase PWM, Analog-to-Digital conversion and
so on. To verify the implementation of the coordinate transfations and the field estimation an open-loop
volts per hert2(/f) controller is first implemented on the evaluation boardeAtlebugging and checking
the implementation the vector current regulator is addelffimally the speed regulator.



Chapter 2

Induction Machine Vector Control
System Description

In this chapter a brief description of induction machinetooinsystem is given, in Fid._2.1 for a system
overview. The induction machine vector control systemudelk hardware devices, such as induction ma-
chine and inverter, and technical theory, for instanceorembntrol strategy and Pulse Width Modulation
(PWM). In the latter chapters more details about the diffeparts will be given.
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Fig. 2.1 Overview of induction machine vector control system.
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Fig. 2.2 Structure of an induction machine
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2.1 Induction Machine

Induction machine can also be called asynchronous machimeh is the object to be controlled in this
project. The induction machine is composed of a stator arata as shown in Fid. 2.2(a). The stator is
fixed while the rotor rotates inside with a small air gap betwéhem. The rotors of almost 90% induction
machine are squirrel cage rotors$ [9], which contain conatugars and end rings as shown in fig. 2.p(b).
The rotor cage is a closed conductor as the conductor bamlleskbort-circuited by the end rings. The
rotor is mounted on the shaft with two bearings [9]. Normalhe of the two shaft ends is used for driving
the load while the other one for mounting the shaft positiothe speed measurement devices. The sta-
tor is made up of several pole pairs. Each pole pair has thiedings placed symmetrically in space as
illustrated in Fig[ 2.2(4). Based on the arrangement of liheet windings, the flux Iinkage@(A, ¥p and

U )generated by the windings have 120°displacement in spacshown in Figl 2.3(&),, i s andic are

the unit vectors which stand for the orientations of the flugenerated by each winding. The magnitudes
of flux linkages 4, ¥ 5 and¥ ) could be expressed as

w() = [ (w.(t) - Ri(0)at,

whereu,(t) is the applied voltage to each winding, is the resistance of each winding andt) is the
current through each winding. If a three-phase voltage [iieg on the stator windings, i.e.

Usa(t) = Uprsin(360ft+90°)
usp(t) = Uprsin(360ft+ 210°)
use(t) = Upksin(360ft+ 330°),

whereU,;, and f are the peak value and the frequency of the applied voltespeotively, this will result
in a sinusoidal flux linkage in each phase that lags the phakage by 90°if the winding resistance is
neglected, that is

Va(t) = Up,sin(360ft)
Up(t) = psin(360ft+ 120°)
Ve(t) = Wpsin(360ft -+ 240°).

The waveforms of the three flux linkages are plot in Fig. 2]3beach period, the linkage generated by
each winding reaches its maximum value once. At the moment @f4 gets to its peak value df ,;, while
both¥ z and¥ ¢ are minus half peak values. As shown in the left subfigure @{Z3(c), the resultant flux

has the same orientation wiflh, and a magnitude af.5%,;. At the time oft, whenV i reaches the peak,

the resultant flux still has a magnitudelo5 ¥ ;. but coincides with 5 as shown in the middle subfigure of
Fig.[2.3(c). Similarly, as shown in the right subfigure of f2g3(c), the resultant flux's magnitude doesn't
change but coincides witﬁc atts when¥ . reaches the peak. From the above analysis of three moments,
it could be noticed that the resultant flux rotates with a taimtsmagnitude. The magnitude of this rotating
resultant flux isl.5 times of the peak value of each wingding’s flux linkage. Thating speedV; (in rpm)

of the resultant flux is called synchronous speed, caladiiase

f
Ns: )
60N

p

wheref is three phase voltage frequency a¥iglis number of pole pairs.

The rotating resultant stator flux linkage cuts the rotosharich will induce a voltage in the rotor
bars. Since the rotor bars are short-circuited, this iretligbltage will drive a current in the rotor bars. By
Lenz’s Law,An induced current is always in such a direction as to oppheentotion or change causing it
the induced current will generate a torque trying to makediar follow the rotating flux generated by the
stator windings. However, if the rotor speed is exactly ¢étuthe synchronous speed, there will not be an
induced current and no toque. Other external factors, ssifticiion torque and load torque, will make the
rotor slow down. So the induction machine rotor runs at antlijgslower speed than the synchronous speed
in order to get enough induced current and driving torquerg&lalways exists a gap between machine speed
and synchronous speed, which is referred to as slip. Thikysimduction machine gets its another name of
asynchronous machine, to emphasize the difference betive@nachine speed and the flux rotating speed.
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©

Fig. 2.3 RotatingFlux

2.2 Three-phase Inverter and Pulse Width Modulation(PWM)

The three-phase inverter supplies the induction machitle three-phase alternating voltage. From the
schematic of three-phase inverter in [Fig] 2.4, it is seerthtigethree-phase inverter is fed by a DC voltage as
the energy input and has three legs, each consisting of tBad $&nd two diodes. It is worth noting that in
Fig.[2.4, each IGBT in three-phase inverter is replaced aitideal switch. Define the DC-link voltage fed
into the three-phase inverter &g.. Take phase A for example. Based on Fig] 2.4, if switch T1rised on,
the A-phase voltage relative to groufigy y will be equal to+%; while if switch T4 is turned onlJ 4 5

will equal — Y.

Although in this perspective it seems that the three-phasster only can generate two possible voltage
values for phase voltag&,% or —‘% Pulse Width Modulation(PWM) makes it possible for the #ire
phase inverter to convert the DC-link voltage into threeg@halternating voltage by controlling the on-times
and off-times of the IGBTs. By adjusting the proportion oftime in one PWM switching period for the
IGBTs on the same bridge leg, any value betwe% and—% can be obtained as the phase voltage.
The ratio is described as duty cycle [33]. Define the on-tifh@mwIGBT asT,,,, the off-time of the IGBT
asT,ss and one PWM switching period @%yy »s. Duty cycle(D) can be formulated as:

_ Ton _ Ton
Ton + Toff TPWM ’

(2.1)

which is usually expressed in percent.

The basic PWM generation principle is to compare waveforfrestoiangular wave(carrier wave) and
a sine wave(reference wave) shown in Fig. 2]5(a). When ttgnitade of the sine wave is larger than that
of the triangular wave, the PWM signal will output a high age level to switch on the corresponding
IGBT. It is the case of the segment between point A and pointeBgnted in Fid. 2.5(a) and F[g. 2.5(b).
On the contrary, when the magnitude of the sine wave is sntaba that of the triangular wave, the PWM
signal will produce a low voltage level to shut down that IGBfTis the case for the segment between
point C and point D displayed in Fig. 2.5(a) and Fig. 2.5 (t)eflefore, the corresponding time moments of
the intersections of the two waves serve as the turning ptinswitch on or off the IGBT in the inverter.
From Fig[2.5(h), it is observed that the generated PWM s$igr@mposed of a series of pulses with fixed
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Fig. 2.4 Three Phase PWM Inverter Schematic.

magnitude but variable duty cycle.

To better understand the operation of the three-phasdéyarsimulation of the three-phase inverter in
Fig.[2Z.4 by PSpice is performed. In the simulation, the exiee voltages for the three phases are assumed
to be constant in a short period as the frequency of PWM canéve is much higher than that of the
modulation waveyu rey = Vs = 27V = =V = =V es, VBrey = Vo = 0 and the DC-link voltage
is £30V. Besides, the loads of the inverter are assumed to be puréiiciive and connected in a Y-
configuration.

In Fig.[2.6(@) the three-phase reference voltages and thiecaave are shown. Still take phase A for
example, the voltage waveform of phase A with respect tomplolis v, is displayed in Fid. 2.6(k) and the
voltage between the neutral point and grouvigly, is presented in Fig. 2.6(b), thereby the phase voltage
for phase AV4,,, can be obtained easily by subtractivigy from V4x shown in Fig[2.6(¢) as well. The
similar cases for phase B and phase C are shown i Fig. R.6¢efrig.[2.6(d) respectively. The voltage
between the neutral point and grouf;, can be obtained by voltage division, as:

Van +Ven +Ven
3 )

From Fig[2.6(0), Fid- 2.6(t), Fifj. 2.6{e) and Hig. 2.6(deh be noticed that 86ms all the phase voltages
relative to groundV, n, Veny and Ve, are30V and the voltage between the neutral point and ground,
VN, is also equal t80V. As a fact, the average phase voltages for one PWM switcleniggare always
equal to the values of the reference waves, which justifie®¥WM method. The average A-phase voltage,
uq,AvG, Can be calculated as:

VnN =

T T T T

1 1 1

Uq, AVG = ? /VAndt = ? /VAN — Vondt = ? /VAth, ? /Vnth = VA,ref- (2.2)
0 0 0 0

=Va ref =0

The same results can be obtained for the other two phases, k@ ¢ = VB rey anduc ava = Voref.

As the voltage applied to the phase winding is a pulse waveadsof a sinusoidal wave, there will
be a ripple in the phase current, which can be found in[Figb}.60 investigate the relation between the
current ripple and the carrier wave, the current of phasesBjs also plotted in Fig. 2.6(e). Comparing
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Fig. 2.5 Pulse Width Modulation(PWM) generation principle. In (a¢tdash line is the carrier wave and the solid line
is the reference wave for phase A voltage; In (b) the dashiditiee generated PWM signal and the solid line
is A-phase current in the PSpice simulation.

Fig.[2.6(2) and Fid. 2.6(e), it can be noticed that, at eveoynent that the carrier wave reaches its peak
value the phase curreritz, is equal to its average value, in this céisk Due to the principle of the PWM
the voltage reference is constant over one switching pefige to this fact, the controller can not control
the current in the switching period, it can only control tkerage value of the current. This means that the
control system sets the average voltage for one switchiriggpto control the average value of the current.
To measure the average value of the current for the feedbaitietcontrol system it is important that the
measurement is synchronized with the current wave pealsciinent samples must be taken on the peaks
of the carrier wave in order to set the average value of thesatir

2.3 Vector Control System

As a control strategy used in variable frequency drivestorecontrol provides a feasible solution to

torque/speed control of AC machines by controlling the phasrents into the machine even if it gives
rise to a considerable computation burden for the proceglsere the control algorithms are implemented.
The most noticeable merit of vector control is to get rid ofcmae speed dependency on power grid fre-
guency and make it possible to reach the desired machind spgen safety and power limits.

Usually in a vector control system, the phase currents ofrthehine and the DC-link voltage of the
inverter and sometimes the rotor shaft position and/or thelime speed are taken as the control system
inputs, while the phase voltages to the machine are pickédeagutputs. Two important transformations
are involved in the vector control system to transform AC hiae into a separately magnetized DC ma-
chine, namely Clarke Transformation and Park Transfomnaivith these transformations the three-phase
sinusoidal quantities can be transformed into DC quastitissteady state.

2.3.1 Clarke and Park Transformations

If the three-phase stator coils are arranged symmetrigaipace, i.e. with a 120°displacement as shown
in Fig.[2.7(a), and the sum of the phase voltages is zgfof + u,(t) + u.(t) = 0, neglecting the case of
zero sequences), the three-phase stator voltages cantfesseqghby an equivalent space voltage vegtor
i.e. with two-phase quadrature quantities as

Uz (t) = K(usa(t) + usb(ﬁ)ej%Tﬂ + Usc(t)ej%r)
= K(usa(ﬁ) - %ué’b(t) - %usc(t) +j\/7§(usb(t) — usc(ﬁ)))
oo I 2.3)

where K is set to b% in order to make the two-phase quantities to have the samétadepas the three-
phase quantities, i|g| = max(use) = mazx(ug) = maz(us:). It can be seen from Fifj. 2.7[a) that
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Fig. 2.6 The simulation results of three-phase inverter by PSpitéa) the solid line is the carrier wave and the dash
lines stand for reference voltages of three phases regelyctin (b) the solid line i9/, ; and the dash dot line
is the carrier wave; in (c) the solid line 1845 and the dash dot line i84.,; in (d) the solid line isVey and
the dash dot line i¥cy; in (e) the solid line is B-phase curreit, the dash line i3/z 5 and the dash dot line
is VBn.
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Fig. 2.7 Clarke and Park Transformations.

u$ can be treated as a vector rotating in the coordinate system. The-axis of a3 coordinate system
is aligned with the direction of the A-phase space vectorthesy5 coordinate system is stationary with
respect to the coils and the coils are fixed to the statortheoordinate system is stationary as well.

In vector control theory, the three-phase to two-phasedioate transformation is named as Clarke
Transformation. The reverse process that turns threeepifzack to two-phase is called Inverse Clarke Trans-
formation [8]. Clarke and Inverse Clarke Transformatioas be expressed in the form of matrices, as:

w. (2 1 _17] |Usa
o B A A (2.4)
Usq (10
G Ug
w| = -3 |0 @5)
Ugp _1 _ V3 Usp
sc L 2 2

respectively. The Clarke Transformation can also be agpli®@ther three-phase quantities, such as the flux,
the rotor currents and so on, in order to get the correspgratiace vectors.

However thea-components and thg-components of these rotating vectors are still AC sinusoid
guantities. A new coordinate system is defined, calleditheoordinate system, which has the same origin
as thens coordinate system but it rotates with the same speed as thélfle d-axis of thelqg coordinate
system coincides with the space vector of the flux. The toan®dtion of a space vector between the two
coordinates can be achieved by multiplying the vectoed8y or e =791, whered; is the angle between the
two coordinate system. Take the stator voltage as an exafplghown in Fig[ 2.7(B), the space vector of
the stator voltage is referred to @8 in the a3-system and a8, in the dg-system. From Fid. 2.7(p) it can
be seen that? andu, are transformed as

@ = |as|e? ) = |igslel? el = el (2.6)
i, = ule 90, (2.7)

The transformation from thes coordinate system to th&; coordinate system is called Park Transforma-
tion while its backward process is known as Inverse Parksfoamation([8]. Ifu; andd, are written in the
form as

s — Usa + jusﬂ

Us = Ugd + jusqv
ande’?t ande7% are expanded using Euler’s formula as

P - cosby + jsinby

—jor  _

e cosby — jsinby,
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Eq.[2.6 and E4. 217 can be expressed in matrices forms as

[usd} _ [cos@l sinal] [um] 2.8)

Usq —sinf; cosfi| |uss
Usq|  [cosOp —sinby| [usq 2.9)
UspB B sin 91 COSs 91 Usq ’ )

2.3.2 Digital Implementation of a Vector Control System

In digital implementation of vector control, the micropessor must be equipped with analog-to-digital
converter in order to measure the phase currents and theénR@dltage. If the speed of the machine is
measured with a tachometer, this signal also needs to beuneglawith the AD-conversion. If an incre-
mental encoder is used to measure the position of the ro®gpeed can be calculated from the position.
Considering the aliasing from the current ripple, the nmjcozessor should be able to trigger the sampling
of currents on the peak of the carrier wave as mentioned inBE2cwhich also means that the sampling
could take place once or twice during one PWM switching mkrigue to this fact, all the calculation steps
of the vector control algorithm must be finished in one or & balPWM switching period.

The basic procedure of a vector control algorithm is thatrtteasured three-phase currents are con-
verted into a complex space vector by Clarke Transformalfibie space vector is then transformed from
the a5-system to thelg-system by a Park Transformation where usually the flux aisgised as the trans-
formation angle. In this way a flux orientated system is at#tdi For the DC-currents obtained after the
transformations, usually a standard Pl-regulator togetlith some feed-forward terms are used. The out-
put of the current regulator is the stator voltage spaceoveetpressed in théy-system. The stator voltage
space vector is transformed back to three-phase by InvargeRd Inverse Clarke Transformations and the
obtained phase voltages are used as reference for the PWibL2.E. In Fig[2.8 the PWM is shown as the
block Duty Cycle Output. The vector control algorithm catsiof a wide variety of mathematical calcu-
lations, such as trigonometric functiogia (61 ), cos(61), multiplication, division, addition and subtraction.
To meet all the practical system demands(performing ADseosion, all the calculations and updating the
PWM within one or a half of PWM switching period) the processsed for vector control system needs to

have a high execution speed [36].

Yes

Sampling

}

Vector Control Calculation

v

Duty Cycle Output

Fig. 2.8 Digital implementation of a vector control system.
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Chapter 3

Evaluation Board Selection

3.1 Evaluation Board Specifications

Based on the knowledge introduced in the previous chaptetrendemands put by the division, the evalu-
ation board for the vector control system should have tHeviahg characteristics:

1. Compulsory:

¢ 4 ADC Input Channels Three inputs for 3-phase current measurement respectedyfor DC
link voltage. More channels are preferable, for examples omannel for sampling a speed
signal from a tachometer, if used.

e 3-phase PWM Three pairs of PWM outputs that can be synchronized with edbhr, with a
switching frequency of 10kHz. The PWM should have sufficiesgtolution. Additionally, it
should be possible to synchronize the AD conversion withcdreier wave of the PWM.

e Interface of incremental encoder Specific encoder module or external event capture.
e On-board programming Emulator is a superior solution for programming, debug amdrdoad.

e Cost High performance-price ratio is desirable.
2. Optional:

e CPU computation capability As almost all the quantities in vector control are decimalsyicro-
processor with a floating-point unitis highly recommendétk differences between fixed-point
and floating-point DSP will be shortly described in Secl 3.3.

e Math function library Some DSP manufacture may provide highly-optimized mathtfan, such
assin() andtan(), in libraries, which can improve code execution efficiency.

e Available program example A set of mature example codes can contribute to the design.

e Communication interface It is an advantage to have USB and CAN interfaces on the baard f
other applications.

e DAC output It can be used for debugging and to send signals to otherekevic
e Distributor A distributor in Goteborg is preferred.

3.2 Evaluation Board Candidates

Following the specifications above, the search task is ftos the large semiconductor companies. These
companies usually list different types of chips and evadualboards on their webpages. Nevertheless it is
of low efficiency to look through every chip’s data sheet.tkoately, these chips and boards are grouped
by different application fields, such as industrial, vidém&aging, wireless and so on. For the industrial
fields, the semiconductor companies will provide some apfibin notes for induction motor control, where
some microprocessors are recommended. In the first ste sktlction process, all these recommended
microprocessors are listed together. In the next step inésked whether the microprocessors in the list

11



Chapter 3. Evaluation Board Selection

have a corresponding evaluation board or not. Some of tHeai@n boards are very expensive, as they
have a small induction motor and/or a converter on the baeni:h is redundant for this project. Finally
eight evaluation boards are picked as candidates and theigtad in Tablé 3]3.

3.3 Boards Comparison

Making an immediate decision on which evaluation board ih#te most suitable for this project is not
easy. So these eight evaluation boards are compared based fatiowing key specifications: CPU type,
PWM carrier wave frequency and resolution, encoder intexf&ADC as well as on-board programming.
Once one board meets one of these key specifications, it evithérked with aj.

As mentioned before, massive computations need to be pagfbin one vector control period and
due to this fact the microprocessor’s calculation speeyspa important role in the system performance.
In a fixed-point processor, the decimal is represented byneagér. The mathematic operations of deci-
mals are achieved by decimal point shift in the software rtlgm, which will increase the code execution
time. Besides, attention needs to be paid on overflow prolalietine time. On the other hand, floating-
point DSP implements more number operation in internalward unit instead of executing a segment of
codes for decimal computation. Since the floating-pointpssor has a high dynamic range for numeric
calculations|[3B], the overflow problem needs rarely to bestered. A computer lab provided by Texas
Instruments can roughly reflect the code execution speedffamet types of DSP. Table_3.1 shows the
results from this lab of a simple math operatioe- i ¢ with different number formats. The middle column
indicates the type of processor used. The DSP used in the [BsiF28335, which can be configured to
run in either fixed-point mode or floating-point mode. Théhtigolumn shows the number of CPU clock
cycles that are used for thie i calculation.

Table 3.1: Speed test of fixed-point and floating-point DSP

CodeinC Type of DSP | No. of CPU clock cycles
unsigned i=1; . _
unsigned k=0; Fixed-point 3
k=ixi;
unsigned i=1;
unsigned k=0; | Floating-point 3
k=ixi;
float i=1.0;
float k=0.0; Fixed-point 113
k=ixi
float 1=1.0;
float k=0.0; | Floating-point 5
k=ixi

From Tabld 31, it could be found that it takes only severdU@Rck cycles for both fixed-point and
floating-point DSP to execute the multiplication of two igées. There is no difference in computation
speed for integer multiplications. However, when it comesnultiplication of two decimals, the fixed-
point DSP has to cost more than 100 CPU clock cycles to finiskcéiculations while the floating-point
DSP only costs 5 cycles. So it could be concluded that thdtiggtoint DSP has advantages over the fixed
one from the point of view of computation speed, especiallythis vector control system that involves
massive decimal calculations. So No.3 and No.4 in Tabler& prredominant as they are equipped with the
floating-point unit. Infineon’s XC866 8-bit microcontrallis also a possible choice because of its enclosed
16-bit vector computer, which could handle the Clarke & Reatksformations in hardware. In other words,
this vector computer could relieve some burden of trigortoimeomputations such asn() andcos() for
the main CPU. No.6 ADZS-BF506F EZ-KIT Lite is a fixed-point BShowever, its CPU frequency is as
high as400M H z, which implies a high computation speed. In this step, NN@&4, No.5 and No.6 are
marked with ay.

