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Terms of Reference

This Project was commisioned by Mr. Michel Malengret of the Electrical Engineering Depart-
ment, University of Cape Town. The project was completed in order to achieve an MSc degree
in Electrical Engineering. The objective was to design and build a Texas Instruments DSP con-
trolled three to single phase UPS system according to the following specifications:

¢ Build a three phase to single phase UPS system using a Texas Instruments DSP
e Control the DC-Bus voltage using the phase angle technique
o The UPS should draw sinusoidal currents from the mains supply at close to unity power

factor
e Phase lock the inverter output to the mains voltages using the space phasor technique
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Synopsis

With the increase in use of electronic equipment such as personal computers, network stations
and AC drive controllers, an increased ”polution” of the AC mains has resulted in the form of
unwanted harmonics generated by the switching currents associated with these devices. Com-
bined with the problem of mains "pollution” is the problem of balancing a large number of
single phase loads onto a three phase supply, such as in a large computer network. This has re-
sulted in more frequent supply voltage failure, causing substantial data and financial loss and
in the extreme case death due to hospital equipment not being powered. Thus the need for
an uninterruptible power supply (UPS) which is capable of resolving these problems. Taking
these considerations into account, a three to single phase converter topology was developed and
tested, using a Texas Instruments TMS320F243 Digital Signal Processor (DSP) for control of
the system. The topology is based on a technique that utilises minimal semiconductor devices
whilst still allowing for sinusoidal current to be drawn from the mains supply. This is achieved
by linking the utility mains to a three phase IGBT module through link inductors and control-
ling the power flow to and from the utility mains by advancing and retarding the phase between
the respective voltage space phasors. This in turn allows for the converter to operate as a phase
controlled battery charger during normal mains supply by controlling the DC-Bus Voltage. It
also allows for real power to be drawn equally from the three phases and supplied to the single
phase loads, thus providing the functionality of load balancing.

In this thesis the converter was controlled using the Space Vector PWM technique, due to
its advantages over other regularly sampled PWM strategies. It has the advantage of providing
better DC-Bus Voltage Utilisation and less harmonic distortion compared to regularly sampled
PWM. The calculation and generation of the Space Vector PWM signals was implemented in
software on the DSP evaluation board.

Results from a 650W test system show that the system was able to draw balanced power
from the three phase mains supply, and supply it to a variable single phase load, while main-
taining a constant DC-Bus Voltage. Results show that the input powerfactor for the system was
maintained at close to unity throughout the power range.

v



Table of Contents

1 Introduction
1.1 The need for an Industrial three to single phase UPS
“1.20bjectives of this Thesis

2 Review of Uninterruptible Power Supply Topologies
2.1Introduction

2.2Currently available UPS Topologies

2.2.1 Online and Standby UPS

2.2.2 Standby ferro UPS

2.2.3 Line Interactive UPS

2.2.4 Proposed UPS

3 Proposed Topology Description
3.1Power Circuit description
3.2Theory of operation[3]

3.2.1 Control of Power Flow

3.2.2 Power Factor Correction

4 Space Vector Modulation

4.1Space Vector Definition and Projection
4.2Generation of inverter switching states

4.2.1 Generation of a Space Vector within a sector
4.2.2 Generation of the switching signals

5 Design Considerations

5.11Introduction

5.2Design Considerations

5.2.1 Phase Angle / Input Power relationship vs. Inductor size
5.2.2 Phase Angle / DC-Bus Voltage relationship vs. Inductor size
5.2.3 Input Power/ Power Factor relationship vs. Inductor size
5.3Control of Power Factor

5.4Selection of Link Inductors

5.5Selection of DC-Bus Voltage

5.6Phase locking

5.6.1 Phase Locking Strategy

5.6.2 Implementation of phase locking

6 System Hardware Description

6.1Introduction

6.2Choice of DSP Development Kit

6.2.1 Technosoft DSP Development Board Key Features
6.2.2 Technosoft Development Environment Key Features
6.3Features of the TMS320F243 DSP

ot ot

e AD ND GO O [« WU SR SR VS PRV R VS I 9

fo—y

b oot i ot h
00 -3 B b

D2 B BB B
PN S R i e B o I

[
A

(O I 3 I 8]
RIS e

b2 B
o0 o8

L LI W L W
[ o R e B e B

(8]
Lol



6.3.1 Event Manager (EV2)
Timerland Peripherals dependent on Timerl
6.4Interface Boards
6.4.1 Isolation Transformer Board
6.4.2 Mains voltage Signal Conditioning board
6.4.3 Differential Amplifier Board
6.4.4 Inverter Driver Boards
6.5Inverter IGBT Module
DC-Bus Battery Set