The second compulsory demand for the selection of evaluatiard is the carrier wave frequency and
its resolution. Usually, the carrier wave is generated bgumter which increments periodically and is reset
at the end of every PWM period [26]. If the least significantput voltage of the inverter i8.2V and the
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3.3. Boards Comparison

DC link voltage is800V/, the PWM resolution is required as

800V

m S 0.2V = PW M resolution Z 12 bitS,

with PWM resolution meaning the resolution of the PWM couyite. the number of the bits used for the
counter. It is can be found from Takle B.3 only No.7 can’t mteetPWM resolution requirement. For a
given PWM resolution, a higher bus frequency gives a highgMPcarrier wave frequency. In the project
specifications the carrier wave frequency is specified toae . This, together with the resolution, gives
the required updating frequency of the PWM counter, coungguency, as

counter Freq. = carrier wave Freq. x 27¢°Mwton s 9 — 10kHz x 2% = 81.92M Hz,

wherex 2 stands for rising and falling ramps of each carrier wavectreer wave is a triangular wave. For
the 8 listed evaluation boards except No.1 and No.2, the P\6iiter is connected directly to the system
clock, which means that the highest PWM counter frequeneyisal to the system clock frequency. The
evaluation boards with a system frequency lower than 81192kfe probably eliminated due to this(They
are No.5, No.7, No.8, see Talple13.3). But Freescale’s 56FAB@BI has the ability to let the PWM counter
run with a frequency of 3 times the system frequency, whiamnig 32MHz. In this step, No.1, No.3, No.4
and No.6 are marked.

For the vector control system in this project, the speed@fdior should be known in order to estimate
the flux. In this project, the rotor speed is obtained eith@mfa tachometer or by taking the time derivative
of the rotor position from the incremental encoder. The waglprinciples of the incremental encoder can

be illustrated with Fig.3]1.
Phase A e
Phase B oo
Index H
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Fig. 3.1 Working principles of incremental encoder

The incremental encoder outputs three pulse sequencdsswginen it is rotating: Phase A, Phase B and
Index. There is a quarter period displacement between Phasd Phase B. The rotating direction can be
fixed by the order of rising edges from the two phases. To deterthe absolute position, the encoder will
generate one index pulse per turn. In theory, as long as ttreprbcessor has external interrupts, the pulses
from the encoder can be counted in the Interrupt ServiceiResI{ISR). The drawback of this method
is that the frequent interrupts will disturb the main roetinvhich may affect the system performance.
Consequently, special encoder modules have been intdgyate some microprocessors. These modules
are able to treat the continual pulses without halting thenmzautine. The processors equipped with encoder
module are No.1, No.2, No.3, No.4 and No.8 in Tdble 3.3, whieghmarked in this step.

As mentioned in Se€._2.3.2, the Analog-to-Digital convamaneeds to be finished as soon as possible
after the PWM carrier wave peak. In this project, the PWM ehiitg period isl00us and the Analog-to-
Digital conversion time is expected to be less than one tehthe PWM switching period, that i80us.
Most of the candidate boards’ Analog-to-Digital convensiones are far less than A8 except for No.4
in Table[3.3, which has no internal ADC. In order to sample dlag inputs at the same time instant, four
sample&hold circuits are needed. Only the 56F8367EVM cawige 4 internal sample&hold circuits. This
problem can be solved by adding external Sample&Hold chégseaipheral circuit and assigning a digital
I/O pin to output a pulse for synchronizing the external Skx&plold circuits with the carrier wave. Based
on the number of Sample&Hold circuits, only No.2 is markethiis step.

The last compulsory requirement to be checked is the ahifitgn-board programming. All candi-
date boards except No.7 have on-board programming afsitityieved by Joint Test Action Group(JTAG)
technology. However the No.2 56F8367EVM’s JTAG needs toroamicate with the computer through a
parallel port, which might not be found on modern comput€Ene JTAG of the other six evaluation boards
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Chapter 3. Evaluation Board Selection

can be connected to the computer via USB. Usually, to actievgoard programming an emulator is used.
The emulator serves for program downloading and on-lineigeing through JTAG. Among these six eval-
uation boards, No.1, No.3 and No.8 have emulator includettwo.4, No.5 and No.6 require the users to
buy an additional emulator. The prices of emulators are,highally abou€100. In this step, No.1, No.3
and No.8 are marked.

Table 3.2: Results of the primary selection of evaluatioardo

No. Evaluation Board Score No. Evaluation Board Score
1. 56F8037EVM . 8.6 ¢ 2. 56F8367EVM b .4
3. TMS320F28335 Experimenter Kit v % % 4, TMS320C28346 Control Card %%
5. Easy Kit XC878 * 6. ADZS-BF506F EZ-KIT Lite *k
7. ST7MC Control Board 8. Explorer 16 Starter Kit Yk

After five steps of primary selection, seen in Tdbld 3.2, NidVBS320F28335 Experimenter Kit ranks
first among the eight evaluation candidates. TMS320F2838%5435 for short) is a 32-bit floating-point
DSP. The emulator XDS100 has been integrated into the erpater kit, which allows on-board program-
ming and debugging. F28335 can provide up to two groups dfitlBiree-phase PWM outputs, both of
which are able to trigger the starting of ADC. F28335 is algoipped with two 32-bit quadrature encoder
interfaces. It also has various serial port peripheralshsaas CAN, UART, McBSP, SPI and I2C. As a
member of TI's C2000 microcontroller family, users of TM®828335 can share rich resource of example
codes, application notes, math algorithms and other usgp@rience, all of which can be got from TI's
forum on the Internet. Besides, a full-sized Integrateddd@yment Environment(IDE) CCS v4.0 will be
given for free with the evaluation board. There are two typEeSMS320F28335 evaluation boards. One
type has a complete set of peripherals while the other orve lablank docking station providing more
flexibility and they cost $179 and $99 respectively. Whattse) Tl has a distributor in Gdteborg. Based on
the considerations above and opinions from other peopleSIMF28335 Experimenter Kit with a blank
docking station is chosen to be the evaluation board usédsiptoject.
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Table 3.3: Evaluation board cal

ndidates

ADC

Evaluation Borad l\?(;pgfaéi;:x::s No. of Channels ADC&PWM Event Capture JTAG
No. Manufacture CPU Type System Frequency Ma;<. Resolution @r\/’\lﬂaix'siemsgl‘il;[éogreq Synchronized DAC External In?errupt Encoder Module CAN usB in which way? Emulator included Math Library Price
@Max. Counter Freq. Or Min. Conversion Time
. 6-channel 2*8 Channels .
1 56F8037EVM Fixlezzik;:)inl 32MHz 15-hit 12-bit Yes 2 ész;zl:\els Yes Quadrature Counter*2 | Yes No byYLeJSéB Yes Yes $199.1
Freescale @96MHz @2.67TMSPS
| Ihttp: /7 www. freescal e. conf webapp/ sps/si t e/ prod_sunmary. j sp?code=MC56F8037EVNES st ch=1
16-bit 6—chanr_1el*2 4*4 Cha_nnels Yes
2 56F8367EVM Fixed-point 60MHz 15-bit 12-bit Yes No Yes Quadrature Decoder*2 Yes No by Parallel port Yes Yes $299.1
Freescale @60MHz @5MSPS
| Iht tp: /7 www. freescal e. conf webapp/ sps/si t e/ prod_sunmary. j sp?code=MC56F8367EVVE&S st ch=1
] ] 32.bit 6—chanr_1el*2 2*8 Cha_nnels Yes
3 TMS320F28335 Experimenter Kit Floating-point 150MHz 16-bit 12-bit Yes No Yes Quadrature Decoder*2 Yes No by USB Yes Yes $99
Texas Instruments @150MHz @80ns
[ Ihttp://focus.ti.conl docs/tool sw fol ders/ print/tndsdock28335. ht ni
32-bit 6-channel3 Yes Yes
TMS320C28346 ControlCARD : . 300MHz 16-bit No N No Yes Quadrature Decoder*3 Yes No No Yes $125
4 Floating-point with external ADC by USB
Texas Instruments @300MHz
| Ihttp://focus.ti.coni docs/prod/folders/print/tns320c28346. ht ni
. 6-channel 8 Channels
s Easy Kit XC878 lerbs'vbe"cx?g;]pmer 24MHz 16-bit 10-bit Yes No Yes No Yes No byYSSSB No No €99
Infineon @24MHz @200ns
| Ihttp: /7 ww. i nfineon.coni dgdl/ M crocontrol | er- XC87x- Dat a- Sheet - V15- i nf i neon. pdf ?f ol der | d=db3a304412b407950112b40c497b0af 6&f i | el d=db3a30432239cccd01231293d56908b1
16-bit2 6—chanr_1el*2 2*6 Cha_nnels Yes
6 ADZS-BF506F EZ-KIT Lite Fixed-point 400MHz 16-bit 12-bit Yes No Yes No Yes No by USB No No $199
Analog Devices @400MHz @2MSPS
[ Ihtt p: /7 waw. anal og. conf en/ enbedded- pr ocessi ng- dsp/ bl ackf i n/ BF506- HARDWARE/ pr ocessor s/ pr oduct . ht ni
8-bit 6-channel 1+16 Channels
7 ST7MC control board MCU 8MHz 8-bit 10-bit N/A No Yes No No No No No No $96.36
STMicroelectronics @8MHz @3.5us
[ Ihttp://www. st. com i nt ernet/ ncu/ product/ 117672. sp|
16-bit 6-channel 2*16 Channels Yes
8 Explorer 16 Starter Kit Fixed-point 40MHz 16-bit 12-bit Yes No Yes Quadrature Decoder Yes No by USB Yes N/A $299
Microchip @40MHz @0.5MSPS

[ Ihttp:// www. m croc

hi p. cont st el l'ent/i dcpl g?l dcServi ce=

SS_CET_PAGE&nodel d=140

6&dDocNane=en027853

uosiuedwo) spieog €'


http://www.freescale.com/webapp/sps/site/prod_summary.jsp?code=MC56F8037EVM&fsrch=1
http://www.freescale.com/webapp/sps/site/prod_summary.jsp?code=MC56F8367EVME&fsrch=1
http://focus.ti.com/docs/toolsw/folders/print/tmdsdock28335.html
http://focus.ti.com/docs/prod/folders/print/tms320c28346.html
http://www.infineon.com/dgdl/Microcontroller-XC87x-Data-Sheet-V15-infineon.pdf?folderId=db3a304412b407950112b40c497b0af6&fileId=db3a30432239cccd01231293d56908b1
http://www.analog.com/en/embedded-processing-dsp/blackfin/BF506-HARDWARE/processors/product.html
http://www.st.com/internet/mcu/product/117672.jsp
http://www.microchip.com/stellent/idcplg?IdcService=SS_GET_PAGE&nodeId=1406&dDocName=en027853
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Chapter 4

Signal Conditioning

In the previous chapter, the F28335 floating-point DSP has Iselected as the evaluation board of this
project. As mentioned in Selc. 1.2, one of the objectives isf phoject is to make the final vector con-
trol system exchangeable with the dSPACE system. Henceg p@mipheral circuits have to be added to
achieved this objective and in addition some steps are alentin order to enhance the system’s per-
formance and to protect the DSP. For example, a buffer tiwilli be built to protect the DSP’s digital
input from over-voltages. In the first part of this chapthe telative signal and interface specifications of
dSPACE are listed and according to these specificationsigfmal conditioning circuits needed for DSP
are described in detail.

4.1 dSPACE Signal and Interface Specifications

The dSPACE system used in the lab is the DS1103. Accordingetananual[10] of the DS1103 system,
the specifications are listed below.

1. Signal specifications:

* Analog Inputs. Bipolar inputs with+10V input span.

« Digital Input. Transistor-Transistor Logic(TTL). The voltage range af HiTL signal is from
0V to5V. For TTL input,< 0.8V is defined as 'low’> 2.0V as 'high’.

* PWM and Digital Outputs. TTL. For TTL output,< 0.4V is defined as 'low’,> 2.4V as
"high’.
* Incremental Encoder Interface. Either TIA-422 or TTL

2. Interface specifications:

* Analog Inputs. Female Bayonet Neil-Concelman(BNC) connector.

« Digital Inputs and Outputs. In this project, the digital inputs and outputs are mainlgdisor
inverter's fault detection and relay control. The digit@® interface of DS1103 is a male 50-pin
D-Subminiature(D-Sub).

« PWM Outputs. 37-pin female D-Sub.

 Incremental Encoder Interface. 15-pin female D-Sub.

4.2 Analog Signal

The Analog-to-Digital Converter(ADC) samples the analmmal and converts it into the bit form which
can be processed by the DSP. In the project, the ADC is usedessume three phase currents, the DC
voltage and maybe the speed if tachometer is used. The jprecisthese measurements is very important
for the performance of the whole vector control system.
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Chapter 4. Signal Conditioning

4.2.1 About ADC Input Voltage

As mentioned before, the analog inputs for the dSPACE syaterin the range af:10V while the analog
inputs for the DSP are in the range fréW to 3V. Due to this fact,the input signals need to be scaled down
and biased with a conditioning circuit. For every input amelnthree operational amplifiers(Op-Amp) are
used to build one conditioning circuit. The selected openat amplifier is Texas Instruments’ TLCO74A,
which has the advantages of low noise, high slew rate anddugimon mode rejection ratio(CMRR) [14].
What's more, four Op-Amps are integrated into one packadéwcan save space and reduce the soldering
complexity. The conditioning circuit for one channel is &iman Fig.[4.1.

V Chx -10V~10V

—%SSOK

150K

Op-Am 1

100K
V

cC

100K
Voltage Reference 2.5V,
166.6K

V ADCx
Op-Am 3

Fig. 4.1 Conditioning circuit for ADC.

In Fig.[4.], following the signal direction from the inpulet first Op-Amp is connected as a voltage
follower. It provides a high input impedance for the purpobeliminating the loading effect of the source
signal. This is also the reason why a high-value voltagédifig resistance is chosen on the input. The two
resistances 0850k and 150k€) scale the input voltage of10V to +1.5V. The second Op-Amp is a
summing amplifier, which shifts the input voltage bysV/, but the signal polarity is inverted. The output
of this Op-Amp is—3V ~ 0V. The third Op-Amp will invert the signal back W/ ~ 3V. In the circuit
design, the resistance is set to bekin-range, becaus#/-range resistor will cause excessive thermal
noise [32] and-range resistor will consume more power. Practical opanatiamplifiers draw a small
current from each of their inputs due to bias requirementslaakage[[32]. This bias current will cause
voltage drop across the resistors connected to the inpig.cEm be seen in Fi§. 4.2[a) where the non-
inverting pin of the amplifier is connected to the ground. éwing to the virtual short-circuit property of
operational amplifiers, the electric potential of the inivey input pin is alsdV'. In ideal case, the output
voltage of the Op-Amp should also b& . However as bias current exists,

Vour = Vo + Ryl = OV + Ry, = Ryl # 0.

The solution to compensate for this voltage drop is to letréséstance seen from each input be matched,

as shown in Fid. 4.2(b),

V. Vi =R, 4.1)
Vin = Vo Vow = V-

R_ Ry

If V;,, = 0V, itis required tha¥/,,; = 0V as well. Substitut&;,, = V,,; = 0V and Eq[41l into Eq. 412, it
can be found that the compensating resistor should be sdlast

I

(4.2)
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Re
; +Vee
i1 N
Ro|!® B I%
Vin .
PR L Vout
Ib: -Vce
| T
| R+:Rf“Rf

(@) (b)

Fig. 4.2 Bias current effect and compensation

The compensating resistor connected to the non-invertjgtiis used for both the second and the third Op-
Amps. The output of an operational amplifier cannot swingatigg when operated from a single positive
supply [6]. Two of the three amplifiers in the conditioningatiit will output negative voltages and due to
this fact both a negative and a positive voltage supplieseeeled. Due to wire inductance, the power may
not be passed to the amplifier from the voltage source imrntedgjavhich could cause waveform distortion
when the input signal changes fast. For each amplifier packag tantalum capacitors are connected
betweent+V,. and the ground as well asV.. and the ground, which can supply energy to the amplifier
temporarily, as shown in Fi§. 4.2[{b). These two capacitars @&so reduce the noises coming from the
voltage source.

4.2.2 ADC Calibration

In ideal conditions, the input-output relation of the cdmatiing circuit should be:

2

20
VChz = ? X VADCx —10.0V

3
Vapce = 20 % Vene + 1.5V

However, mainly due to the inaccurate resistance valueg thil be a small gain error in the conditioning
circuit. The metal film resistor used in this project has arahce ott-1%, from the nominal value. Even
though there is a gain error, there is still a linear relabetweenV 4 pc., andVey,. This relation can be

described as:

VADCz = Am X VChx + Bm
Vohe = Al xVapcs + Bl.

To find the actual coefficients,, B.., A’ andB’, of the conditioning circuits, a set of voltages are applied
to the input, and the corresponding output voltage is meaisun Tabld 41, the measured input-output
relation for Channel 1 is shown.

Table 4.1: Measured input and output voltages for Channel 1
Verni(V) | -10.05| -9.59 | -9.04 | -852 | -8.01 | -7.56 | -7.04 | -6.49 | -6.06 -5,5 | -5.02
Vapci1(V) | 0.004 | 0.072| 0.153 | 0.231 | 0.307 | 0.373 | 0.45 | 0.532| 0.595 | 0.678 | 0.75
Veni (V) -4.47 | -4.05 | -3.499 | -2.995| -2.507 | -2.014 | -1.498 | -1.08 | -0.505 0 0.49
Vapc1(V) 0.83 | 0.892| 0.975| 1.051 | 1.123 | 1.196 | 1.273 | 1.335| 1.42 | 1.496| 1.569

Veni (V) 1.008 | 1.513 | 2.024 | 2.488 | 3.023 | 3.508 | 3.985 | 4.51 5.0 552 | 6.05
Vapc1(V) | 1.646 | 1.721| 1.797 | 1.867 | 1.946 | 2.019 | 2.090 | 2.169 | 2.241 | 2.318| 2.397
Veni (V) 6.44 7.02 7.47 8.03 8.51 9.06 9.51 | 10.07
Vapc1(V) | 2.455 | 2542 | 2.609 | 2.693 | 2.764 | 2.846 | 2.913 | 2.996
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In Matlab the command® = poly fit(Vone, Vapcz, 1) can be applied to geP, = [A,, B,] and
commandp;, in, = ployfit(Vapce, Vons, 1) results inP;,, = [A !, B ]. Five conditioning circuits have
been built for five channels of analog inputs. The calibratiesults for these five channels are shown in
Tabld4.2. Comparing the calibration results with the idedlies ofd, B, A’ andB’, it could be concluded
that the five conditioning circuits behave correctly as giesd, but with some coefficient errors being less
than1%.

Table 4.2: Calibration results of five ADC conditioning aiits
A; | 0.1488| B; | 1.4969| A} | 6.7213| B} | -10.0609
As | 0.1500| B, | 1.4976| A, | 6.6660| B, | -9.9828
As | 0.1485| Bs | 1.4927| A% | 6.7356 | BY% | -10.0541
Ay | 01502 | By | 1.4976| A} | 6.6595| B -9.9735
As | 0.1481| Bs | 1.4877| AL | 6.7514| Bf | -10.0443

The Analog-to-Digital Converter in the DSP has a 12-bit hetson and a conversion range@¥ ~ 3V.
From this the input voltage to the AD@ 4 pc., €an be calculated from the register valiegy.., as

Vapcz = Regy % 4.3)

3
4096
The nominal input and output relations of the current sesjsbe DC-link voltage sensor and the tachometer
are [21]:

Vo = 2.5 4 0.0625i, (4.42)

Vbe,s = 0.0965Vpeo (4.4b)
1

acho =— —Qr; 4.4¢c

Viach 500 (4.4c)

wherei,, is the stator phase currentdq V., is the output of the current sensonfrandx could bea, b or ¢
indicating which phase that is measunégl is the DC-link voltage and'p ¢ , is the output of the DC-link
voltage sensof,. is the rotating speed of the rotoripm andV;,.1, is the output of the tachometerin

If Channel 1-5 of the analog inputs are used to measure ther ghase currents(,, i, andis.), the
DC link voltageVp ¢ and the machine speéd. respectively, then these five quantities to be measured can
be expressed as

isa = 0.016'25 X ((Regy % ﬁ x A+ B')—2.5) (4.5a)
ish = 0.016'25 X ((Rega % ﬁ x Ay + BY) —2.5) (4.5b)
ise = 0.01625 x ((Regs x ﬁ x A4+ BY)—2.5) (4.5¢)
Vbe = 0.01965 X (Regs X ﬁ x A+ BY) (4.5d)
Q, =600 x (Regs x ﬁ x Af+ BY) (4.5e)

4.3 Digital Signal

The digital signals used in this project are three input @ugignals from the encoder, six output PWM
signals for the inverter and five normal input and output aignThe F28335 DSP employs Low-\oltage
TTL(LVTTL), which defines thal/c = 3.3V; Vou > 2.4V, Vor < 04V;Vig > 2V, Vi, < 0.8V. The
digital signals can not be connected to the DSP directlyl thdly have been conditioned since they are in
the range from 0V to 5V and not in the range from 0V to 3.3V as¢horoduced by the DSP.

4.3.1 Interface for Encoder

The speed of the motor could be obtained by taking the dérévaf the motor position got from an in-
cremental encoder mounted on the motor shaft. The eleggri@alsgenerated by the incremental encoder is
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of TIA-422-B standard [[7]. By this standard, the TIA-422eaer receives two differential voltage inputs,
inputA and inputB. If inputA i200mV higher than inputB the output is high level and if inputR#mV
higher than inputA the output is low level. As mentioned befohe DSP F28335 applies a LVTTL standard
that is different from the TIA-422-B standard. There are edtifferent types of 422 receiver ICs available
to convert TIA-422 logic to TTL. When selecting an approt®iehip, several issues should be concerned,
such as the supply voltage, output voltage, number of receper package and the signaling rate. There
is an 1000-line encoder available for the project and itsraddle maximum rotational speedli@00rpm.
From these parameters, the maximum data sequence rate fienooder phase can be calculated as

M azximum Rotational Speed
60

= 0.33(Mbps). (4.6)

Data Rate(bit/s) = Numberof Lines x 2 x

1
= 1000 x 2 x 0000

The supply voltage of the receiver chip should be ridarand it would be an advantage if there are at
least 3 receivers per package. The chip’s signaling rate beutarger thar®.33M and the output of the
receiver should be compatible with LVTTL. Texas Instrunsg¢dM26LS32A meets all the requirements
above except the output voltage, which is TTL. A voltagedivishould be applied to avoid destroying the
inputs of the DSP. After tests, the high-level output of tthé#p is measured to b&4V. The input voltage
range of F25335 DSP i ~ 3.3V, so the fractional ratio of the voltage divider is set tog)eThe circuit
schematic is shown in Fif._4.3. The signals from the encodsfeal into the interface board through a type
of 15-pin D-Sub connector DB-15 with the same pin configoratis the dSPACE system.

vee
_I_——lfP G vee 18
By e 1.
EncoderfPha;efA+ 2 | 3
Encoder_Phase_A- 1| i% 1Y
Encoder_Phase B+ 6 | A 2y 5 e
Encoder_Phase_B- 7 B
Encoder_Phase_Index+ 10 | A 3y 11
Encoder_Phase_Index- 9 = I R
— 3B 1 | : ) m
5 i% A =210k 310K 310K DSP EQEPA-I
| DSP_EQEPB-1
8 | GND }é ’ = DSP_EQEPI-1
AM26LS32ACN ‘]201{ TZOK TzOKVOI'[agC Dividers
L&—o— _

Fig. 4.3 Circuit schematic for encoder interface

4.3.2 Interfaces for PWM and Digital /0

From the technical specifications it can be noticed that ¥AETIL is compatible with TTL [35]. However,
for digital inputs, a buffer chip can provide an isolatioriveeen the DSP and the outside to protect the DSP.
For digital outputs, a line driver chip can improve the oufinve capacity. Texas Instruments’ SN74LS241
is chosen as both input buffer and output driver. For the PWikpats, the chip’s signaling rate should be
considered. Compared with PWM cycle period of 0.1ms, SN2411% signaling time of around 10ns can
be neglected. For the digital inputs, a voltage dividerilsretcessary between the input buffer and the DSP,
in the same way as the encoder interface but with a differeltage divider fraction o%. The designing
procedure is similar to that of the encoder interface andefbee it will not be repeated. What needs to
be mentioned is that though the digital 1/0O interface of D& 1s a male 50-pin D-Sub, female BNC
connectors are still used as digital I/O interfaces, as thitatlinterfaces of the existing inverter are also
BNC connectors.
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Chapter 4. Signal Conditioning

4.4 \oltage Source and Reference

4.4.1 +5V Voltage Source

There are plug-in DC power supplies available in the el@itranarket, which can providgV directly.
However as these, nowadays, usually are switching-modglisspthere exists a residual ripple on the
output, which is about frore0mV to 120mV [5]. For the digital circuit, this voltage ripple can be apted.
But for analog circuits, the ripple should be as small as iptessén order to guarantee the measurement
accuracy. The switching frequency of the used power sugpB0k H z [5], so the ripple frequency might be
260k H z. According to the data sheét [11] and the typical power suppple rejection(PSRR) curve [12],
the linear regulator 7805 has a ripple rejection ratid@fB at 260k H z. By the definition of PSRR that

R' l inpu
PSRR = 20log—PP Cinput
Rlppleoutput

whenPSRR = 40dB,

Rippleinput
Rippleoutput

Rippleinput

40
= 1020 = 100 = Rippleoutput = ,
0 IPPleoutput 100

which means that the voltage ripple generated by switchiogle supply will be reduced t@3 ~ 1.2mV
by the linear regulator 7805.

However the 7805 functions properly only when the voltagspdacross it is larger the2i/. Therefore
a9V plug-in DC power supply is chosen to work together with th@%8near regulator. A typical 7805
application circuit is shown in Fi¢. 4.4.

L7805CV
A 1 2 5V

IN OUT
GND
‘ + ‘ +
on

T0.33uF TO.luF

Fig. 4.4 Typical 7805 application circuit

A heat sink is required for cooling the 7805 circuit. The h&ak specification can be calculated from
a thermal resistance model as

Tj =T, + (Réjc + Rges + R‘gsa) X P, (47)

whereT) is the junction temperature, which according to the 780% a#ieet[[11] should be less than
150°C. T, is the ambient temperature, which can be estimated as rompet@ture 20°CRy;. is the
thermal resistance from junction to the casing of the 780&kage, which is 5°C/WIL[11]Ry.s is the
thermal resistance from the casing to the heat sink. If tla $iek is directly attached onto the 7805, it is
approximately 0.4°C/W [21]Rys, is the thermal resistance from the heat sink to the ambidm.smaller

it is, the better cooling capacity the sink heat has. P dertbiepower dissipated in the 7805, which is the
product of the current through and the voltage drop acras§895. The voltage drop is fixed to B&.
The current is measured under the condition that the DSPhanthterface board run at a full load. The
experimental value of the current(st86 A, but in order to keep a safe margin, the currentis double@to b
1A. This gives a power loss of 4W in the 7805 circuit. SubstitliteT,,, Rg;.,Rocs and P into Eq4]7, it
can be found thaRy,, should not be larger than 27°C/W. A heat sink of 12°C/W iscteldin the project.

4.4.2 -5V Voltage Source

The—5V voltage is generated by Texas Instruments’ MC34063 volitegelator. The MC34063 is a fixed-

frequency switching-mode regulator, which requires madimxternal components for building the DC-
to-DC converter topologies boost, buck and inverting [19§.[4.3 shows the schematic of MC34063's
application circuit that outputs a negative voltage.
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Fig. 4.5 Circuit schematic of MC34063 inverting regulator

The inverting DC-to-DC topology can be simplified with thagiiam in Fig[ 416, where the NPN Dar-
lington transistor(Q1Q2) and the Schottky diode 1N5819in[E3 are replaced with the transistor(Q) and
diode(D) respectively.

in

. <
AY|
/
a
=~
=
4
=
+ s

Fig. 4.6 Diagram of inverting-topology DC-to-DC regulator

When the transistor Q in Fi§.4.6 is turned dn, is directly applied on the inductor, leading to an
increasing current in the inductor as can be noticed in theubfigure of Figl_4l]7. Meanwhil€],; draws
currentl,,; from the load as the voltage across it is negative, which m#ke output voltage increase.
After the transistor is turned off, the inductor has to drawrenti;, through the diode D as the current in
the inductor cannot stop immediately. Though at this morsanent/,,,; is still drawn from the load;,
is larger thanl,,,;, which means that the net current is drawn fr6f,; and the output voltage decreases.
The transistor control circuit consists of a comparatorpscillator, an AND gate, a NOT gate and a RS

c th th it th 1 bt
! I |1 I |1 I | S=A I I I I o
o) ‘ ‘ Transistor On
I\l I\l | —
[ [ | | |
» »
g >
I I
o

Fig. 4.7 Waveforms of the inverting DC-to-DC regulator

flip-flop. Fig.[4.1 shows the waveforms of the MC34063 whes ivbrking in the inverting topology and
in steady state. The comparator compares the value§791ff—& andu,. + 1.25, which results in that the
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Chapter 4. Signal Conditioning

comparator outputs "1” ifi. > —1.25(1 + g—f) and outputs "0” ifu. < —1.25(1 + g—p. As u, is actually
the output voltage, which is almost equal to the desiredudwpltage—V,,,; but with some ripples due to
the switching operations. So the desired output voltaig,; has a relation wittk; and R, as

— Vour = —1.25(1 + %>'

The oscillator charges and discharges the external timapg@torCr. When the voltage across tldg-
touches the upper threshold or the lower threshold, theubofithe oscillator will be toggled. The switching
frequencyf is only decided by the value @f;. The waveform of the oscillator output is the same as the
A input of the AND gate, as they are connected together as shiowig.[4.5. The B input of the AND
gate are connected with the output of the comparator. Theubof the oscillator is also connected to the
R(Reset) input of the RS flip-flop through a NOT gate. The §(f&eut of the flip-flop is connected to the
output of the AND gate. Besides, the output of the flip-flopdsmected to the the base of the Darlington
transistor(Q1Q?2). In this way of connection, the transigdurned on only when both the comparator and
the oscillator output "1". As shown in Fi§. 4.7, &t moment, the oscillator output "1” but, is lower than
—Vout, SO the transistor is still off. Between andt, u. first decreases and then increase as the cuiyent
from the theC,,; is changing from being positive to being negative.tAtu. crosses the desired output
voltage — V., transistor is turned onu. keeps increasing until the oscillator is toggled to "0” thiaé
transistor is forced to be turned offiat The inductor starts to draw current from thg,; andu,. deceases.
Fromts, the procedure above will be repeated. Tg is used to limit the current. When the voltage drop
acrossR;. is larger thar830mV [16], the oscillator will provide an additional current pab the timing
capacitor, in order to accelerate the capacitor chargidgshorten the on-time of the transistor, which will
reduce the energy stored in the inductor.

The value of the MC34063'’s peripheral components is salduésed on calculation table in the refer-
encel[19, p.10]. Firstly, the designing specifications aimdescomponents’ parameters are listed below.

» Switching Frequencyf = 15kH =
* Input voltageV;,, = 5V

» Output voltage:r Vs = —5V

» Output current-1,,;, = —0.5A

* Maximum voltage rippld?, 100mV

ipple(pp) =
» 1N5819 forward voltage dropx = 0.5V [15]
» NPN Darlington transistor saturation voltayg;; = 1V [19]

The calculation is done in the following way, whelg, is the peak value of inductor current and thg;,
is the minimum value the inductance should be.

1
ton +tofs = s 6.6 x 107°s
tor Vout +V;
on _ YoutTVF _ 4 gg0n
toff ‘/Z *Vvsat
ton = 3.8356 x 107 %s
toff = 2.76x107%s
Cr = 4x10%,, = 1.543nF
ton
Lie = 2L (=2= +1)=2.38754
toff
V;n - ‘/sa _
L(min) = (22—, =6.42x 10 °H
Lo,
0.3
Ree = — =0.130Q
Lo,
Iou ton —
Cout == ) —t =1.7x10 3F
Vripple(pp)

For some components, it might be hard to find the type with ¥aetevalue expected. So according to
the product list okwwv. el T a. se| the actual components’s value used in this circuit are
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Cin = 100pF Cout = 2200uF

R, = 0.220 Ry = 2kQ

L =100uH Ry = 6k (Potentiometer)
Cr = 1500pF

In Ref. [16], it is mentioned that the minimum valueBf. should be).2(2, s00.22) resistor is chosen
though the calculate,. is 0.13€2. Besides, in order to make the output voltage adjustdbids replaced
with a potentiometer with 02 range.

4.4.3 2.5V Voltage Reference

Ii" R I()ur
Oo— AN p—O
=5V I m* V,.=25%
CATHODE
I T
£ AN
|
V=25V ANODE
|
_VY_. =

Fig. 4.8 TL431 typical application circuit

The 2.5V voltage reference used in ADC conditioning circuit is obéal by TI's TL431. The TL431
is a shunt voltage reference, which works similarly to Zegiedes. A typical application circuit for the
TL431 is shown in Figl_418. The output of this circuit is contesl to the five ADC conditioning circuits
shown in Fid.4.11 and from the figure the output currgpt could be calculated as

2.5V -0V

Iout =5x W = 0.075mA.

The input of the circuit is connected to th& supply, giving an input current of

I, _ V;n - Vout _ 2.5V
in R - R
= IKA + Iout;

where thel g 4 is the cathode current. Then cathode current can be cadudat

2.5V 2.5V

The recommended operating conditiond gfs is from 1m A to 100m A [25], which gives

1mA < % —0.075mA < 100mA
= 24.980 < R < 2.33k0).

In this project,R is selected to b&k(.
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Chapter 5

Vector Control Design

One of the core concepts of vector control is to replace theetphase sinusoidal quantities with two DC
quantities so that the control strategies effectively use@®C machine could now be applied to induction
machines. To achieve this aim, a series of coordinate wamsttions, flux estimation, decoupling and reg-
ulating will be done. The procedure of vector control desgimtroduced in detail in this chapter. Firstly,

an overview of vector control design is exhibited as

p—— It

psi_R_ref

peed_Machine u_s_lim

omegal_hat

Current regulator

is_q_ref
b—’OMega r_Ref
1| »o
Speed_ref —|Omega_r . i _s_ref
i_s_re
r»psiR hat ~ »is
W psi_R_ref o
Speed regulator
P psi_R_hat
g
psi_R_hat

Inv. Park

Inv. Clark

u_s_alpha

uslim  u_s_alpha
usb
theta_lhat u_s_beta usbeta ;o

u_s_a

c

psi_R_hat isd

t—thetal_hat isq

omegal_hat Omega_r |4

Flux estimater

isa
isb

isc

Omega_r
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od Lo
i_s_beta
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Induction Motor

Clark

isa
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i_s_alpha
i_s_beta

thetal_hat

Fig. 5.1 Overview of the vector control block diagram.

5.1 Dynamic Models of Induction Motor

5.1.1 T Model

The dynamic model of the induction machine is described liyguspace vectors. There are many types
of dynamic models for the induction machine. Among them,thaodel defined in the stationary— 3
system is chosen to be used to model the induction machihe isitnulation. This kind of induction motor
model could be expressed with Eq.]5.1, Eql 5.2 and E§. 5.3.
The stator and rotor dynamic equations:

dvs
=S Rg -S S
Uy sty + o7

. dUs
us =0= Ri; L
U, 1, + 0t

(5.1a)

(5.1b)
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Chapter 5. Vector Control Design

The stator and rotor flux linkage equations:

U8 = Lyi% + Liniy = Loy + Linis, (5.2a)
U8 = L3 + Lypis = Lygis + Lo, (5.2b)

The produced electromagnetic torque equation:

3 I 3
T. = %Im{qu*z‘g} = %(\pmisﬁ — Uygisa) (5.3)
Where:
Superscript ofX'* indicates stationary coordinate is taken as referencesc®ip of X; or X,. means the
variable belongs to stator or rotor and subscipt and Xz are used to make clear distinction between
quantity ofa direction and of3 direction. The quantities used in the induction motor medellisted below.

U = usq + jusp: Stator voltage R, rotor phase resistance

Uy = Urq + jurg: rotor voltage L,: stator phase inductance

Zg = isa + Jisp: Stator current L, rotor phase inductance

Zﬁ = i, + jirg: rotor current L,,: mutual inductance

an = fﬁ + Z} magnetizing current Ly = Ly — L,,: stator leakage inductance
\I7§ = Uy, + jU,p: stator flux linkage L., = L, — L, stator leakage inductance
\17;3‘ = U, + jV,g: rotor flux linkage np: number of pole pair

w;-: electrical rotor angular speed T.: electromagnetic torque

R,: stator phase resistance

The dynamic circuit described by Hq. b.1 and [Eq] 5.2 is knosvtha T-form circuit and it is shown in
Fig.[5.2.

+ +
“‘ AU R
ay: avy;’ r
u; dr L, “a
\ / jo¥ @#
5 ., il - T o,

Fig. 5.2 Equivalent T circuit of the induction motor dynamic model.
Substitute EJ. 512 into ER. 5.1, the dynamic relation betvwwedtage and current could be obtained as:

s 7 dis dis
Uy = Rgi+ Ls o T Lmﬂ

0 =R+ L% 4 L, %
from which the time derivatives af,, isg, i andi,z could be solved as Ef. 5.4.

disa —Lytusq + Ly Rgtsq — Ly Ryipa — L'rnw'r‘L'r'i'r‘B - me'r‘Lmisﬂ

= A4

dt 12 — LI, (5-43)
disp _ —Lyusg + Ly Rstsp — LinRytg + Linwr Lyt + Linwr Lintsa (5.4b)

at L2 —L.L, '
dira o Lmusa + Lerira - LmRsisa + strLrirB + sterisB (5 4C)

dt L2 — L,.L, '
d.r Lm s Ls T ‘r - Lm S ‘s - Ls ’I“LT ‘ra - Ls er ‘sa

irg _ Lmtsp + LsRrirp ]2%15 wrLyi wr Ly (5.4d)

dt I2 — L.L,

Eq.[5.4 is used for building the model of the induction motoMatlab/Simulink.
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5.1. Dynamic Models of Induction Motor

5.1.2 Inversel’ Model

The three inductor currents,, i* andi® are not linearly independent, a5, = i° + i*. One leakage
inductance - not two- is sufficient for modeling the behawéithe induction motor from the stator to
the shaft. Due to the fact that the T-model is over-paranze@y it is not good for dynamic analysis or
controller design[[39]. The desired equivalent circuit lné induction motor dynamic model is shown in
Fig.[5.3, where the rotor leakage inductance is removed.

ot

6 > — I a)r

Fig. 5.3 Equivalent Inv.I" circuit of the induction motor dynamic model.

To remove the rotor leakage inductance from the T-moderssformation constant b is introduced and
two new variables are defined as:

U3 = b (5.5)
- is
ino= T (5.6)

Combine EqC5.2b, EG. 8.5 and EQ.15%6;, could be expressed as:
U5, = bU° = b(Lbisy + Lynis) = b2 Lyit 4 bLpic. (5.7)

From Fig[5.3, it can be found that;, = Ly, (i* + 3,), which also requires that, andi® in Eq.[5.7 have
the same coefficients. So

L,
WL, = bL,=0b= L” (5.8)
- Lz . ' o o L?
‘1"1} = Lm (Z; + Zi—i,) = LM(Z; + Zi—i,) =Ly = Lm (59)

Substitute the newly-defindd ;SR andLj, into Eq[5.2h, thed, can be derived as
g -, - - -, -, L2 - -, —
U8 = Lg%+ Lypi® = Lyi® + bLyit = Lyi® + Lmi; = L + Lyis,

= (Lo+Lun)is+ Ly = Lo =Ly — Ly (5.10)

To obtain the expression &, Eq.[5.6 and Eq. 515 are substituted into[Eq.b.1b, then
1d¥s, 1 L dUs

L AUy -, )
= Rpiy+ % — jw, Uy = Rp = V'R, (5.11)

Based on the new variables and parameters defined for thes@ivenodel, the dynamic equations and
flux linkage equations in T model are rearranged as:

@ = Ryi® + d;f (5.12a)

0= Rgi% + f—f — jw, % (5.12b)
U8 = Lyi% + Lgiy = (Las + Lo)is + Lasiy (5.12c)
U3, = Lais + Ly, (5.12d)
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Chapter 5. Vector Control Design

In the vector control system, the stator currérand the rotor fluxis, are the variables to be controlled, to
the contrary, the stator fluk¢ and the rotor currerf% are not expected to appear in the dynamic equations.
Derived from Eq[5.12c and EQ.5.128: andi3, can be re-expressed usifigand U3, as:

VS = L8 + 0% (5.13a)

. U — [ s

s = R Ml (5.13b)
Ly

Insert Eq[5.1B into Eq.5.1Ra and Q. 511 2b, the dynamict@msawithi® and\fﬁR as state variables could
be obtained as:

di® , o Rp . -.
. de =@ — (Ry + RR)% — (jwr — —L;)\p; (5.14a)
d\I_}S 5 R 1 . s

dtR = Rpig — (—L; — jwr) W% (5.14Db)

So far, both the T model and the inverBemodel of the induction motor are built in stationaxy— 3
coordinates. In order to get DC quantities, it is necessamansfer Ed. 5.14 from the stationary coordinates
into the rotating coordinates, which is referred talas ¢ coordinate.