7 Software Description
7. 1Introduction
7.2Limitations
7.3Program Structure
7.4Description of Program Routines
7.4.1 DSP/Variable Initialisation
Initialisation of Timer Registers
Initialisation of Analogue to Digital Converters (ADC)
Initialisation of PWM registers
Initialisation of Interrupts
7.4.2 Main Program Loop
7.4.3 Interrupt Service Routines
Timerl Period Interrupt Service Routine
Timer! Underflow Interrupt Service Routine
7.5Implementation of Procedures
7.5.1 Routine to generate quadrature mains input waveforms
7.5.2 Determining Input Mains Phasor Angle
7.5.3 Calculation of ArcTan
7.5.4 Phase Locking Routine

8 Experimental Results

8. lIntroduction

8.2Results of System Testing

8.3Results of phase locking

8.4Load Tests - During normal Operating Conditions
8.4.1 No Load Test

84.2 50% Load Test

8.4.3 100%Load Test

9 Conclusions

10 Recommendations
1 References

A Program Code
A.Main C-Code Program - Spcadc.c

vi

34
35
37
38
38
39
40
42
42

44
44
44
44
45
47
47
47
48
48
48
49
50
51
53
53
54
56
57

59

59
59
62
63
63
65
67

69

70
71



A.ZAnterrupt Service Routines Assembler Definition - Spcadc_ a.asm

B HTTP References

vii



List of Figures

Figure 2-1
Figure 2-2
Figure 2-3
Figure 2-4
Figure 2-5
Figure 3-1
Figure 3-2
Figure 3-3
Figure 4-1
Figure 4.2
Figure 4-3
Figure 4-4
Figure 4-5
Figure 4-6
Figure 4-7
Figure 5-1
Figure 5-2
Figure 5-3
Figure 5-4
Figure 5-5

Figure 5-6

Online UPS Topology.........ccocvunvviinrirveninnnnne

....................................

Standby UPS TOPOIOZY......cvoinririiirieieiinisccceisieenierserecssessnsesrsssesssmnnens

Standby Ferro UPS Topology........ccvcrvienrveisenns

Line Interactive UPS Topology.......ccocvcvvinnnans

------------------------------------

--------------------------------------

Proposed UPS Topology......covveiereermicmrentirncncoiminneanncnmminecsasssenscneans

Proposed Power Circuit Schematic......cccccovevevnminiiviecrarenecsneannnnes

Single Phase Equivalent Circuit for Proposed UPS.........ccccvviveiinecvnnnan.

Phasor Diagram of Single Phase Equivalent Circuit...cccccooocoeevercrevecreenne

Three Phase Voltage Source Inverter................

--------------------------------------

Voltage space vector in a,b,c reference frame...........cccoecneeeniccccniinennne

Three Phase VSI possible operating states........

.......................................

Space Vector Sector Representation..........eoiniciniononnn

Derivation of Space Vector Maximum Modulation IndeX........cccocevniennae

Generation of Voltage Space Vector from realisable voltage vectors.........

SVM Switching Times.......c.ccccovnverirmenircnincas

......................................

Relationship between Input power, inductor size and Phase Angle............

Relationship between DC-Bus Voltage, Inductor Size and Phase Angle....