Thed — ¢ coordinate system has the same rotating speed as the rotoBéisides, the d-axis af — ¢
coordinate is the direction in which the rotor flux is orieshtéf the angle between thé — ¢ coordinate
system and ther — 5 coordinate system &, and the rotating speed of thle— ¢ coordinate system is;,
then the dynamic equations of the induction motad in ¢ coordinates could be achieved as:

di, . - Rp. -

oS = @iy — (Ry + Ry + jwiLo)is — (jwr — 2 )T g (5.15a)
dt Ly

4w - Rp . .

— — Rpis — (=& 4 j(wp — w1))Ug, (5.15b)
at Lot

by replacingi® with ie/? and &%, with W ze?% in Eq.[5.14. In this report, if it has no superscript, the
vectorX, is defined ind — ¢ coordinates. E§. 5.1ba and [Eq. 5.]15b are used for curremtitegdesign and
rotor flux estimation respectively.

5.2 Current Regulator

The current regulator is composed of feed forward, activaplag, Pl regulator and anti-windup. The
complete structure of current regulators is illustrate&im [5.4.

Anti-
Windup
1

+ - ~(jo, - Reye
v I ot =g o
% - Voltage i
4 - Limiter j

|

+ + g ' !
R Ira N SN U 0 R B I

AT

|

¥ » »> » »> & O R iR iol
ls.ref + Iﬂ' + ti i 7. SL,+R ARy +jaaL,
7 Pl Regulator sff
i L __._
Feed gt oY
R+ Forward * s
) A I \PR
Active
Damping | . -t

Fig. 5.4 Overview of current regulator

For current regulator, the input signals are:

* iy s, Which is calculated based on the reference value of theitoagd the rotor flux.
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5.2. Current Regulator

. iy, the stator current id — q coordinates, which is obtained from the Clark and Park faangation
of the measured machine phase currents.

* w,, the electrical rotor angular speed, gotten by multiplyihg number of pole pairs, with the
mechanical rotor angular spe@d measured by tachometer or other devices.

« &; andW¥ g, the angular speed and the magnitude of the rotordlgx which are calculated by flux
estimator.

The output signal are:

* Us.1im, the output stator voltage saturated by voltage limiteFitn[5.4, ., is directly applied on
the machine. In realityij;;,, heeds to be processed by Inv. Park and Inv. Clark transfarnsaand
the inverter, and then is applied on the induction machirtbrae-phase voltages.

5.2.1 Current Reference Determination
The torque expression of the T modehin- 3 coordinates has been given in EqJ5.3 from which the torque
expression of the In\" model ind — ¢ coordinates can be derived as:
o= PDRIm{E7) = DI {(LE + B 7))
= O I { LT BT = S I (3

3 T 3 o o s
_ %Im{(\pReﬂl)*iseﬂl} _ %Im{\:[j*Re—Jelisej«%}

3n, - 3n . .
= Tplm{\PRZS} = Tp(wRdlsq - \I/qusd)- (516)

The d-axis of thel — ¢ coordinate system is defined to have the same orientati@n;asvhich means
that ¥ g, is always0 and the magnitud#  of \f/R equals to¥ p,4. The torque equation can be simplified
as:

3n .
T, = TP\I/Rqu. (5.17)

The reference valug,, ¢ of i,, can be derived from the desired tordlig,.s as:

Teref- (5.18)

tsqref =

3np\iJR
In steady state, the real part of £q. 5.115b can be rewritten as
) R
0= RRisa — L—R‘I’Rd + (wr — w1) VR,
M

As ¥ r, = 0, the reference value @f; can be obtained as:

. 1
lsd,ref = L—M\I/Rd,'ref (519)

The structure of current reference determination blockEafound in FigL5.B in SeE. 5.4.

5.2.2 Feed Forward

From the dynamic equation of the stator currgnf the Inv.I" model ind — ¢ coordinates,

L,— =1t — (Rs + Rp +jW1La);s - (jwr - %)q_}Ra (520)

it could be found that the terfyw, — f—;)\ffg needs to be removed in order to get a linear relation between
i, andi,. Besides, the existence ff, L, i, introduces the cross-coupling between d and g componesits. A
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Chapter 5. Vector Control Design

cross-coupling and back-emf terms are not expected dutirrgat regulator design, a feed-forward signal
Us,¢# is applied to eliminate the two terms and it is shown as:

. . - .2 Rgr >
s pf = jorLols + ju,Up — i\I’Pb (5.21)

Decoupling
EliminateBack—emf

Besides the feed-forward sign@l ; ¢, the actuating voltage also contains the feedback signal as
Uy = ﬁ;ff + Us £ f, (5.22)

which is also illustrated in Fig. 5.4. By inserting EEq. 8.2ide&Eq[5.2R into EJ. 5.20 and assuming perfect
estimates, the feed-forward signal will eliminate the srosupling and the back-emf terms and Eqg. 5.20
can be reduced to

di, -
Lgﬁ — i, s, — (Ry + Ri)is. (5.23)

5.2.3 Active Damping

The transfer functior@z(s) from iy gy, 1O i is m. A larger resistance R can provide better sup-
pression of load disturbance [42]. However it is difficultdioange the machine structure to increase the
resistance, so a dummy damping resistaRgés introduced in Ed.5.23 as

die _ g 7 dis .
{’IO' dt _‘us,fb (‘R_f + RR)ZS :> I/o-_6 — 7:[57fb _ (RS + RR +Ra>is,
Uy = Us, ft — Rals dt

S

whered, r;, is the output of the Pl regulator as marked in Eig] 5.4. Thelbltiagram of active damping is
shown in Fig[5.b. Then the new transfer functi@f(s) from i, s, to i is ST T Apparently,
the machine resistance is equivalently enlargedhyrom the side of the Pl regulator. How to choose an
appropriate value oR,, will be given in the next section.

°)

~

©

Fig. 5.5 Active damping

5.2.4 Internal Model Control

With feed forward and active damping mentioned above, thieeati control loop becomes a closed loop
with unit feedback. Its structure is illustrated in Hig.15.6

Fig. 5.6 Closed current control loop

The closed loop transfer function from reference curremievdo actual current value i6€.(s) =

% F.(s) is the transfer function of the PI controller, written &s(s) = K. + KS If the
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5.2. Current Regulator

desired closed loop transfer functiéh (s) = %<, whereq. is the bandwidth of the closed loop system,

stac!

the parameters of the PI controller can be calculated as:
K, = aelLy
Ki. = ad(Rs+ Rp+R,), (5.24)

where dindicates a measured parameters or an estimated variable.

To make the procesS’(s) = m that the current Pl regulator controls have the same

bandwidth with the current control close-loop systéfi(s) = -#<-, the active damping, is chosen as:

R+ Rr+ R,

7 :acﬁRa:acf]JfﬁSfﬁR.

5.2.5 \oltage Limiter

Based on the working principles of the three-phase PWM améhtrerter described in Sdc. 2.2, itis known
that the amplitude of the equivalent sinusoidal voltageliaggo the machine stator is limited to half of
the DC-link voltage. This fact can be modeled as a voltagédinas shown in Fid.5l4. What's more, in
this project, the amplitude of modulation voltage is expddib be smaller than the half of the DC-link
voltage because the inverter will output a constant voliatfee magnitude of the modulation voltage is
larger than half DC-link voltage. This can be achieved byiragld voltage limiter in the current controller.
For example, the DC link voltage @1/, then the peak value of the phase voltage is set to be witbii/ .

As the scaling constadt of the Clark and the Inv. Clark transformations mentione8ée[2.3.11 will make
sure that|@2|| equals to the peak value of,, u;, or u. and Park and Inv. Park transformations will never
change the vector length. Due to this fact the voltage liniite/ — ¢ coordinate is set tB8V/.

5.2.6 Integrator Anti-Windup

In some occasions, due to the existence of the voltage lintite output voltage of the current regulator
might not reach the value which is needed. Then the errordmt ,..; andi, might let the integrator
of the PI regulator integrate to a very large value. Evenéfefror is finally reduced, it would still take a
long time for the integrator to go back to a normal value, Whidtroduces a considerable delayl[40]. This
phenomenonis called integrator windup. In order to overetma integrator windup problem, the difference
between the voltage values before and after the voltageelinsi fed back to the integrator through the gain
Tlt, as shown in Fid_ 54T} is the tracking-time constant, which determines how quitkE integrator is
reset[[43]. In this current regulatdf; equals tak,..

5.2.7 Summary for Current Regulator

In order to facilitate the digital implementation of the mmt regulator, the relative equations are summed
up in this section according to Fig.b.4. As the DSP can notlleeitne complex quantities, these equations
are split into real and imaginary parts. After flux estimatomes into steady staté,z, is always equal to
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0, then the terms containing, are eliminated in these equations. Besides, is replaced byl ;.

Usd = _wli/aisq B Ryisq + Kpc(isd,ref - Z'sd) + Kicleq (525a)
M
usq = wli/aisd + Wr‘ilR - Raisq + Kpc(iS(I"ref - Z'sq) + K’icqu (525b)
t ) + (usg)?, 0,28
Usd,lim = Usd = ( (USd) (u Q) ) (5250)

(usd)? + (usq)”

sat(\/(usa)? + (usq)?,0,28) (5.25d)

(usa)? + (tsq)?

Usq,lim = Usgq

t
1

Ied = / ((isd,ref - isd) + K

pc
0
f 1
lia = [ (anres = i) + (i = )t (5250
pc
0
The sat(x, min, maz) in Eq.[5.25t and Eq.5.2bd is the saturation function. i§ some number between

min andmazx the saturation function will returm otherwise the saturation function will retunmax if x is
larger thanmaz and returnmin if = is smaller thamin.

(Usd,tim — Usa))dt (5.25€)

5.3 Flux Estimator

There are two types of flux estimators, current model estmand voltage model estimator. Compared
with the voltage model, the current model estimator is martable for low speed application, in spite of
sensitivity to parameter variations [23]. As a result, thex féstimator used in this project is the current
model estimator implemented in Indirect Field Orientafi&®), which indicates that the quantities used
for the flux estimation are currents taken from the ¢ system. Withi, from thed — ¢ system and the
electrical rotor angular speed as inputs, the flux determination equations for the estinan be derived
from Eq[5.15b. Splitting EG.5.15b into real and imaginaayt@nd assuming thdtz = Uy + 50; since
this is the wanted orientation of thie— ¢ system, the rotor flux equation can be expressed as:

dUp R Rp -
- sl — —W 5.26a
T RRisa T R ( )
0= Rpisy — (@1 — w,) Vg, (5.26b)

By rewriting Eq[5.26 into integral form, the desired outpof flux estimator (amplitude, speed and position
of U ) can be calculated as:

t A
/ U g )dt (5.27a)
0
W =wp + 0o = wy + % (527b)
R
t
6, = / o dt, (5.27¢)

0
wherews = w; — w,. is the difference speed between the synchronous speedentdaall rotor speed, the
slip frequency. Based on Hg. 5127, the structure of the fltimasor could be built as

5.4 Speed Regulator

The dynamic equation of the mechanical part of the inductiotor can be expressed as

d, B, T.-T
@ Tt

(5.28)

where
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Fig. 5.7 Structure of the flux estimator.

Q,.: the mechanical angular speed B: friction coefficient
T.: electrodynamic torque(see £q. 5.16) J: motor inertia
T.: load torque

The transfer function from the applied torque to the rotandar speed |% = ﬁ, which is very
similar to the transfer function EQ.5]23 used for the curregulator design. Due to this fact the design of
the speed regulator is very similar to the current reguldésign, that internal model control(IMC), active
damping and anti-windup are also applied in the speed remudasign. If the desired closed-loop transfer
function is QQ(;zS) = ;72— and an active damping, is introduced, the transfer function of the speed PI
regulator becomes

Kiw
Fw(s) = Kl)w + s
Ky, = awj
Ki, = au(B+B,)
B, = ozwj — B,

where the value oB,, is chosen so that the controlled plant for the speed PI remuthe mechanical part
of the machine along with the active damping, has the sameviidth with the speed closed loop. As the
g-current is limited withint=5A4, the reference torque is de facto saturated as well in thedspgulator.
To avoid large overshoots in the speed response, anti-wirdadded and the tracking-time constant is
selected to bé{,,,.

To get a more compact structure of the vector control algovjtthe speed regulator and current ref-
erence determination that is described in $ec. 5.2.1 aneeddnto one block in both Matlab/Simulink
simulations and in the DSP implementation. The structuthisfcombined block is shown in Fig, 5.8. As
electrical dynamics are much faster than the mechaniceritbe assumed that the output signal of the
speed regulator, the desired actuating torque, acts on ther miirectly and immediately. In other words,
seen from the speed control loop the inner current contap is considered as a block with gain of unit
one, whose input signa7L7,.ef and output signal, are exactly the same. This can be realized by keeping
the bandwidth of the speed regulator much smaller than theveidth if the current regulator. A factor of
10 to 100 is usually recommended [22], in this project,= ¢.

To facilitate the digital implementation of the speed regoif, according to Fid. 5.8, relative equations
are summed up as well.

1
ilsd,7‘ef = A—\I/R,Tef (5293)
Ly

. 2 1

Z;q,'ref = %@_R(pr(ﬂr,ref - Qr) + KiwIe,Q - BaQr) (529b)

isqref = 8t (g reps —5,5) (5.29¢)

t

1 3n,-. K

Ieao= [ (Qres — ) + 7 o VRlisqres — ik p))dt. (5.29d)
pQ2

0
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Fig. 5.8 Speed control loop with speed regulator.

5.5 Simulation

The designed vector control system is simulated in Matiati8nk. The top-layer Simulink block diagram
is the same as Fi@. 5.1. The structures of sub-blocks of themturegulator, flux estimator and speed
regulator are almost the same as|[Eid.5.4[Fi§.5.7 and Bigdsrespondingly. However there is still some
small differences. For example, the Simulink blotkegratorandSaturationcan not handle the complex
number while the integral and the saturation of the complexiver are needed in the system. For the
integral in Simulink, the complex number is decomposed éxréfal part and the imaginary part, which are
integrated separately as shown in [Eig] 5.9.

1
> S
S Re Integrator i
L ’ —»n’ |
Real-Imag to
Complex to > 1
Real-lmag S Complex

Integrator1

Fig. 5.9 Integral of the complex number in Simulink.

For the saturation in Simulink, the complex number is exgedsn polar form, whose the radial part is
saturated as shown in F[g. 5] 10.

us. |l Pijuf | u_s_lim
P ly Zuf
Voltage limit .
Complex to ofage Imier Magnitude-Angle
Magnitude-Angle to Complex

Fig. 5.10 Saturation of the complex number in Simulink.

The sub-block of the induction machine is built mainly basadhe state space differential equations
listed in EQ.5.# and Elq.5.P8, wheig,, iss, irq, ir3 @andQ,. are the state variables. The sub-blocks of the
four coordinate transformations are constructed accgridieq[.2.4, EQ.2]5, Eg.2.8 and Egl2.9.

In the primary stage of simulation, the whole vector congsadtem is built with Simulink blocks. The
benefits of building the model with blocks is that it is easplserve a variable by adding a scope wherever
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it is needed. Moreover, it is more flexible to modify the syststructure. For instance, the two manual
switches shown in Fig.5.1 allow rapid shifts between défeérsimulation scenarios. Then, the sub-blocks
of current regulator, speed regulator, flux estimator adddétion machine are rebuilt using the S-function.
The model implemented in the S-function can more or less telerify the correctness of the model
implemented in blocks, if the two models could get the sanselte Besides, the code in the S-function
could be reused for the DSP programming.

In Simulink, the simulation is configured to be fixed step vdtktep time 0f).0001s, the same as the
control period used in the DSP code. The simulation resiiltiseotwo models implemented in blocks and
in the S-function are the same, which will be shown in Chap. 7.

5.6 Discretization

All the design above is based on continuous time. In orderakenthe control algorithm executable in the
DSP, discretization must be done to the equations of eadk ohathe continuous system which are listed
at the end of each section in this chapter. Since the comog frequency id0kH z, which means that
the control loop period i8.1ms, the sampling period for the discretized system is selected)alsns. As
mentioned in Se¢, 2.3.2, at a certain time instaat kA, in one cycle of the control loop sampling takes
place firstly, then the sampled values at kh are passed down into the function block chain in Eigl 2.8.
Then each block takes its input signals and stored statablas into calculation, derives its output to feed
into the next block and then get its state variable updatethfonext iteration at time instant= (k + 1)h.

In this project, Forward Euler approximation is used to $farm the continuous system into discrete
system. Withz(¢) defined as a continuous variahigkh| as its value at the current time instant arigk +
1)h] for the next time instant, as illustrated in Hig. §.11 the\detives can be approximated with a forward
difference as[[40]

da(t)  z[(k + 1)h] — x[kh]

T 5 . (5.30)

-
-

AT | e+ D) o) + i)
A{kh} i),
h

d .

t=kh

>
t

kh (k+Dh
Fig. 5.11 lllustration of Forward Euler approximation.

The integral form of Forward Euler approximation is desedbn Figl5.12, where the area below the
curve ofz(t) corresponds to the integral of variabledenoted as{. Over the period interval betweéh
and(k + 1)h, the area below the curve oft) is approximated to the area of a rectangle with the height of
x[kh] and width ofh. The integral ofz(¢) can be calculated as, by using the Forward Euler approxamati

X|[(k + 1)h] = X[kh] + hz[kh]. (5.31)

The way to apply Forward Euler approximation is that all theations which describe the continuous
system before are presented in integral form. For the blook&aining dynamic parts(integrals), Eq. 3.31
should be inserted into the original equations to replaeérttegrals and the argumertf all the continuous
variables should be changed irith to indicate a discrete system. For the blocks without dyeainicluded,
the only change is thdth takes the place of as the new argument of the discrete variables. In this way,
the discrete forms for blocks with dynamic parts includesiarmmed up below, where the argumieiaof
discrete variables is simplified &sand(k + 1)h is replaced with + 1.
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Fig. 5.12 Integral form of Forward Euler approximation.

Current Regulator. The inputs of the current regulator aig;. (k), is(k), wy(k), &1 (k) and¥ g(k).
The outputs iSis jim (k).

Usd(k) = _wl(k/’)i/aisq(k) - = i li/R(k') - Raisd(k') + Kpc(isd,'r'ef(k) - st(k)) + Kic]ed(k) (532a)

usq(k) = &1 Loisa(k) + wr (k) fpﬁ(;f Raisg (k) + Kpelisqres (k) — isq (k) + Kicleq(k)  (5.32b)
satim (k) = usa(k) sat(\/\;(‘;ii’z));); (Q(LZZ()) .0,28) (5.32¢)
Uagim (k) = tsq (k) Sat(‘/\;tgédi]zl):)) ’ (Qéu"i ()))2)’20’ %) (5.32d)
La(k + 1) = La(k) + h((isd,rep (k) — isa(R)) + K?pc (satim (k) — usa(k))) (5.32¢)
Lg(k + 1) = Leg(k) + h((ingres (k) — iag(k)) + Klpc (s tim () — 115 (k) (5.32f)

Speed Regulator.The inputs of the speed regulator af®; . (k), g cr(k), Q.(k) and (k). The
output isiy jim (k).

isd,ref(k) == (k) (5333)
M
i;q,v-ef(k?) = %@(KPW(QTJ‘CJC(IC) - Qr(k’)) + Kiwle,ﬂ(k’) - BaQr(k’)) (5.33b)
P
isq,'r‘ef(k) - Sat( lsq, 7ef(k)a =5, 5) (533C)
Lok 1) = La(h) + A( e (B) = (1) + 1 22U 0(k) Gagrer (K) = i ey () (6:330)
p

Flux Estimator. The inputs of the flux estimator aré;(k), w, (k). The outputs ared z(k), & (k) and
01 (k).

Wnlk+1) = (k) + B Rrisa(k) — 22 (k) (5.342)
M
() =) + B (5.34)
R
01(k + 1) = 01 (k) + ha (k) (5.34c)

The discrete forms of other parts of vector control systerohss coordinate transformation, are almost the
same as the continuous forms except for the argument of tiebles, so they will not be repeated here.
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Chapter 6

DSP Programming

Texas Instruments provides an integrated solution caltedrolSUITE ™for industrial control purpose.
controlSUITE™consists of necessary header files, source files, librakglicommand files for developing
an executable program. Besides it gives extensive examgkes¢ which allows the new user to be able to
quickly start.Code Composer Studio(®@CS) is the Integrated Development Environment(IDE) fos T
microcontrollers, which is an integrated user interfacieligig users through each code developing step.
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Fig. 6.1 Programming Diagram

The complete induction motor vector control system is talialesigned according to the planned
system blocks diagram shown in Hig.]2.1. However, consigesdme practical limits, some modifications to
the original plan have been made during the implementatagyes These modifications can be noticed if the
block diagram of the implemented system shown in[Eid. 6. bisgared with the block diagram in Fig. 2.1.
Firstly, only two phase currents, andi, are measured instead of all the three phases. It is suffici¢éaite
the measurements of two phases for the Clark Transformétitne three phase currents are well balanced
with the condition ofi, (t) +is(t) +is.(t) = 0 holding. If the three phases are balanced one phase current
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Chapter 6. DSP Programming

can be calculated from the other two phase currents. The oltaage is that the incremental quadrature
encoder is replaced by a tachometer whose output voltagep®gional to the machine speed, because the
induction motor in the lab has no place to mount the encodbriéf V/f control is also implemented at the
primary stage of programming in order to test the functiitpalf each device. As th¥/f control will not
appear in the final result of this project, the blocks oftecontrol is drawn with dashed lines in Fig. 6.1.
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Fig. 6.2 The Flow Chart of the Program

In Fig.[6.2 a more detailed flow chart of the implemented syste shown compared to the basic
flow chart shown in Fig._2]8. From the flow chart in Fig.16.2 indze seen that the program starts with
variable declarations(A), initialization and configueatiof the used hardware in the DSP(B), start-up of
the inverter and offset measurement(D). These parts arghoain in the basic flow chart in Fig.2.8 since
they are depending on the used hardware. Sequentially,WHd B started and the program enters into
the key control loop(E). Based on the control strategy «f pidject, the control loop is synchronized with
the PWM carrier wave as discussed in $ec. 2.3.2. Every dtarnew PWM period will trigger an ADC
sequence. An ADC sequence contains measurements of pliesgtsumachine speed and DC link voltage.
At the end of the ADC sequence(E), the program jumps intorttegriupt service routines(ISR). In the ISR,
firstly the measured current and speed values are calcldatéd|[4.b, where the offset compensation is
added(F). Following the measurement calculations, thtoveontrol algorithm is executed(G). Finally the
PWM duty cycles are updated(H) and the program waits for #aa trigger from the PWM(E). In the
following a brief introduction to the F28335 DSP and the ubailt in hardware modules will be given,
followed by a more detailed description of the flow chart ig.[.2.
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6.1. Description of the Used Hardware in the F28335 DSP

6.1 Description of the Used Hardware in the F28335 DSP

In this section, first a brief introduction to the F28335 DSRjiven, followed by a detailed description of

the used modules and features of the F28335 DSP. Due to titedthe PWM module plays an important
role in this project, such as to output the three-phase Ego#he inverter, to decide the control loop period
and to synchronize the analog-to-digital conversionsdiscription of the PWM module will take up a

large proportion of this section.

6.1.1 Overview of the F28335 DSP
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Fig. 6.3 Functional block diagram of F28335, quoted from Ref] [284HFigure3-1]

The computing unitd in Fig.[6.3) of the F28335 DSP consists of a 32-bit CPU and gisiprecision
32-bit floating-point unit(FPU), which enables the floatingint computation to be performed in hardware.
Besides, the CPU of the F28335 has a 8-stage pipeline steygthich makes the CPU be able to execute
eightinstructions simultaneously in one system clockqabThel50M H z system clock is provided by an
on-chip oscillator and a phase-locked loop(PLL) cir€ifThe oscillator generatess@M H z clock signal,
which is tripled tol50M H z by the PLL circuit. The F28335 applies the Harvard Bus Amttiire, which
means that there are independent logical memory spacegparhted memory buses for the program and
the data as can be seen in Figl6.3. The memorghusntains a program read bus, a data read bus and
a data write bus. The physical memory of the F28335 compaé@s34K x 16 single-access random-
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Chapter 6. DSP Programming

access memory(SARAMYD), a256 K x 16 Flashi3, a8 K x 16 read-only memory(ROMR)), alK x 16
one-time programmable memory(OTP, ab@®)eand the registers. SARAM, OTP and Flash memories are
assigned and used according to the practical demands. TMeHRO been pre-programmed by the DSP
manufacturer. The program existing in the ROM provides adsded procedure for DSP booting as well
as some optimized codes for mathematical functions. Thistezg control the behavior of the DSP and
each peripheral module. For the F28335, reading from olingriio registers applies thzt-field address
structure which will be explained in SeE. 6.1.6. F28335 also has thife of direct memory access(DMA).
With the DMA bugd), the data can be passed from one part of the DSP to the othewjaout the
interaction of the CPUL[28], which increases the data trassion speed. As it is designed mainly for
industrial applications, the F28335 has plenty of peripheircuits. For example, the 16-channel, 12-bit
ADC modulgb), the PWM modul€) and the encoder modu@ could be used for motor control purposes.
Five kinds of communications could be achieved with by thetidler area network(CAN) modu@®, the
serial communication interface(SCI) module, the serialgteral interface(SPI), the multichannel buffered
serial port(McBSP) module and the inter-integrated ci{t2C) module&s). 96 interrupts are supported by
F28335. These interrupts are governed by the periphegringt expansion(PIE) blodR, which could
enable or disable some interrupts, decide the interrupiifes and inform the CPU of the occurrence of
a new interrupt. The port marked wif in Fig.[6.3 is the joint test action group(JTAG) interfacenigh
supports the real-time debugging. With the help of the JT#®,user can watch and modify the contents
of the memory and the registers without stopping the pracess

6.1.2 PWM Module

The TMS320F28335 has six independent enhanced PWM(ePWMle®included. The so-called En-
hanced PWM peripheral means that it can generate complex RMiMform with the least CPU resources
occupied[[20]. Each of ePWM module has two output chann&ERA and ePWMxB belonging to the
ePWMx module. Each ePWM module contains seven submoduléshwan realize different functions
in the generation of PWM waveforms. They are time-base(TB)sodule, counter-compare(CC) submod-
ule, action-qualifier(AQ) submodule, dead-band genefa®y submodule, PWM-chopper(PC) submod-
ule, trip-zone(TZ) submodule and event-trigger(ET) subdaie. The complete structure of a single ePWM
module with each submodule and the signal connections eetite subsections included is shown in
Fig.[6.4. Except for the PWM-chopper(PC) submodule and tipezbne(TZ) submodule, the other sub-
modules are all used in this project and they will be discdigsgividually later on.

EPWMISINCI n TBCTR=TBPR] EPWMiINT
\TBCTR=TBPR PIE
Action

crr=0,| Event
Time-Base | macray | Qualifier Trigger
(TB) | (AQ) TBCTR = CMP| And
CTR_DIR 1BCTR=CMPg Interrupt
EPWMISYNCO
) (ET)
| ePWMxA —

CTR_DIR
=
TBCTR=CPMA| PWM

Counter Band Chopper
Compare (DB) (PC) Trip
(cC)

EPWMSOCA

ADC
EPWMISOCB

EPWMA

T Z GPIO
ITBCTR=CMPY oPWMXB || L (?;‘)9 EPWMsB MUX

TBCTR=0

21 to T26

PIE EPWMTZINT

Fig. 6.4 Internal submodules of each ePWM module and signal cororecti

Time-base submodule

As the most basic submodule in each ePWM module, the time-fasmodule takes charge of the event
timing for its own ePWM module. The structure block diagraiha éime-base submodule containing main
registers and key signal flows is shown in [Eigl 6.5.
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Fig. 6.5 Time-base submodule structure in each ePWM module.

One of the main tasks for the time-base submodule is to daterthe PWM time-base clock relative
to the system clock. The PWM time-base clock is used to régtie timing of all the events in the PWM
module. The period of the time-base cldBkg 1 i for the PWM module can be scaled to several times of
the system clock perio@lsy scrxour as:

TTBCLK:TSYSCLKOUT*CLKDIV*HSPCLKDI‘/, (61)

where CLKDIV and HSPCLKDIV are bits in the time-base contegister(TBCTL) serving for the time-
base clock pre-scale.

The time-base submodule can also be used for specifyingatfiedoof the time-base counter(TBCTR)
depending on its different operation modes. There are ttyyges of operation modes for the time-base
submodule, which can be selected in time-base controltegdiEBCTL), namely up-count mode, down-
count mode and up-down-count mode. During a complete PWNbgefor the former two modes the
time-base counter(TBCTR) just keeps incrementing or deerging all the time giving a saw tooth carrier
wave. While for up-down mode the, the TBCTR increments irfitts¢ half the PWM period and then turns
to decrement in the second part of the period giving a trisargearrier wave. The largest difference of
up-down mode is that in one period the counter changes in angyrical pattern, where the corresponding
moment to the PWM carrier peak time can be easily found. Tlad timme of the PWM carrier wave has
to be known for signal sampling as explained in $ed. 2.2. Sdayn-count-mode is selected in the PWM
design of this project. To get the desired PWM frequencyytiae in time-base period register(TBPRD)
is supposed to be determined. For up-down-count mode, thgoreship between time-based period (the
value stored in TBPRD register)and PWM frequenfyif ) can be written as

Tewm =2 X TBPRD X TrpoLi (62a)
fewm =1/Tpwu, (6.2b)
whereT'py s stands for PWM period anfiy g 1 i for time-base clock period that can be got from[Eql 6.1.

Substitute Ed.6]1 into EQ. 6.2, with the frequency of theéaysclockfsy scrxour = m the
value in time-base period register(TBPRD) can be deterdréizefollows

JsyscLrour
fpwm x CLKDIV «x HSPCLKDIV

1
TBPRD = 3 « (6.3)

By Eq.[6.3, as long as the DSP system clock frequency and s$ieedePWM frequency is known, time-

base period register(TBPRD) can be easily configured. Atisgito the design specification of this project
and the the DSP configuration, the specified PWM frequefigy() is 10kHz and the system clock
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frequencyfsyscrxour) of the DSP F28335 i$50M H z. For convenience, CLKDIV is selected as 1 and
HSPCLKDIV is selected as 2. Based on EQ.l6.3, the value séteriine-base period register(TBPRD)

can be calculated directly. It can be seen from Eig. 6.5 thatitme-period register(TBPRD) has a shadow
register that can provide preventive measures for cowopdind spurious operation if time-base period
shadow mode is applied [20].

1 150M
TBPRD = 5* 10k x1 %2

3750 (6.4)

Besides, synchronization between different ePWM moduesatso be realized in the time-base sub-
modules. The three-phase PWM is used to produce a three-pltasnating voltage, hence the synchro-
nization between the three-phase PWM signal turns out toelg important. Each ePWM module has
two signal for synchronization between different ePWM mledua synchronization input EPWMxSYNCI
and a synchronization output EPWMxSYNCO shown in Eigl 6/ Time-base counter synchronization
scheme for the F28335 is presented in Eigl 6.6. From[Eig.itiscan be found that the ePWM modules
are connected in a series with the synchronization outpdVMRSYNCO of the previous one fed into
the synchronization input EPWMxSYNCI of the next one. Orilg tnput synchronization for the master
module (the first one) in the chain is taken from an external por each ePWM module, once a pulse
from the synchronization input is detected, the value irtithe-base phase register(TBPHS) will be loaded
into time-base counter(TBCTR), where time-base phaseter§ BPHS) is used to store the time-base
counter(TBCTR) phase value of the ePWM module with respethé time-base of its synchronization
input signal [20].

+
EPWM1SYNCI

GPIO

ePWM1 MUX

EPWM1SYNCO

|
v

EPWM2SYNCI

ePWM2

EPWM2SYNCO

v
EPWM3SYNCI

ePWM3

EPWM3SYNCO

Figure 6.6: Time base counter synchronization scheme f8882.

In this project, although the inverter output are threegehaltages which are leading or lagging each
other 120°, PWM signals have the same phase at any time moik@nexample, the ePWM module
ePWM1, ePWM2, ePWM3 are selected for the three-phase PWirgton. Hence, the time-base phase
register(TBPHS) for the ePWM modules are assigned the satoe 0. It means there is no phase shift
between output signal ePWM1A, ePWM2A and ePWM3A. To syneizedifferent ePWM modules, the
synchronization output select bit(SYNCOSEL) in the timaédaontrol register(TBCTL) is supposed to
be configured based on the practical requiremeénts [20, P.A88$hown in Fig[6J6, ePWM1 is defined
as the master phase to generate a synchronization outpuMEBWNCO pulse each time its time-base
counter(TBCTR) equals zero, while ePWM2 is defined as a shingse whose synchronization input
EPWM2SYNCI signal is enabled. Meanwhile, ePWM2'’s synclwation output EPWM2SYNCO signal is
set equal to its synchronization input EPWM2SY NI signabtdtive it into ePWM3 unit. Except the master
module ePWML1 the slave modules ePWM2 and ePWMS3 have to |lestihtle-base counter(TBCTR) with
the time-base phase register(TBPHS) when a synchroniziafut EPWMxSYNCI pulse appears.
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Counter-compare submodule

In the practical DSP implementation, the PWM waveform gatien is achieved by the comparison be-
tween a counter(TBCTR) value(the carrier wave) and a skitfloe reference wave) which is store in a
counter-compare register. Fig. 6.7 shows one way to genarBWM waveform. In the PWM generation
process the counter-compare(CC) submodule takes thefparent generation, while the action qualifier
submodule assumes the task of taking actions, which willibaudsed later. In counter-compare submod-
ule, there are two counter-compare registers: countepaoeA register(CMPA) and counter-compare B
register(CMPB) to store the values that is used to compaite twe time-base counter(TBCTR) continu-
ously. The time-base counter(TBCTR) is treated as the iwpile the generated event TBCTR=CMPA or
TBCTR=CMPB is the expected output. The operation mode shioviig.[6.7 is exactly what is applied
in this project, where TBCTR=CMPA is chosen as the outpuhtwéthe counter-compare(CC) module.
In Fig.[6.7, each intersection of TBCTR and CMPA value markétth letter A implies when the event
TBCTR=CMPA occurs.

TBCTRA 15:0]
OXFFFF

P~

(¢

TBPRD
(value)

CMPA
(value)

0x0000

e | | [T

Figure 6.7: Counter-compare event, up-down-counter nahatd,edge symmetric waveform, with modula-
tion on ePWMxA

Action qualifier submodule

After getting the generated events from the previous sulmesdthe action qualifier submodule is sup-
posed to take action. There are two sources of the input gviimie-base(TB) submodule and Counter-
compare(CC) submodule. The former one produces event TBGEBRd TBCTR=TBPRD while the latter
one generates event TBCTR=CMPA and TBCTR=CMPB. With tirasebcounter(TBCTR) state consid-
ered, incrementing or decrementing, the four events araredgd into 8 event combinations. When a spec-
ified event takes place, one of the 8 events, there are fowilpesactions to be triggered: to set high, to
clear low, to toggle and to do nothing, which can determiredhape of the PWM waveform. The action
qualifier output control register(AQCTLA) is used to defilne tactions that should be taken if specified
events occui[20, P. 102]. In this project, to get the desivadeform same as Fig._6.7, the action-qualifier
submodule should be configured in this way that when TBCTR2EMnd TBCTR is incrementing, eP-
WMXA is set high; while TBCTR=CMPA and TBCTR is decrementieWMXA is cleared low. The up
arrow or down arrow in Fig. 617 implies the direction of tirhase counter(TBCTR) change.

Dead band submodule

In this project, what is required to fed into the upper anddoiGBTs in the same bridge leg of the inverter
is a pair of mutual complimentary PWM signal. It can be impéered in the dead-band submodule to
take ePWMXA as the signal source and then to produce the twoalyicomplementary PWM outputs:

ePWMxA and ePWMxB, due to the unique structure of dead-baodute shown in Fig_818. The setup
of the dead-band unit is based on six switches, SO to S5.rBiffestate combinations of the 6 switches

45



Chapter 6. DSP Programming

bring about different modes for signal pairs. Although &k icombinations can be achieved, not all of
them are typical application modes. For practical safetysateration, a dead band should be inserted
into the ideal PWM waveform to avoid that the two IGBTs on thene bridge leg of the inverter being
turned on simultaneously. Therefore, operating madive High ComplementaffHC) is selected as the
desired one for a pair of power switches in one phase of a 83eph®tor control system, which can be
achieved by setting the states of the switches in[Eid. 6.8 wtan be configured in dead band control
register(DBCTL)[[20, p. 107]. In Fig. 6.8, a Rising Edges &eblock and a Falling Edges Delay block are
used to insert a rising edge delay or a falling edge delaythgamriginal PWM output. With the switch S4
and S5 set to 0, ePWMXxA is chosen as the input source for bdgubA and B. By setting switch S2 to 0
and S1to 1, arising edge delay is inserted into the origiR&V/MXA signal; by setting switch S3 and SO
to 1, ePWMXxA signal is reversed with a falling edge delay atjdéhich is output as ePWMxB signal.

ePWNMXA-IN

Rising L
0 s1
0 s4 gglga(; ’7& s2 R B
I I out %je 1
1 (10-bit
counten
Faling
0 Sdoe 0 s3 1
S5 Delay [~ SO | cpwme
L. In out {>’741° Lo
1 (10-bit 0
counter)
IN-MODE POLSEL OUT-MODE

ePWNXB-IN

Fig. 6.8 Block diagram of ePWM dead band submodule.

The generated PWM signal in AHC mode looks in the way in Ei§l &rom Fig[6.D, it is can be
observed that there is an extremely short period of each P\&ffibgh, when both outputs of the ePWMx
module are cleared, which avoids the case that the mutuathptementary PWM signals are set high at
the same time.

Period

Orignal
ePWMxA

Rising Edge
Delayed (RED)

|
I

|

I

Falling Edge |
Delayed (FED) }
S — 1

I

|

Active High |
Complementary .
(AHC) } }
| |
L L

Fig. 6.9 Waveform in AHC mode with dead band inserted.

Event trigger submodule

During a sampling period, the Analog-to-Digital ConvergidDC) is executed ahead, then the sampled
data is used for calculate the PWM output. Therefore, the ADG@ PWM are supposed to synchronize
to function in the same pace. The event trigger module in eP/k issue interrupt request or ADC
conversion after receiving event inputs. In order to avdidsang from current ripple, the carrier wave
peaks are always chosen as the sampling time instants. B@AR=0 and TBCTR=TBPRD can meet this
requirement for sampling. And in this project it is unneeggdo sample twice at the both peaks in one
period. Hence, TBCTR=0 is defined as the event that triggB®@ Atart of conversion A by EPWMxSOCA
pulse shown in Fid. 614.
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Duty cycle calculation

This is the key part of PWM generation. The value in countanpare register corresponds to the duty cycle
of the PWM period. So the counter-compare A register(CMP&gds to be updated once in each PWM
period to generate the PWM wave with varying duty cycle. Eid. basically shows the PWM generation

pattern used in this project. The roles that different suthufes play in the PWM generation process are
separately introduced before. From Fig]6.7, the relatetwben the value set in CMPA register and PWM
duty cycle(D) can be formulated as:

CMPA =TBPRD « (1 — D). (6.5)

Recall some basic concepts mentioned in Ge¢. 2.2. At any mipthe specific output value of the invertor
should be equal to the digital signal given out by the DSP asvehin Eq.[Z.2. It would be better to start
with the most extreme situations and take an example of pha&e shown in Fig[ Z}4, the output voltage
for phase A is controlled by switch S1 and S4 and the PWM sggimaposed on S1 and S4 are mutually
complementary. Defin&p as DC link voltage for the inverter. During a complete PWMipeéy if the
switch S1 is turned on and meanwhile switch S4 is off for theMHPWM period, in the other word, the
duty cycle of the PWM wave fed to switch S1 is 100%, the outmliage of phase A should b{e%; on

the contrary, if the switch S1 stays off and meanwhile sw@dtis on for the whole cycle, alternatively, the
duty cycle for switch S1 is 0%, the output voltage of phaserAduo be—%. And if both of the switches
are on for one half of the cycle period, the average voltagshate A is supposed to be 0. According to the
principle of PWM introduced in Se. 2.2, as the carrier waviie modulation is triangular wave, from the
basic geometrical knowledge it is can be found that theicagldietween the output phase voltage from the
inverter and the corresponding PWM duty cycle is linear. Nmvback to a more general case. If the PWM
duty cycle stands at any one pointin the range from 0 to 1, tityeud voltage for phase A, can be gained
as

Yocy, p,+ (Y20 (1 - by, (6.6)

ta = (H75 2

whereD, is donated as the duty cycle imposed on the upper IGBT of tidgéteg connected to phase A.
From Eq[6.6, the duty cycle can be solved as

Ug + Voe
D,=—2_. 6.7
Voo (6.7)

As mentioned in Se¢._6.1.2 the complementary PWM waveforif\/idxB for the lower IGBT on the
bridge leg can be generated by reversing ePWMxA in the dead sisbmodule. Hence, only one counter-
compare register(CMPA) is required for the generation af pair of PWM outputs on the same PWM
bridge leg. Substitute EQ. 6.7 into Eg.16.5, the value setounter-compare A register (CMPA) can be
easily calculated. The same way applies to the other twogshass a result, the duty cycles for three
phases can be derived as

CMPA, = TBPRD,(0.5 — V“

DC

CMPA, = TBPRDy(0.5 — —2-) (6.8b)
Vbe

Uc

) (6.8a)

CMPA, = TBPRD,(0.5 — ), (6.8¢)

DC

where the subscript implies the phase that the registeesaluvariables belong to.