Relationship between Power Factor, Inductor size and Input Power Flow

Determining Power Factor Limits............cocnvne.
Change in Power Factor........cccocoviecccininnnne,

Hardware to Phase Shift Reference Waveforms

viii

10

13

13

14

15

16

17

19

24

25

26

27



Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4
Figure 6-5
Figure 6-6
Figure 6-7
Figure 6-8
Figure 6-9
Figure 6-10
Figure 6-11
Figure 6-12
Figure 6-13
Figure 6-14
Figure 7-1
Figure 7-2
Figure 7-3
Figure 7-4
Figure 7-5

Figure 7-6

Technosoft MSK243 DSP Development Board.........coccovvvvinvinncnnienvorcnnnne,
Screen Capture of DMCD-Pro Software...; .................................................
Event Manager (EV2) Block Diagram............cccevenvicnnenicnnienicnceenecennnne
Timer! Continuous Up/Down-Counting Mode.....c.cccoveermrvecniinccinnnnennnnns
Pseudo-Dual ADC Module......c.coviviiviiiniiniicninenscnn,
Generation of Symmetrical PWM Output........cocovvvvviniivnicnniennnennnnens
Signal Transformers for Sampling Mains........cccoocvenivccnecnicnncinecinnnenn,
Input sinals Conditioning board............coocviiinininiinniiniiciicinne
Differential Amplifier Board.........cccoviviiniiiiciicccn,
Differential Amplifier Schematic........c..covrciininicvnncncrenen e
PWM Voltage Level Shifting Board.........ccccconvincniiccriincnnciininccannn,
Smikron SKHI60 IGBT Driver Board.........cocvveeiivivenennieeccnenecnene
Semikron Three Phase IGBT Inverter Module........cocccovoiiiciinninnnne.
UPS Battery Set.....ioeceiecriirrernesrctecsennenes et ssessnscieenesansesssassasssssssenans
Switching Timing Diagram...........ocoviviiiiininciciece e
Program Flowchart..........ccoviniiiniincinin e e
Interrupt Handling Flowchart.......ccoovviivcniniiiiiincncncniee
Timer 1 Period Interrupt Flowchart.......covvevvvinecniniccencrerenreeninenesneines
Timer 1 Underflow Interrupt Flowchart.....c.coovvevviinicrnenninnionnenionnencensnnsrenns

DC_Bus Numerical PI Controller.........ccovvvvviininvniniincinccinicvsciicncnne

ix

31

32

34

35

36

37

38

39

40

40

41

41

42

43

45

46

49

50

51

52



Figure 7-7
Figure 7-8
Figure 7-9
Figure 7-10
Figure 8-1
Figure 8-2
Figure 8-3
Figure 8-4
Figure 8-5
Figure 8-6
Figure 8-7
Figure 8-8
Figure 8-9
Figure 8-10
Figure 8-11
Figure 8-12
Figure 8-13

Figure 8-14

Mains Waveforms after 30 Deg Phase Shift..........cccooovvnrvvcrvninicnnneninnns
Waveform after Subtraction of DC-Offset......cccoonivvvreccvnvenecrnneccrnriecnenn,
Resulting Rectified Waveform.........ccoovveiniviiciinienccccceeneneer e,
Mains / Inverter phase locking principle..........covevciiiniinennenecieneninnnns
Phase to Neutral Unfiltered Output Voltage............covevvinivnrieiicnnanvecnnenninns
DSP Captured Compare Register Waveforms.........cccvcvvverineencennscsnnnnnnn.
DSP Captured Compare Register Difference Waveform.........ccovvenvivnnennn,
Inverter Output Line to Neutral and Line to Line Filtered Waveforms............
Filtered Inverter Qutput and Mains Input Voltage showing phase shift............
Captured Inverter and Mains Phase angles during phase locking...........c........
Input Voltage / Inverter Qutput Voltage Phase Shift at No Load Condition....
Inverter Voltage / Current Waveforms at No Load Condition............coeuenn.
Input Voltage / Current Waveforms at 50% Load Condition...........ccccenn....
Input Voltage / Inverter Output Voltage Phase Shift at 50% Load Condition..
Three Phase Input Current Waveforms at 50% Load Condition....................
Input Voltage / Inverter Output Voltage Phase Shift at 100% Load Condition
Input Voltage / Current Waveforms at 100% Load Condition.........cccoueueecnen.

Three Phase Input Current Waveforms at 100% Load Condition...................

54

55

56

60

60

61

61

62

63

64

64

65

66

66

67

68

68



List of Tables

Table 4-1 Device On/Off States and corresponding Outputs of a Three Phase VSI

%1

.......



Chapter 1
Introduction

This thesis aims to investigate the viability of a new component minimised Uninterruptible
Power Supply (UPS) topology. The proposed topology consists of a single full-bridge three
phase IGBT module, which rectifies the incoming three phase supply, and acts as both an in-
verter and phase controlled battery charger. The topology also allows for power to be drawn
equally from a three phase system, and supply a regulated single phase output to the load.