6.1.3 ADC Module

The block diagram of the F28335's ADC module is shown in Eidd61t has 16 analog input channels,
which are connected to an analog multiplexer(MUX). A chdnoée sampled can be selected by sending
its corresponding 4-bit address to the MUX. The relatiomieen the channels and the 4-bit addresses are
listed in Tablé 6.11.
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Fig. 6.10 Block diagram of ADC module

Table 6.1: Analog input channels and corresponding MUX esisis

Input channel Address Input channel Address

53525150 S3525150
ADCINAO 0000b ADCINBO 1000b
ADCINA1 0001b ADCINB1 1001b
ADCINA2 0010b ADCINB2 1010b
ADCINA3 0011b ADCINB3 1011b
ADCINA4 0100b ADCINB4 1100b
ADCINA5 0101b ADCINB5 1101b
ADCINA6 0110b ADCINB6 1110b
ADCINA7 0111b ADCINB7 1111b

The analog MUX consists of two 8-to-1 multiplexers, MUX1 avtUX2 in Fig.[6.10. The outputs of
MUX1 and MUX2 are connected to two sample-and-hold(S/Hjuits, S/H-A and S/H-B, respectively.
The two S/H circuits allow the possibility of sampling twoadog signal simultaneously. After the S/H
circuit has done the sampling, the analog-to-digital colevebegins to transfer the analog signal held on
the S/H circuit into a 12-bit binary number. The behaviorref ADC module is governed by the ADC con-
trol registers. As shown in Fi§. 6.110, there are two sequelnloeks, Sequencerl and Sequencer2, where
the addresses of the channels to be sampled are placed ip@ap&gte order. For each sequencer, maxi-
mum eight channels could be selected. Besides, SequemzkBeguencer2 can be merged into a cascaded
sequencer, where maximum sixteen channels could be stlétierder to start an ADC sequence, a start-
of-conversion(SOC) signal is needed. For Sequencerl edegt? or cascaded sequencer, the SOC signal
could be given by the PWM module or the BitW which can be set or reset in software. Sequencerl and
the cascaded sequencer could also be triggered by an exdigmmal through a general-purpose input/out-
put(GPIO) pin. The time that one conversion will take is dedi by the ADC clock frequency. The ADC
clock is obtained by prescaling the system clock. The tatagaling factor is equal to the product of the
prescaling factors of the high-speed prescaler, the ADCkcpescaler and the extra prescaler. The de-
tailed information about how to configure these three pless@an be found in Ref. [29, P. 39,Table 18],
Ref. [17, P. 38,Table 2 - 3] and Ref. |17, P. 34,Table 2 - 1]. Tbeversion results will be written into the
result registers, through a result selection MUX. For eajusnce, the result selection MUX will sent
the first conversion result to Result Reg0, the second onesnlRRegl and so on, until this sequence is
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finished.

Usually, when the analog-to-digital conversions are ndé@davo different moments during one control,
the dual-sequence mode could be applied. However, in toiggtt all the analog signals are sampled at
the same moment and the number of analog signals is less igjan [Rue to this fact, one sequence of
conversion per control loop is enough. However, cascadgdence mode is still applied, which can leave
some flexibility to the channels and DSP pins assignmentdsible, it is desired that all the analog signals
are sampled at the same moment exactly when the PWM carrier veaches its peak. But as there are
only two S/H circuits, some compromises are made in the jgadystem implementation that the currents
of phaseA and phaseB are sampled firstly and then the speeati@mC-link voltage are measured. The
measurement of the phaseC current is given up. Anyway, thelgag mode of the ADC module has to be
simultaneous. As to the ADC clock frequency, from the pofrtdamversion speed, it is better to be as high as
possible. However, too high ADC clock frequency might caais@nlinearity to the conversion results [4].
So12.5M H z, the highest ADC clock frequency that the reference [4] neo@nds, is configured. Another
issue worth considering is the width of the sampling windajch is number of clocks that the S/H
circuit spends on sampling the signal. For those signatsctienge slow, a wider sampling window might
bring the advantage of removing the noise by averaging thaetisignal. But in this project, the phase
currents change fast, so wide sampling window will not held eight introduce some phase shifts. So
the smallest possible sampling window, that is one ADC cl@zlapplied. Then the ADC module should
work in start/stopmode, which means that the conversion is started by the S@@lsind stops when the
sequence is finished, waiting for the next SOC signal. The Si@@al is triggered by the PWM module. At
last, an interrupt request needs to be generated by ADC madhde the conversion sequence is finished.
The vector control algorithm will be executed in the intgtreervice routines(ISR).

I7-\na|og MUXI
phaseA current . ADC Clock
ADCINAD MUX1 I Jir 12.5MHz
: . 1ADC Clock
I J
speed/tachometer . I - = Result Reg0 phaseA current
- » —
m I L. > Result Regl phaseB current
I T
Result Reg2 d
X A 12-bit esult Reg: spee
° Analog-to-Digital Result Reg3 DC-link voltage
I 3 I Converter
phaseB current * J;T .
ADCINBY J Iy * w
MUX2 |- T
i . S/H-B
DC-link voltage I <>
. ! I MAX_CONV=1 S0C PR SOCA

CONVO0O | =0x0

CONVO1 | =0x1

7 3

Fig. 6.11 ADC module configurations in this project

The simplified block diagram based on the ADC module configoma described above is shown in
Fig.[6.11. How to configure the maximum number of conversiteeds to be explained here. In simulta-
neous sampling mode, a pair of conversions counts for ongd8g as the ADC module counts from 0
instead of 1, so the value of thAX CONV should be calculated as

MAX_CONV = [No. Ofconverszons" .

- [
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6.1.4 Encoder Module

The enhanced quadrature encoder pulse(eQEP) module oR883F is used to process the digital signal
from the encoder. The eQEP module is able to run in two diffeoperating modes. In quadrature-clock
mode, the eQEP module receives two square wave signals fremnicoder. These two square wave sig-
nals(A and B) have 90°phase shift with each other, which eanded to determine the rotation direction.
In direction-count mode, one square wave signal and onetdiresignal are sent to the eQEP module. The
counter in the module will increase and decrease dependitigeadirection. For both modes, an index pulse
signal is used to determine the absolute position of theaarcdhe operating mode of the eQEP module is
decided by the type of the encoder. As the incremental emacmg in this project outputs the quadrature
signals, the eQEP module is set to be working in quadratiaekenode. A simplified block diagram of
eQEP module is shown in Fig,_6]12, where only the functidiealiused in the project are drawn, though
the eQEP module is multi-functional [18].

First Index

QPOSMAX Marker

Y A
32
QCLK
d
o

QA
Data Bus —
To CPU QDIR QB
-4—;;‘ QPOSCNT < Decoder —<
32 Counter |
Re$t Oi

Fig. 6.12 Simplified block diagram of the eQEP module

Two quadrature waves are sent to the QA pin and the QB pin adeleeder block respectively. Every
falling or rising edge of QA and QB will generate a clock sitf@CLK), which is passed to the position
counter(QPOSCNT) from the decoder. The QPOSCNT will ineeear decrease by 1 on each pulse of
QCLK, depending on the direction signal(QDIR). If QDIR etpi 1/0, it means that the encoder rotates
clockwise/anti-clockwise and the QPOSCNT will increasefgase. The value of QDIR is determined by
the relation of QA and QB. For clockwise rotation, QA lead€XB and vice versa. The detailed relation
between QA, QB, QDIR and QPOSCNT are described in Table 6.2.

Table 6.2: Truth table of the decoder
Previous edge | Presentedge| QDIR QPOSCNT
QBt 1 increment
QAT QBJ 0 decrement
QAl TOGGLE | increment or decrement
QBJ 1 increment
QAl QBt 0 decrement
QAT TOGGLE | increment or decrement
QAT 0 decrement
QBT QA 1 increment
QBJ TOGGLE | increment or decrement
QAl 0 decrement
QBJ QAT 1 increment
QBt TOGGLE | increment or decrement

An waveform example is give in Fi§. 6113 into order to provateintuitive feeling about how eQEP
works. The position counter(QPOSCNT) is reset by the indgmxad. When it meets the index signal for
the first time, the eQEP module will remember the present edgethe rotating direction in thiérst in-
dex markerregister. For example, if the first counter reset happenseridling edge of QB during the
clockwise direction(as shown in the left shadow area of[Ei@3), then all the later resets must be aligned
with the falling edge of QB for the clockwise rotation andwihe rising edge of QB for the anti-clockwise
rotation [18](as shown in the right shadow area in Eig.16.TB) position counter could also be reset by
the overflow or the underflow of itself. For the underflow, tbevér limiting value is 0. For the overflow,
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Fig. 6.13 An example waveforms of the eQEP

the upper limiting value is referred to as QPOSMAX, storethm QPOSMAX Register. As the encoder in
this project is an incremental quadrature encoder with 10@8, the QPOSMAX should be

1000 x 4 — 1 = 3999 = Ox F'9F.

No matter the counter is reset by the overflow, the underfloth@iindex signal, the counter is reset to 0
during the clockwise rotation and reset to QPOSMAX durirgdhti-clockwise rotation [18].

The period of the vector control loop in this project is ofilyms, which means that the rotating speed
of the encoder

1s 5
Nencoder = 01ms x 60 = 6 x 10°rpm,

if the encoder rotates one revolution during one contrgblperiod. Apparently it is of less possibility for

the encoder to reach such high speed. Based on this faclgtiritlam that calculates the rotating speed of
the encoder could be expressed using the following pseade-c

x(k—1)=x(k);// pass the old data

X (k)=QPOSCNT;//read the new position counter value
if (QDIR==1)// clockwise

{

if (x(k)>=x(k—-1))

n(k)=x(k)—x(k—1);//n(k) is the change of QPOSCNT
/1'in one control period

}
else
{
n(k)=x(k)+QPOSMAX-x (k —1);
}
else(QDIR==0)// anti—clockwise
{
if (x(k)<=x(k—-1))
{
n(k)=x(k)—x(k—1);//n(k) is the change of QPOSCNT
} //in one control period
else
{
n(k)=x(k)—QPOSMAX-x (k —1);
}
}

Speed (rpm)=n(k)/(QPOSMAX+%)60+1/T);// transfer result to rpm,
/IT is the control loop period.
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6.1.5 DATALOG Module

The DATALOG module is not a hardware module of the F28335¢&d, it is a section of highly-optimized
code which will realize a virtual oscilloscope in the Codenfmser Studio(CCS). The DATALOG software
module stores 16-bit values of up to 4 observed variablelbardata RAM, which could be illustrated in
Fig.[6.13.

DLOG_4CH_buff2

it DLOG_4CH_bufft

p
input_vart [

o
input var2 [~

DATA

DATA RAM

RAM

DLOG 4CH buff2 + size

DLOG_4CH_buff1 + size

ot
input vard | e

DLOG_4CH_buff3 DLOG_4CH_buff4

trd
p!
input_var4 [
DATA DATA

RAM ii| RAM

»

" CE T " BIo8 T s
Fig. 6.14 Four memory sections of DATALOG module, quoted fram [1, P. 4]

The values of the four data RAM sections are updated from tmtirsy addresses to the ending ad-
dresses, with the four pointer(iptrl, iptr2, iptr3 and gtmoving from up to down. The data of these four
data RAM sections are transmitted to CCS in realtime thrahghJTAG port and the emulator. After a
set of appropriate configurations, the graphical wavefarfitke observed variables are plotted in the CCS
Graph Windows as Fi@, 6.5 shows. The DATALOG module hasdginba great convenience to the testing

)
—Dlog1—p| DLOG > |=
MACRO m;
— Dlogip S m
—Dlog4—p| > |
CCS Graph
Windows

Fig. 6.15 DATALOG module and CCS Graph Windows, quoted from|[27, PFiduyre 7]

and the debugging of this project. The detailed informatibaut the DATALOG module can be found in
the controlSUITE™, if it has been installed in the compuiée file path is:

\controlSUITE\libs\app-libs\motor_.control\drivers\f2833x.v1l.0\"Docs\data log . pdf .

When using the DATALOG module, some issues needs to be cenesid

» the first channel of the DATALOG module is the trigger chdnmdnich means that only when the
variable value of the first channel crosses the trigger pwitit rising edge, does the DATALOG
module start to update. The range of trigger point is froB2768 to 32767.

» the maximum data buffer size for each chann8bs67.

* the parameteprescalerof the DATALOG module could be adjusted to observe the véembf the
fast process or the slow process.

» 16-bitinteger is the only data format that the DATALOG mauses, which means that the variables
of other formats needs to be transferred to 16-bit integstrdind then be written into the data RAM
sections.

6.1.6 Bit-Field Address Structure
The F28335 DSP is using a 22-bit address for accessing tlgggmmomemory and 32-bit address for read-

ing or writting data memory. As ANSI C is the selected progmang language, how to access the program
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UxUULLLY

MO SARAM (1Kw 0x010000 .
0x0004007 =y e e :1 Kw; 0x100000 —
0x000800 XINTF Zone 6 (1Mw)

4o 0x200000
0x000D00 PIE Vectrs XINTF Zone 7 (1Mw)
0x000E00 F o 1| ocoreq | 0%300000
0x002000 LT 0.(6KW) FLASH (256Kw)
0x33FFF8
0x004000
x XINTF Zone 0 (4Kw) 0%340000 1—PASSWORDS (8w)
0x005000 reserved
PF 3 (4Kw) 0x380080 i
0x006000 ADC calibration data
PF1(4Kw)| reserved 0x380090
0x007000 P2 (akw) 0x380400 reserved
0x008000 x User OTP (1Kw)

L0 SARAM (4Kw) 0x380800
0x009000 reserved

L1 SARAM (4Kw) 0x3F8000
Ox00M000 1 (k) oxar9000 -0 SARAM (4Kw)

W]
0x00B000 * L1 SARAM (4Kw)

L3 SARAM (4Kw) 0x3FA000
0x000000 | F o oxarn000 |12 SARAM (4Kw)
0x00D000 (i) x L3 SARAM (4Kw)

L5 SARAM (4Kw) 0x3FC000
0x00E000 L6 SARAM (2Kw) Ox3FE000 reserved

\) X.
0x00F000
oxomooo L7 SARAM (4Kw) Boot ROM (8Kw)
x : gggggg BROM Vectors (64w)

Fig. 6.16 Memory map of F28335, quoted from/[3, P.2-12]

0x006FCO GPADAT | = —
GPASET | o —

GPACLEAR | = —
GPATOGGLH *—

GPIO 32
all GPIO 33
GPBDAT GPIO 34

GpioDataRegs TS
GPBSET I :

GPBCLEAR | ' —
GPBTOGGLH _*—.
GPCDAT | 1 —
GPCSET o
GPCCLEAR | 2 —
GPCTOGGLH ~—

Ox006FDF

Fig. 6.17 Example of bit-field address structure

memory need rarely to be considered. But accessing the dateny is unavoidable because all the periph-
eral registers are arranged in the data memory.In ANSI Gagysttructure unionandbit field provides the
possibility to access the peripheral registers rapidly@m/eniently. Bottstructureandunionare used as
the data containers that contains the variables of theaifd@haviors or functionalities. The biggest differ-
ence betweestructureandunionis that members in annionshare the same memory , while members in
structurehave their separate memory. Tbi¢ filed is the special member of thetructurein ANSI C that
allows the user to be able to operate some bits of an integersyntax for thestructure theunionand the
bit-field are well explained in Ref. [30].

Take GpioDataRegs.GPBDAT.bit. GPIO2% an example. It allows user to read/write value from/to
No.34 general purpose input/output(GPIO) pin. As shownig [E18, all kinds of memory are mapped
into a same memory map, which means that each section of mdmasrits unique addresses. As men-
tioned before, the peripheral registers are also a parteofrtbmory. All the registers of the peripheral
modules are assigned the addresses from four different nyemap areas, with the names of peripheral
frame O(PFO), peripheral frame 1(PF1), peripheral frani#2} and peripheral frame 3(PF3). The GPIO
module belongs to the PF1 aré&pioDataRegss an instance of atructure which is assigned the address
from 0x006FCO to 0X006FDF. As seen in Hig. 8.17, this seabbaddress covers all the 12 registers that
operate the data of the GPIO module. The 12 membe@&pidDataRegsorresponds the 12 registers re-
spectively. In the example @pioDataRegs.GPBDAT.bit. GPIO3he GPBDATIs one of the 12 members
of GpioDataRegswhich is assigned the same address as the registers thed #te states of the GPIO
Port B. GPBDAT has two members. One #l, an unsigned 32-bit integer. The other ondiis As GPB-
DAT is the instance of annion, its two membersall andbit, are assigned the same addresbihias 32
membersGP1032 GPIO33..GPI06], all of which are 1-bit numbers. Since bath andbit correspond
to the data register of GPIO Port B, users can modify the vafuéPIO Port B bit by bit likeGpio-
DataRegs.GPBDAT.bit. GPIO34=dr treat it as a whole lik&spioDataRegs.GPBDAT.all=0xFFFF8888
which increases the programming flexibility.

53



Chapter 6. DSP Programming

6.2 System Initialization and Configuration

6.2.1 Initialization

After being powered on and before executing the control lmapines, the DSP needs to be well initialized
and set as shown in part B of the flow chart in [Eig] 6.2. Forafization,controlSUITE ™supports the users
with initialization functions corresponding to each fupnatunit. Users just need to call these functions at the
beginning of the programme. The initialization functiomdyoprovide the most basic supports for running
the system, for example to initialize the system clock orrtalde some modules. The peripheral modules
need to be further configured in order to be working in an etggbway. The functioning units which have
to be initialized in the project are list below.

» Code Start Branch * Peripheral Clock
» PLL Circuit « Interrupt Vector Table
» System Clock * On-chip ADC calibration

The source files of these initialization functions could derfd incontrolSUITE ™if following this file
path:

\controlSUITE\device.support\f2833x\v132\DSP2833xcommon\ source

6.2.2 Configuration

In order to meet the requirements of different applicati@ash peripheral unit can run in different modes.
Based on the specifications of this master thesis projeetpénipheral units’ configuration are set to the
suitable operating modes as Tabl€ 6.3, TAbIE 6.4 and Td&Iés6 the PWM configuration is critical to the
system performance and safety, it has been explained ih depec[6.112.