1 The need for an Industrial three to single phase UPS

The need for Uninterruptible Power Supplies has grown dramatically over the last decade. This
growth in the market has been fuelled by the increased use of electronic equipment such as
personal computers, network stations and AC drive controllers.

The proliferation of electronic equipment has resulted in the pollution” of the ac mains in
the form of unwanted harmonics. Switching currents associated with computer power supplies,
motor drives and inverters inject these harmonics into the local power grid.

An increased number of consumers connected to the local power grid, combined with the
problems associated with harmonic injection (reactive currents, losses etc.) have reduced the
ability of the local grid to supply quality power to its users. This has meant more frequent line
sags, over-voltages, spikes and power failures.

The effect of a total loss of power depends on the duration of the failure and the equipment
design. Personal computer power supplies are designed to maintain output for a maximum of
two cycles (»100ms), [1] . After which a logic signal is generated within the computer that
allows the CPU a further S0ms to back up existing information. Beyond this all power supply
voltages decay rapidly, and the user will lose any information not backed up. Uninterruptible
power supplies are thus vital for critical systems, as a power outage can result in substantial data
and financial loss.

The function of the UPS system is to act as a buffer and provide clean and reliable power to
the critical load in question. Generally power is stored in a backup battery set during normal
operation and is supplied to the load through dc to ac conversion during a power failure or
outage

2 Objectives of this Thesis

This thesis presents the results of tests carried out on a prototype of the proposed online three
to single phase UPS system. The objectives of this thesis were to:



e Develop a three to single phase UPS based on a Texas Instruments DSE, using the phase shift
technique ‘
Implement Space Vector Modulation

Implement phase locking based on the three phase voltage space phasor

Test the UPS system under various load conditions

This thesis begins with an overview of uninterruptible power supply topologies, where the
different merits of the available topologies is briefly discussed. Then the proposed topology is
introduced and the the relevant theory for this project is covered. A detailed explanation of the
software implementation and hardware design process used for this project is then described,
and the control strategy is explained. Finally results of the built UPS are given and based on
these results conclusions and recommendations are made.



Chapter 2
Review of Uninterruptible Power Supply
Topologies

1 Introduction

This chapter outlines commercially available uninterruptible power supply topologies, and the
merits of each are discussed and compared. The proposed topology is then presented with its
relevant merits.

UPS systems are intended to provide the following two functions:

e Power quality improvement
e Backup source of power

The function of power quality improvement is implemented to different degrees in the vari-

ous UPS topologies. Possible power quality improvements include the following:

e Correction of supply under/overvoltage caused by sudden changes in system load

e Correction of harmonic distortion caused by converters connected to the same circuit
o Filtering of surges/spikes caused by system faults, sudden load changes etc.

Although it is possible to minimise some of these effects using low cost passive devices to
filter the power being supplied to the load, these passive devices are unable to correct for power
outages and frequency deviation. An uninterruptible power supply by definition is capable of
protecting against these disturbances by having its own source of power.

Uninterruptible power supplies are generally classified as being either online or standby, de-
pending on which path is chosen as the main power path. Other classifications such as Standby-
ferro and line interactive are variations of these topologies and are fusrther described below.

2  Currently available UPS Topologies

Following is a short description of the currently available UPS topologies, outlining each topolo-
gies merits. Note:In the following UPS topology diagrams, the solid power path is the primary
power path, and the dashed path is the backup power path.

2.1  Online and Standby UPS

The online and standby UPS topologies are essentially the same, the difference being which
power path is chosen as the primary power path. Fig.2-1 shows the online UPS topology. In
this configuration the bypass switch is set such that the inverter supplies power to the load under



normal operation. During this mode of operation, all of the current supplied to the load passes
through the rectifier/battery charger and the inverter, therefore incurring a power loss of 25-30%
[12] . In the event of a mains failure the inverter continues supplying the load until the battery
backup power is depleted. The bypass switch is only activated in the event of an inverter failure,
and thus allows for the continuation of unregulated but filtered power from the utility supply.