Table 6.3: Analog-Digital converter configuration

ADC Clock 12.5MHz Sampling Window 1 ADC Clock
Sampling Mode Simultaneous Sampling| Sequence Mode Cascaded
Operating Mode Start/Stop Trigger Source PWM

No. of Conversions per Sequenge 1 Interrupt Sequence Finished

Codes of the ADC configuration

AdcRegs .ADCTRLL. bit .ACQPS = 0;//Width of sampling window

AdcRegs .ADCTRL1. bit .CPS = 0;

AdcRegs .ADCTRL3. bit .ADCCLKPS = 6f/ADC clock frequency

AdcRegs .ADCTRLL. bit .SEQCASC = 1;//Cascaded Mode

AdcRegs .ADCTRL2. bit . EPWMBOCASEQ1=1;//ADC triggerred by PWM

AdcRegs .ADCTRL2. bit . INTENA_SEQ1 = 0x1;/Enable the interrupt

AdcRegs .ADCTRL3. bit .SMODESEL = 0x1;// Simutanous sampling

AdcRegs .ADCTRL2. bit .RSISEQ1 = 0x1;/ Reset the cascaded sequency

AdcRegs .ADCCHSELSEQL. bit .CONV0O0 = 0/Channel Select: ADC A® Phase A Current;
/I ADC BO-> Phase B Current

AdcRegs .ADCCHSELSEQL. bit .CONVO1 = 1/Channel Select: ADC A}> Speed;
//ADC Bl DC-link voltage

AdcRegs .ADCMAXCONV. bit .MAXCONV1 = 1;//Maximum No. of Conversions

Table 6.4: PWM configuration

PWM frequency 10kHz CTR Mode Up-Down
Operating Mode Shadow Mode Load Mode Load on CTR=0
Synchronization Mode| In Series ADC Trigger Signal CTR=0
Phase Shift None Dead Band Mode | Active High Complementary
Dead Band Source ePWMxA Action Mode Toggle on CTR = CMPA

Codes of the PWM configuration
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// Same part for EPWM1, EPWM2 and EPWM3:
EPwm1Regs.TBCTL. bit .CLKDIV=0{// Set CLKDIV bit as 1
/l partly determine Timebase clock
EPwm1Regs.TBCTL. bit .HSPCLKDIV=1;/ Set HSPCLKDIV as 2
/I partly determine Timebase clock
EPwm1Regs.TBCTL. bit .CTRMODE=27 Set TBCTR operation mode as -wown-count mode
EPwm1Regs.TBPRD=3750f Set TBCTR period as 3570 in uagdown-count mode
EPwm1Regs.TBCTL. bit .PRDLD=0;/ Load TBPRD from its shadow register
EPwm1Regs.CMPCTL. bit .LOADAMODE=0/;/ Load CPMA when TBCTR=0
EPwm1Regs.AQCTLA. bit .CAU=2//When TBCTR is incrementing and TBCTR=CMPA
I/ set EPWM1A high
EPwm1Regs.AQCTLA. bit .CAD=1//When TBCTR is decrementing and TBCTR=CMPA
// clear EPWMI1A low
EPwm1Regs.DBCTL. bit .OUMODE=3;// Set both of switch S1 and SO as 1
/l'in Dead-band submodule
EPwm1Regs.DBCTL. bit .POLSEL=2/ Set switch S3 as 1 and switch S2 as 0O
//'in Dead-band submodule
EPwm1Regs.DBCTL. bit .IMODE=0;// Set both of switch S4 and S5 as O
/1'in Dead-band submodule
EPwm1Regs.ETSEL. bit .SOCAEN=1/ Enable EPWM1SOCA pulse
EPwm1Regs.ETSEL. bit .SOCASEL=1/ Generate an EPWM1SOCA pulse when TBCTR=0
/I Different Part:
/1 For EPWM1:
EPwm1Regs.TBCTL. bit .PHSEN=@/ Synchronization event ignored
/land not load TBCTR with phase.
EPwm1Regs.TBCTL. bit .SYNCOSEL=¥]/ Generate a EPWM1SYNCO pulse when TBCTR=0
/1 For EPWM2:
EPwm2Regs. TBPHS. half . TBPHS=0/,Set TBCTR phase as 0 relative to EPWM2SYNI thhase
EPwm2Regs.TBCTL. bit .PHSEN=1/Load TBCTR with TBPHS
//when synchronization event occurs
EPwm2Regs.TBCTL. bit .SYNCOSEL=0/ Set EPWM2SYNCO same as EPWM2SYNCI
/1 For EPWM3:
EPwm3Regs. TBPHS. half . TBPHS=0/,Set TBCTR phase as 0 relative to EPWM3SYNI thhase
EPwm3Regs.TBCTL. bit .PHSEN=1/Load TBCTR with TBPHS
//when synchronization event occurs

Table 6.5: Quadrature encoder configuration
Interrupt Disabled || Position CTR Input Mode| Quadrature-count
Maximum CTR Number| 3999 Position CTR Reset Mode Reset on Index Event

Codes of the quadrature encoder configuration

EQeplRegs .QDECCTL. bit .QSRC=0/Quadrature—count mode

EQeplRegs .QDECCTL. bit .XCR=072x resolution: Count the rising/falling edge
EQeplRegs.QEPCTL. bit .PCRM=0/ Position counter reset on an index event
EQeplRegs.QEPCTL. bit .QPEN =1/eQEP position counter is enabled
EQeplRegs .QPOSMAX = 3999/ Maximum number of position counter
GpioCtrIRegs .GPAMUX2. bit . GPIO20=17/ GPIO20 as phase A pulse
GpioCtrlIRegs .GPAMUX2. bit . GP1021=1/ GPIO21 as phase B pulse

GpioCtrIRegs .GPAMUX2. bit . GPI023=17 GPIO23 as index

6.2.3 Converter Start-up

Two spare general purpose input/ouput(GPIO) pins on the &@8Rssigned for the start-up of the inverter
following. One is to turn on the inverter relay and the othee @ to cleaFAULT_CLEARsignal low. These
two tasks will be done after system initilization and confagion and before the offset measurement as
shown in the C part of Fig. 8.2.

6.2.4 Offset measurement

As a fact, both the current measurements and the speed resasurcontain an small offset, that may be
caused by the sensors or the ADC conditioning circuit. Teeobf currents need to be measured when the
machine stands still with all the peripheral devices svéitthn as shown in part D of Fig. 6.2. The averages
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of the two phase currents measured in this situation areatbt from the ADC results in the code to
compensate for the current offset. In this process, in aaget enough and accurate samples, firstly the
DSP is requested to wait for 6sec in advance to let the systéniato its steady state; during the néxéc,
60000 samples can be collected with the control loop frequeh0.1ms, which are used to calculate the
average. The speed offset compensation is derived by takauine speed measurements with different
speed settings at low speed and fitting the measurementstiatM@he speed offset is estimated from the
fitted curve.

6.3 Modular Programming

Considered the complexity of the whole vector control sysitaplementation, it will only cause a mess and
confusion to lump everything together. Consequently, éxdbde the whole system is divided into several
modules and each module is packed into a head file. For eachley@dspecialized type of data structure
is created to realize the operation of the variables in tmeesponding modules.

Modular programming can lead to smoother system integrateduced debug and troubleshooting
time, a higher degree of visibility inside the software andcler system reconfiguration. Besides, the
module in one project might be reusable for other project.[Po be consistent with the control block
diagram and the flow chart, the following modules are createtiused in the program.

 1.Clark Transformation * 5.PWM e 9.Current Regulator
» 2.Park Transformation » 6.Encoder « 10.Data Logging
 3.Inv. Clark Transformation  7.Flux Estimator

* 4.Inv. Park Transformation » 8.Speed Regulator

The tenth modul®ata Loggingis an debugging tool provided by TI, which can display thealaes
of the code in real time when debugging. It can be used aswaVptobe and a virtual oscilloscope. Users
can adjust the trigger value, size of displayed variablelspaa-scalar based on practical needs.

To illustrate how the modules in the program are created aad,uhe module d€lark Transformation
is taken as an example in the following.

6.3.1 Structure Definition

A module in the program is defined as a structure in C. The mesrdfea module structure are mainly of
three types: 1. interface variables, which are inputs angduts of the module. 2. internal variables, which
are intermediate values in the process of calculating theuts, for example, the error integrator value of
Speed Regulatanodule. 3.constant numbers, which reflect some propertitisomodule, for example,
the voltage limit inCurrent Regulatomodule. The structure @lark Transformations defined as follows:

struct CLARK
{

float lalpha;
float Ibeta;
float la;
float Ib;

}
Then a macro stands for the default values of the variablg®i@lark Transformatiormodule.

#define CLARKDEFAULT \

{\
0.0, \
0.0, \
0.0, \
0.0 \
}

56



6.4. Incremental Build Methodology

6.3.2 Module Operation Definition

The operations and calculations in the module are expressadnacro with argument as following way.

#define CLARK.TRANS(p)\

(p.lalpha)=(p.la))

(p.lbeta)=1/sqrt(3)(p.la)+2/sqrt(3x(p.1b);

For the modules that contains the integral part, a rule isentlaat the outputs of these modules should be
calculated first and then the integrators are updated, ierdodavoid the disorder of the signals. The code
of the speed regulator module is taken as an example.

#define SPEEDREGULATORUPDATE(p) \

{\
(p.speederror)=((p.speedref)—(p.speedmach)x0.10472\

/+ Calculate the error in rad/s/\

(p. Te_ref)=\
K_P_Speed(p.speederror)+K_.I_Speed-(p.speederror.integral)-Bax0.10472 (p.speedmach);\
/* Pl Regulator + Active Damping/\
(p.i-s_g-ref_before)=(p.Teref)/(p.psiR_hat)x2/(3*np);\

/+q current reference, before current limiter\
(p.i-s-q-ref)=_1Qsat((p.i-s-q-ref_before),(QcurrentLimit), —(QcurrentLimit));\

/+q current reference, after current limites/\

(p.i-s-d_ref)=(p.psiiR_ref)/LM;\

/+d current reference/\

(p.speederror.integral)+=\
h«((p.speederror)+((p.i-s_.q-ref)—(p.i-s-g-ref_before )} (p.psi_R_hat)/2« (3« np)/K_P_Speed))
/* Update the error integratok/\

}

6.3.3 Module Usages

At the beginning of the code, an instance of the module strethould be defined and initialized as:
struct CLARK Clark=CLARK.DEFAULT;

In the control loop of the code, firstly, the input values assged to the module. Then the function-like
macro is invoked to update the internal variables and caieuhe outputs of the module. At last, the
outputs are passed to the next module. In the case dldmlx Transformatiormodule, the inputs are the
measured phaseA and phaseB stator currents of the motooufpets are the corresponding Alpha and
Beta currents, which are also the inputs of Baek Transformationmodule. The code below explains how
to invoke the macro with argument.

Clark.la=currentA;

Clark.lb=currentB;

CLARK_TRANS( Clark)

Park.lalpha=Clark. lalpha;
Park.Ibeta=Clark. lbeta;

As CLARKTRANS(Clark)s a macro, there is no need to add semicolon at the statement e

6.4 Incremental Build Methodology

Even though modular programming is applied, sometimes dliffcult to debug if all the modules are
lumped together at a time. Therefore the program strucsueilt level by level. Every time before building
a new level, the old level has to be proved to work correctly.

As illustrated in FigC&11, the program is spilt into threedks: open loop, with current controller and
with speed controller.

In the first level.uq is set to be zerau,, is proportional to a setting frequency but is saturated iwith
+28V, given that the output of the DC voltage source in the |ad9is. The flux angle is got by integrating
this setting frequency. Actually, the induction motor isrkiag in direct-starting operating mode. If there
is no error in this level, the following phenomena should bsavved in steady state: 1. the non-loaded
machine runs slightly less slowly than the synchronousdp2e; and I, are constant; 3u; calculated
from the flux estimator is supposed to be equaltgsctting-
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In the second and the third levels, the current regulatotb@dpeed regulator are added gradually, as
indicated in FigL&11. If these two level are built succebgfthe dg currents and the machine speed should
basically equal to their setting point. The testing resaittd the comparison with the simulation results will
be discussed in detail in Chapfér 7.

In order to switch among the three building levels converdlty, conditional compilation is applied, in
the following way:

#define OPENLOOP 1

#define WITH.CURRENTREGULATOR 2

#define WITH_SPEEDREGUALTOR 3

#define THESISLEVEL WITH_SPEEDREGULATOR
.

#if (THESISLEVEL==OPENLOOP)
\\...codel...

#endif

#if (THESISLEVEL==WITH_CURRENTREGULATOR)
\\...code2...

#endif

#if (THESISLEVEL==WITH_SPEEDREGULATOR)
\\...code3...

#endif
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Chapter 7

Testing and Evaluation

In this chapter, the testing results of each peripheralii@re shown. For the tests with unsatisfactory
results, methods to improve the performance are proposethehtioned in Chap] 6, the control system is
programmed on three levels, namely the open loop systeray#tem with current regulator and the system
with speed regulator, and its performance is evaluatedifthr@e levels as well. The performance of the
control system will be compared with both design specifiratiand simulation results.

7.1 ADC Performance

7.1.1 Full Range Test

In order to check whether the ADC conditioning circuit hast it design specification mentioned in
Sec[4.211, a sinusoidal signal with frequenc{@d H > and magnitude of 0V is applied on the No.1 input
of the ADC conditioning circuit. The output signal of the ARGnditioning circuit is also measured. Their

relation is plotted in Fid. 7.1(R).
Fig.[7.I(a) can well prove the dynamic characteristics ef¢hcuit. At 500H z, there is no obvious

waveform distortion or phase shift. Besides, the0V ~ +10V signal is scaled and shifted @& ~ 3V.
The Tektronix TDS2004 digital oscilloscope used for theites has only3% DC gain accuracy &V/div
[13]. Due to this fact the data read from oscilloscope canh#tised to calibrate the ADC circuit, the
method for calibration is explained in Séc. 412.2.

7.1.2 Small Signal Test

In Sec[4.2.R, itis indicated that the relation betweenantrsensor input and outputiis, = C + K X i4,.
In [21], it can be found thak( ~ 0.0625 andC = 2.5. For safety reason, the DC link voltage is only 60V

Tek .. 1 Pos: 0.000s MEASLIRE Tek .. 1 Pos: 0.000s MEASLIRE
+* +*

Ch1
Ch1

ADC1
ADC1

1 50005 1 50005
14-Mar-11 2332 15-Mar-11 00:01
(@) (b)

Fig. 7.1 Test on ADC conditioning circuit(Oscilloscope View)
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during the tests. Due to this fact the peak stator phaserturraon-load and steady-state case is just about
2 A, while the rated peak currentig.9A. In this scenario with onl2 A, the current sensor coefficient K is
too small, which means that the peak-to-peak value of theasapplied to the ADC conditioning circuit is
only about250mV. To test the performance under the condition of small sgyreakinusoidal signal with
peak values 02.5 + 0.344V is input to the ADC conditioning circuit. The output signabin this test is
not pleasant, as shown in Fig. 7.3(b), there are a lot of smkethe output curve. The largest spike is about
50mV, which is almost as large as the peak value of the outputkigna

The testing signal mentioned above is provided by a signaiggor. Moreover when the current sensor,
conditioning circuit and the DSP are connected togethersituation gets worse. The current sensor itself
contains much noise. If the current is calculated as[Eq.tdesnoise will be enlarged to be intolerable
because of the small sensor gain. The motor phase currentai@id from the noisy voltage is plotted in
Fig.[Z.2 with the help of Data Logging function in Code Com@oStudio(CCS). At about0425ms of
Fig.[Z.2, the spike is almost as large as the peak-to-peale \&lthe current. From this figure, it can be
concluded that the noise is so large that the ADC conditigpmincuit cannot meet the requirements of
vector control in the case of small signals.

29

10400 10405 10410 10415 10420 10425 10430 10435
ms

Fig. 7.2 Test on ADC conditioning circuit(CCS View)

7.1.3 Possible Methods to Solve ADC Noise Problems

In this section, the possible sources of the ADC noise wiltllseussed and some potential solutions will

be proposed. Some of the proposed solutions have been.t&tedmpare the different solutions under

the same conditions, the testing is performed with a sigaakgator as input and the current is observed
through the CCS. FigJ. 7.3(a) shows the current wave form wioemproving step is taken.

1. Voltage Source In this project,—5V voltage is produced by a switch-mode regulator. The on-off
action of switch-mode regulator may cause the high-frequenltage ripple on the output. Though
there are much fewer types of linear negative-voltage e¢grs compared with positive-voltage ones,
it is still highly recommended to use linear regulator to gfeie negative voltage. To verify this idea,
the ADC conditioning circuit is powered by two 9V primary tetes. From Fig[ 7.3(b) it can be
reflected that a better voltage source does improve theicjretformance a lot.

2. Layout & PCB. There are some basic principles in electronic layout aesigch as: keeping the
ground of each electronic components close; keeping wivg;skolating high-frequency from low-
frequency circuit and analog from digital circuit; avoidisharp wire corner. As the whole circuit
is built on experimental prototyping board in this projatis unavoidable to break the principles
above. Unlike prototyping board, PCB has advantages ofemegmunded, multi-layer and isolation.
Maybe designing a PCB will cost some time, but it could be twvegending this time.

3. Electronic Components In reality, no electronic component is ideal. For exampighis project,
aluminium electrolytic capacitor is used to decouple thes&drom the power bus. But compared
with other types of capacitors, it has larger equivaleriesénductance(zs ), which will reduce the

60



|

2]

12420 12425 12430

ms

12400 12405 12410 12415

12435

@
N L

% ///f W, \ F 7 \

1 S5 N d .

i | P |
P \\ ! \
7 . F 1
/ b v ]
4/ 4 f §
\ /
w \ | |
| i
\ / \
= | / L
i \

v y / \
» \\ / \
5 \ 4 \

\\ / \\
o L / 4
| /
" 1 \
y d N

@ Nl '
# T T T T T T T

550 ot 0 o7 s 5 50 505

(©)

7.1. ADC Performance

A /\ |

ERVE=Y

49560

49565 49570 49575 49580 40585 49500 29535
ms

(b)

o,

22830
ms

(d)

320 2w 228361 328420

Fig. 7.3 Results of different solutions for current measurementrowgment

decoupling capacity [31]. So a small ceramic capacitor imeated in parallel with each aluminium
electrolytic capacitor to eliminate the effectbfsy..

. Reduced Number of Op-Amap It is guessed that the five groups of ADC conditioning citswill

affect each other. So four of the five groups are removed fl@ptototyping board and only one
is left on the board. There are some improvements, which easebn in Fig. 7.3(k). However, this
solution is not operable, as the project needs at least f&@ ghannels.

. Independent Op-Amp. There is an opinion on internet that single-channel Op-Ayeis better per-

formance than dual-channel or quad-channel Op-Amp/sdeA3Imilar ADC conditioning circuit
was built using independeptd741 Op-Amp circuits. From Fid. 7.3(}), it can be found that ineliep
dent Op-Amp helps reduce the noise even though the reas@imrgmmknown.

. Only Using Voltage Divider. Since both the current sensors used in the inverter angé&eglsensor

on the control panel in the lab give voltage signals betw#érand3V and the DC-link voltage is
only 60V, it is possible to only use simple voltage dividers in thised-or the current speed signals
the divider is with a gain of, using two resisters of valug)k(2. For the DC-link voltage signal, the
gain of the divider i% using two resisters of valuég and10kf).

To be safe and not encounter new problems, the simple vottizger solution No.6 was selected to be
used for the rest of the project. From the experimental teguesented following, it can be seen that this

method gives an acceptable noise level.

7.1.4 Sampling Issues

As the F28335 has only two sample-and-hold(S/H) circuitsdmly one analog-to-digital converter, the
four signals to be sampled are arranged into two groups. Titrerats of phase A and phase B are in the first
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group, while the motor speed and DC link voltage are arramgedhe second group. In the original plan,
the currents of all the three phases should be measurednBk&/ H circuits needs to be built to make sure
simultaneous sampling of the signals occurs. However, tiggnal plan is given up based on the following
reasons: 1. as mentioned in previous section, prototypiagcis not a good choice for building accurate
circuit; 2. the prototyping board has already full-arrathged has no redundant space left; 3. according to
TI's motor control application notes [27], only samplingaywhase will basically meet the requirements as
long as the three-phase currents are well balanced.

To avoid aliasing from current ripple, the current shouldshenpled at the peak of the carrier wave.
In this project, the peak of carrier wave signifies that theNP\@bunter equals 0 or 3750. But only the
moment when the PWM counter equals 0 is used for samplingdicgpto moderate accuracy specified
for this project. An integer variable is inserted in the AD&eirrupt service routines. Immediately after
the conversion is finished, this integer will record the PWdligter value. The other integer variable is
created to record the PWM counter value when the vector gbediculation is completed. After the test,
the previous variable for AD conversion time turns out to 88 #vhile the latter one for vector control
calculation time appears to be 1639. These two moments aiteethin Fig[7.%. The entire AD conversion
time only occupies about 4% of one control loop period anddke time of the vector control algorithm
execution solely takes up about 22% of it as well.

Due to the fact that the DSP only has two sample-and-holgd(&reuits, only two signals can be mea-
sured simultaneously. Therefore, the four signals whickdrte be measured are divided into two groups.
The signals in the first group are the currents of phase A aadeB, those in the other group are machine
speed and DC-link voltage. The measurement procedure &r g@@up goes as the order of "sampling-
converting-converting”. In other words, the two signallire same group are sampled at the same time but
converted sequentially. At the end of the first group corieerghe sampling of the second group will be
started automatically. Considered that the entire AD csiga time is only 4% of one control loop period,
it can be assumed that the sampling time of the current meemunt in the first group is about 2% of it.
Hence, it can be approximately considered that the wholentisampling process takes place at the peak
time of the PWM carrier wave. It also can be pointed out thatdifference time between the two groups is
about 2% of the control loop period. Hence. Therefore, the foeasured signals can be roughly thought
to be sampled at the same time.

From Fig[Z4, it can be observed clearly that during one pettie DSP spends more than three forth
time on idling, which means that the potential of this preceshas not been fully explored. If a high
accuracy requirement for this vector control system is édke the plan for twice execution of control
loop in one PWM period can be adopted. The DSP is definitelypatemt for it with sampling at both of
the peaks of PWM carrier wave.

PWM Counter
TBCTR

PWM Period >
4——Wait Time————»

A

TBPRD=3750

1639 C: Control Loop
Calculation Finished

299 | #B: AD Conversion Finished »

: L »
A: ADC Start-up 0.1 Time (ms)

Fig. 7.4 AD conversion time and vector control algorithm executiometin one control loop period.

7.2 Digital Input and Output

As introduced in Sed._4.3.2, the interface for digital inpotd output serves for three purposes: 1. Logic
voltage level switch; 2. Input buffer protection; 3. Incsedhe output driving capacity. As the PWM signal
frequency isl0k H z, which is also the highest frequency of all the digital sigria the project, the testing
signal is set to b&00k H z rectangular wave in order to leave a margin.
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Fig. 7.5 Test of digital input and output interface

In Fig.[7.5(@), the upper wave is the input signal from thenalggenerator. Its high voltage 496V
and the low voltage i9.08V. After passing through the buffer circuit and the voltagéd#r, this signal
is scaled down to b2.96V for high voltage andV for low voltage, which agrees with LVTTL standard.
Besides, the waveform still keeps the rectangular shageutdistortion.

As seen in Figl_7.5(b), the high and the low voltages of therg®output signal are.2V and0.48V
respectively. The processed output signdl&sV for high level and).04V for low level. It can be observed
that there is spike with magnitude of abOutV on the processed output wave at the moment of step change.
However, these spikes are tolerable in TTL signal standard.

7.3 Encoder Interface

As the induction motor in the lab has no place to mount theeimantal quadrature encoder, the encoder
is temporarily replaced by a speed sensor, which outputag®lproportional to the speed. However, the
interface and the code serving the encoder are still teSteithitate the behavior or the encoder, two binary
number 10011001b and 11001100b are shifted in cycle évérys, where the letter b behind the numbers
stands for binary number. The least significant bit of the bivaary numbers are sent as digital outputs to
the DSP'sEQEPA-1andEQEPB-1pins respectively. After every 4000 shifts, a pulse signidlllve sent to
EQEPI-1pin. PinEQEPA-1 EQEPB-1landEQEPI-10n the DSP are assigned for A, B and Index inputs
from the encoder. In this scenario, if interface and codekvearrectly, the calculated speed should be
+150rpm. If the two binary numbers are exchanged, the speed should b@&r-pm. The testing results are
exactly the same as expected.

7.4 Parameters Selection

In previous sections of this chapter, testing results op#ripheral circuits are exhibited. From this section,

evaluation and analysis on the vector control system bathminlation and in experiment will be discussed.

Firstly, all the parameters used in the simulation and aadtfral test in this project are listed below:
Original Motor Parameters

R, =1.33Q L,, =0.13bH

R, = 1.24Q J = 0.05kgm?

Ly = 0.008H B =0.000/Nm/(rad/s)
L1 = 0.008H np =2

Parameters defined in Sed. 5.1.2
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Ly = 0.1274H Rr = 1.10510
Ly = 0.0156 H

Relevant control system coefficients

URrer = 0.08Wh Kpe = 15.5524

ae = 1000rad/s K;. = 15552

o, = 20rad/s Kp, =1

DC link voltage: 60V K, =20

\oltage limit: 28V R, =13.1173Q2

g current limit: 5A B, =0.993Nm/(rad/s)

7.5 Open Loop Test with V/f Control

The open loop test is carried out by setting different syaobus frequency to the V/f controller and ob-
serving the corresponding motor speed. It should be remezdlitleat all the tests are performed with a low
DC-link voltage of60V and therefore the inverter can only create a maximum phdsegyecnf30V. In this
case the voltage limit is set @81/, thus the stator voltage is saturated at 5SHz and for higkeguincies the
voltage magnitude is constant. The testing data are listddcampared with the data from simulations in
Table71.

Table 7.1: Open loop test with the V/f control

Setting Frequency(Hz) 10 15 20 25 30 35 40
Synchronous Speed in Experiments(rpm) 300 450 600 750 900 1050 | 1200
Machine Speed (rpm) 297 444 588 729 866 996 1111
Slip 1% 133% | 2% | 2.8% | 3.78% | 5.14% | 7.42%
Machine Speed in Simulations(rpm) 299 446 593 738 882 1024 | 1163
Difference between Experiments and Simulatign§.33% | 0.44% | 0.83% | 1.2% | 1.78% | 2.67% | 4.33%

From Tablé_Z 11, it can be seen that the induction motor rugkts} slower than the synchronous speed.
With the speed increasing, the slip will also increase. ttaased by two facts: 1. the stator voltage has
been saturated which weakens the flux; 2. the friction tolipemes larger with increasing motor speed,
which means that larger slip is needed to generate enougheo€ompared with the machine speed from
simulations, the machine speed from the experiments hgexrlglip. What's more, the difference in machine
speed is getting larger as the machine speed increaseanafiibe caused by the air drag force acting on
the cooling fan when the machine runs. This force will exereatra drag torque on the machine shaft,
which is assumed to be proportional to the square of the madipeed agy,.., o« Q2. It is neglected
in the simulations and will probably affect the machine spiereality. Thed andq currents at different
frequencies are roughly compared as well. When the systéenseits steady state, the average values for
bothd andq currents from experiments are almost the same as those finantegions in spite of noises.

7.6 Test with Current Regulator

One of the advantage of the online emulation is that the ssable to access the DSP’s memory while
the processor is still running. In order to capture the dyioaesponses of andg currents, two arrays are
created. Once the step change in current reference is dpiplieach control loop, the value @br g current

is stored in the array until the array is full. The size of taggkst continuous data memory section is 2900
words, namely 2900 16-bit integers. It means that 2900 dztagpcan be obtained for one variable response
observation, 1450 data for dual variables, 725 data for graddbles et cetera. For signals with relatively
slower response, such as motor speed, a scaler conétzam be added to record the variable’s value every
N control loop. In the code, most variables are representdiating-point numbers. If these variables are
converted directly to integer, the resolution will be ghgatduced. To guarantee enough resolution, before
converting a variable, the variable is multiplied 2348, 1024 or 512, depending on how large its maximum
value is. Then when processing the recorded data in Matlalil] be divided back to its true value.
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Fig. 7.6 Step response of the d and the g current. Fig.(a) is the stppmee of the d current with a reference of 0.8A,
and fig.(b) is the step response of the g current with a referen0.8A.

7.6.1 Simulation and Experimental Results

The procedure of obtaining the current step responsestislith8witch toCurrent Regulatoas the way
introduced in Se¢. 614; 2. Run the program and wait for ab@etc®nds due to ADC calibration; 3. Change
the reference of thé current from0A to 0.8 4; 4. Change the reference of theurrent from0A to 0.8 A
after0.5sec. Fig.[7.6(a) and Fig. 7.6(b) show tiecurrent and the current step response respectively. The
results from the computer simulation are also plotted irsdrae figure. To make a full comparison between
simulation and experimental results, the time axis have sadted.

The bandwidthy,. of the designed closed-loop current regulating systet®@9rad/s, which means
that the rise time (froni0% to 90%) of the current step response should/h&)/a.s or 2.2ms. From
Fig.[7.6(a) and Fid. 7.6(b), it can be seen that the rise tifiioth i, andi, achieves the designing goal.
Though there is noise on the current curve, it can still bécadtthat the currents arrive at their reference
values without a steady-state error. Unfortunately, twexjpected results are observed as well. One is that
there is an overshoot in bothandq current response. Since the desired closed-loop systefirss-arder
system and anti-windup has been added, there should notybevarshoot as large d2.5%. The other
abnormal performance is that the current rises relatively at the beginning and then it has a higher rising
rate until crossing the reference value for the first timewkheer, the step response of a first-order system
is supposed to have the highest rising rate at the beginmd@pproach the setting point more and more
slowly. In the next section, an investigation into these tweatisfying performances will be discussed.

7.6.2 Analysis on Results

Firstly, the PI controller in the code should be proved toknvora correct way. To check thigy, uy and
the value of the error integrator are plotted both for theegixpents and for the simulations in FIg.17.7.
Note that, the integrator output is the value which has beeitipfied with K;.. The same plots but with a
current regulator bandwidth @00rad/s are shown as well in Fig._4.7. Observing step response obthe |
bandwidth system has two benefits: 1. more clear waveforirstiavs how observed variables changes;
2.avoiding hitting the voltage limit means that linear ais&d methods still work. In Fid. 7.7{d), at the
moment when the reference step is appliedth&alue outputted by the DSP has almost the same value
as the value from the simulation. The small difference betwihe twou,; might be caused by the current
measurement noise. Anyway, it could show that the P-parefRl controller implemented in the DSP
works appropriately. If the two solid curves in Fg. 7.7(lndaFig.[7.7(f) are compared, it can be clearly
seen that the peak value of the error integrator is reachattlgxvhen the ; crosses its reference value for
the first time. It is reasonable, because whgeis smaller/larger than the reference value, the error rateg

will always increase/decrease. From these two curveshitatso be found that the moig differs from

its reference value, the steeper the curve of the integiatdihese behaviors are in accordance with the
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characteristics of the integrators.

Both in Fig[7.7(d) and in Fid. 7.7(d), in steady state,dhealculated from the DSP is larger thapin
the simulations. There could be two possibilities whichimigad to this problem. One is that the estimated
value of the stator resistor is not accurate. In steady atadevithw, andi, being equal t®), from Eq[5.15
and Ed.5.2@a, it can be deduced thatx R,. So if R, is increased to an appropriate valug, of the
experiment and the simulation can be consistent with eawdr.othe other possibility might be due to the
voltage drop across the diodes and IGBT of the inverter, ivhigplies that the actual voltage applied on
the stator winding is about5V less than expected. So in steady statexthealculated by the DSP will
contain a compensation for this voltage drop.

Some possible reasons are assumed to cause the oversheyparéhinaccurate value of inductance
and resistance, voltage drop, current measurement gaingerd delay, noise as well as PWM dead band.
Through simulations it is found that all these mentioneddiescwill cause more or less overshoot. However
considering that the real situation is of little possililib differ greatly from the ideal one, inaccurate value
of inductance or the delay is thought to be the origin of therskioot in the current step response. When the
current sensor delay is 4 control periotld(ns), the step response has abo2it;% overshoot. Then when
the delay is larger than 10 control periotts(s), the system will become unstable. [n]21], it is mentioned
that the current sensok,EM H X 10 — P/SP2 transducer, has a bandwidth &fk H z, which is 5 times
faster than the switching frequency and several hundredsstfaster than the phase current frequency. So
this possibility is basically excluded.

Slight variations of the inductance values will also causelavious overshoot. In simulation, the orig-
inal parameters are used in the PI controller and flux estimBifferent combinations of.;, L,. and L,
are tested as motor parameters in order to get a step respbide can match the experimental results
well. The step response af, uq and error integrator plotted in Fig._T.8 employ such a setasbmeters,
thatL, = 163mH, L, = 123mH andL,, = 120mH. The curves of the simulation and the experimental
step response match each other well except for the peaksvalue

7.6.3 Performance after Parameter Adjustment

To verify the assumption of wrong motor parameter valuesctirrent controller and the flux estimator are
redesigned using the new parameters, whicltiare- 2.7Q, L; = 163mH, L, = 123mH, L,,, = 120mH,

R, = 1.249Q. The stator resistance has been increased to compensdtesfeteady state error in the
voltage. From Fig._719, the step response of hbtndq quantities are almost the same as the simulated
ones. The biggest change compared to[Figd. 7.7 is that thelwets have disappeared. Finally, it should be
emphasized that the variation of the inductance valuestsgjgufficient condition, but not necessarily the
only condition to remove the overshoot. The exact reasari(g)e overshoot still remains unknown. The
method mentioned above might not be scientific. Howeveésdsolve the problem for this project in an
engineering way.

7.7 Test with Speed Regulator

As the speed loop has a much slower response than the curopntthore data needs to be stored to study
the step response of the speed loop. Due to the limit of menmsey for data collection, a new variable to
cut down the sampling frequency is defined in the code. Witheitsampling time span for the motor speed
is expanded and long enough for observing motor speed egiigsisteady state. In this case, 1000 memory
units are reserved for speed data saving and the pre-sctde far speed sampling is chosen as 150. With
this setting the speed response information for 15 secamube traced and recorded in the DSP memory,
using a PWM frequency of0k H z.

7.7.1 Simulation and Experimental Results

In the original design plan, the bandwidth for the speed mbidop o, is chosen a&0rad/sec. In order

to eliminate the influence of nonlinearity, a much smallemdwidth o, for the speed control loop and a
smaller reference speed are applied to both simulationxgetienent to avoid the g current hitting its limit.
A clear comparison between simulation and experimentalteare presented in Fig. 7.10(a), where the
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Fig. 7.7 Controller variables comparison between experimentalsamdilation results. Fig.(a), Fig.(c) and Fig.(e) are
for a controller with a bandwidth of 1000rad/s; Fig.(b), it and Fig.(f) are for a controller with a bandwidth
of 200rad/s. Fig.(a) and Fig.(b) are plots for the d currEig;(c) and Fig.(d) are plots for the d voltage; Fig.(e)
and Fig.(f) are plots for the integral of the d current ertarall the figures, the solid line stands for the
experimental curve and the dot-dash line stands for thelationo curve.
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Fig. 7.8 Effect of variation in inductance values. Fig.(a) is for theurrent, Fig.(b) is for the d voltage and Fig.(c) is
for the integral of the d current error. In these figures, ti@ldine stands for the experimental curve and the
dot-dash line stands for the simulation curve.
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Fig. 7.9 The current, the voltage and the current error integral éh lol and g components after parameter adjustment.
Fig.(a), Fig.(c) and Fig.(e) are for the d current, the dagdt and the integral of the d current error respectively;
Fig.(b), Fig.(d) and Fig.(f) are for the q current, the g agk and the integral of the q current error respectively.
In all the figures, the solid line stands for the experimeatiave and the dot-dash line stands for the simulation
curve.

69



Chapter 7. Testing and Evaluation

Speed step response at 400 rpm Speed step response at 1200 rpm
T T T T T T T T

IS

5]

3
T

T T T T
1200F T T T R L TP S IEEE AT TR LSOO B

w

&

3
T

1000

w

]

3
T

800

N

@

3
T

)

S

3
T

600

Motor Speed [rpm]
Motor Speed [rpm]

-

@

3
T

=

)

3
T

200
50

Experimental Motor Speed
<+ Speed Reference
- Motor Speed

T T s

. . . . . . . . . .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time [s] Time [s]

(@) (b)

Fig. 7.10 Speed step response at 400rpm and 1200rpm with bandwidtbraidls. Fig.(a) is with the speed reference
of 400rpm, and Fig.(b) is with the speed reference of 1200dpnthese figures, the solid line stands for
the experimental curve, the dash line stands for the siipulaiurve and the dot line stands for the speed
reference.

bandwidtha,, is 0.5rad/s, the reference speed490rpm and theg current limit is10A. With the same
bandwidtha,, and g current limit, a high speed test is also presented tw atstriking contrast with the low
speed situation in Fi¢. 7.10(b), where reference speed t® 4€00rpm. The causes of these differences
will be explored explicitly in Sed. 7.7.2.

7.7.2 Analysis on Results

Given the speed control loop bandwidth of 0.5rad/s, the rise time of the speed response is supposed
to be 4.4 sec, which can be noticed in the simulation responBe.[7.10(d). By contrast, the practical
response appears relatively slower than it should at thenbeg. However, as it is approaching steady
state it gets a larger acceleration than the simulationecdoes, which causes an unnoticeable overshoot.
Several causes could contribute to the difference betweegiiulation and experimental results. One of
the potential reasons is that the reference torque geddrgatine speed controller is less than it should be,
as a result of inaccurate speed sensing, incorrect motanpers or inadequate coefficients of the speed
P1 controller. Since the gains of the speed PI controllerdatermined by the motor inertia J and friction
coefficient B as well in IMC (Internal Model Control), it alsan be affected by incorrect motor parameters.
The other factor leading to this result could be inaccuratedktimation, which could be induced by speed
measurement ripple or incorrect motor parameters thanaodvied in the flux estimator design. Because
the estimator designed in this control system is the cumeodel, whose greatest drawback is parameter
sensitivity, the variation of the parameters will affeat ftux estimation significantly. The error between the
estimated and the actual flux will lead to a wrong calculatbthe reference of the current, which will
cause a series of chain reactions. With the assumption tinagrd control loop has a perfect performance,
isq = Gsq,ref, thus an inaccuratg, will be obtained if the estimated flux magnitude differs frime actual
flux magnitude and thereby a wrong electromagnetic toffjugvill be produced, as can be seen from
Fig[5.8. The error in estimated flux magnitude leads toThat s # 7.

From Fig[7.10(3), it also can be found that even if theretexéiesme differences between simulation
and experiment results, finally the reference speetdofpm can be achieved in the steady state for both
situations. That will not always be the case. When the refsrespeed is increased t@00rpm as in
Fig.[7.10(b), it is impossible for the motor speed to catchwith the speed set-point for both simulation
and experiment results. In the dynamic response part, thetnwes can almost converge with each other,
but it also can be seen clearly that the simulation still hslgghitly faster response than the experiment. But
the experimental curve reaches a higher level than the ationlcurve, still far lower than speed set-point.
The large difference in steady-state signifies one of theaspvhich might affect the speed response is the
difference between actual value and estimated value ofittteh coefficient B. The other possibility is that
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the steady state difference is derived from difference betwactual value and estimated value of the flux.
When the machine is running at maximum speed, the back-esppigoximately equal to the voltage limit.
Due to this fact, a lower flux magnitude will lead to that a ligbpeed can be achieved, if not considering
the load.

Speed step response at different current limiting value
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Fig. 7.11 Step responses with different current limits

Then turn back to focus on the nonlinearities for the speedrotier, the saturation of the current,
and investigate the influence of different limit values ofremt saturation. Here, the bandwidth of the
speed control loopy, is picked a20rad/s and the reference speed is se6@0rpm. The corresponding
speed step responses with different current limits aredigt Fig.[7.1ll. There is an evident trend shown
in Fig.[Z.11 that the larger the current limit is, the faster the speed step response is,hwisimatural.
When the current limit value is really small, such as a curiarit equal to2 A, the system slips into deep
saturation and a smallgrcurrent brings about less torque produced and a smalleteaatien during the
dynamic response phase. However, an unexpected diffebmtesen the responses with a high current
limit and those with a low current limit is that a small ovensih can be observed in speed step response
with a larger current limit, for example, current limit ®d A or 15A. This overshoot is due to the fact that at
these high current values the voltage is saturated for @ sShm. When the voltage is saturated, the actual
and reference currents will not be the same and therefortethaee and the torque reference will differ for
a short period. Hence, this overshoot in speed responseotée ffixed by the implemented anti-windup in
the speed regulator, because the speed regulator doeswttka voltage has been saturated in the current
regulator. But this problem can be solved by using the acfualrrent instead of the limited current
reference in the back calculation for the anti-windup fa $peed controller.
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Chapter 8

Conclusions

8.1 Results from Present Work

The purpose and objective of this project, mentioned in[E&; are generally achieved. The selection of the
evaluation board is proved to be a success. The F28335 DHifafas and accelerates the design work a lot.
In this project, only a third of the processor power is uditiz For the interface board part, the digital signal
interfaces, such as PWM and incremental encoder, workfaettisily. However, the ADC conditioning
circuit doesn’t show pleasant performance as it adds a lmbisks to the measured signals. But this problem
was solved eventually by using simple voltage dividersaadtof the original ADC conditioning circuit.
For the vector control design, no difficulty was met in thegstaf simulation. After replacing the ADC
conditioning circuit with voltage dividers, the controlstgm was also implemented on the DSP. The vector
control system on the DSP manages to regulatédghmirrents and the speed fast and accurately.

When the comparison between the simulation results andxperienental results was made, some
problems show up. One of them was an overshoot in both tharent and the current during the current
control loop test. Based on the assumption of parameterrectmess, some parameter adjustment was tried
to get a desirable performanc®, was doubled and., was tripled. With the new parameters used, the
overshoot problem was basically overcome. But it still the’said that the incorrectness of the parameters
is exactly the reason for the overshoot, which is just ondefrotential causes. The parameter adjustment
changed the control coefficients in the PI regulatdfs,and K,,, and compensated for the differences
between the simulations and the experiments. The othetgrois that during the speed control loop test
the speed response has a small overshoot and a longer risetimpared with the results of the simulation.
This is probably caused by some practical factors, suches#asured speed with noises and incorrect
machine parameters, which will lead to wrong calculatiosae critical variables in the vector control.
Certainly, some small differences between experimentssandlations are tolerable, with these practical
factors concerned.

8.2 Future Work

There remains a large potential to improve the performahtieeopresent system. Since this thesis project
is troubled by ADC noise a lot, the ADC conditioning circugeds to be improved. More efforts should
be paid on circuit layout. To avoid the disturbance of thesasiin the analog signals, it would be a better
choice to use digital signal instead of analog signal if fides For example, the machine speed can be
obtained by calculating the position signals from an inaatal encoder (digital signal), not sensed di-
rectly by a tachometer (analog signal). Some other contiraegjies could also be considered for regulator
design in order to make the system less sensitive to the s10isthe parameter variations. Space vector
PWM(SVPWM) might be introduced into this control system éplace the SPWM, as it can reduce the
harmonic distortion and is more efficient in the use of sumplyage [41]. Finally, it is possible to control
several motors simultaneously to make full use of the F2833B’s capacity, as the implementation of a
single motor vector control system is far from reaching tapacity limit.
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