Bypass
Switch

== — \ ——————— w-bo"/"o ZZ output

)
Surge Isolation

Suppression Transformer
~ =1 DC
= T AC

rRectifier Battery Inverter
Charger rack

Figure 2-1.0Online UPS Topology

In the case of a standby UPS the filtered ac mains is chosen as the primary power path, as
shown in Fig.2-2. On a mains failure the transfer switch is activated and power is then supplied
to the load from the inverter. The standby topology has the following advantages over the online
UPS topology:

o the battery charger can be sized much smaller than in the online UPS topology, as it only has
to supply enough current to charge the batteries
e the system efficiency is high because the inverter is active only when the mains supply fails

It however has the disadvantage that on a power failure there is a transfer time (4-30milliseconds),

and thus it is not truly an uninterruptible power supply. A variation on this topology, which tries
to address this is the standby ferro UPS which is described below.
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Figure 2-2.Standby UPS Topology

2.2 Standby ferro UPS

This topology tries to eliminate the transfer time associated with the standby UPS topology, by
including a ferro-resonant transformer, as shown in Fig.2-3. When the mains supply fails, the
energy stored in the transformer as flux is used to supply the load curent until the inverter has
been switched online. Although this topology is classified as a standby UPS, the ferro-resonant
transformer is constantly online and due to it being inherently inefficient it produces a lot of
heat. Despite the fact that this makes the topology less efficient, the ferro-resonant transformer
does however have the advantage that it acts as a isolation transformer and is also capable of
voltage regulation over a limited range.
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Figure 2-3.Standby Ferro UPS Topology

2.3 Line Interactive UPS
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In this design, shown in Fig.2-4, the battery/inverter is permanently connected to the output of



the UPS. During normal operation power is supplied to the load from the mains, and the inverter
is operated in reverse at low power to charge the battery set. On a mains failure, the transfer
switch is opened to prevent power flow back into the mains, and power is supplied to the load
from the batteries through the inverter. This topology combines the performance benefits (no
transfer time) of the online UPS with the reliability and efficiency benefits of the standby UPS.
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s 4

Filter/ Transfer
suppressor switch
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Discharging
Battery (Power Failure) Inverter

Pack

Figure 2-4.Line Interactive UPS Topology

As the inverter is connected permanently to the output, an additional advantage is that im-
proved filtering and reduced switching losses are achieved over the conventional standby UPS.
This means that continuous regulation of the output voltage is possible, allowing for brown out
correction without the associated transfer time.

2.4 Proposed UPS

The proposed UPS topology is shown in Fig.2-5. It is essentially a variation of the line interac-
tive topology that has been component minimised. This topology is suited for supply of single
phase loads such as in large computer networks, due its ability to draw balanced power from
the utility and supply it to an unpredictable combination of parallel single phase loads. During
a power failure the UPS system is diconnected from the mains supply by a contactor and power
is supplied from the battery set to the single phase loads until the mains voltages are restored,
or the battery power is depleted.

This configuration has a number of advantages, in addition to the advantages of the line
interactive topology, namely:

e There is no transfer time on power failure
e High efficiency during normal! operation

} Normal refers to the mode of operation whereby the mains voltages are at their rated values and

the battery set is fully charged



o Low implementation cost due to it being component minimised
(Both rectification and inversion are carried out by a single three phase IGBT module)
e Capable of operating at near unity power factor
e Draws balanced power from the utility, eliminating problem of unbalanced single phase loads

PwWM
\/I"W\ L1 © Filter
8 ™| 3¢
3¢ ) asae il
Mains Output

;\rvaL:’_ Transformer

rPhase Controlled
Converter

Figure 2-5.Proposed UPS Topology

It should be noted that the line to line output voltage from the inverter is of the same mag-
nitude as the line to line voltage of the three phase mains supply. It is thus necessary to have an
output transformer as shown in Fig.2-5, so as to supply the correct voltage level for the single
phase load.



Chapter 3

Proposed Topology Description

1 Power Circuit description
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Figure 3-1.Proposed Power Circuit Schematic

The configuration of the proposed UPS topology is shown in Fig.3-1. It consists of a component
minimised power circuit, using fewer semicondutor devices, making it a cost effective design.
The design utilises a single, three phase full bridge IGBT module for rectification of the ac
mains which is operated in a PWM fashion to supply a regulated ac voltage to the load. The
link inductors L.1,1.2,1.3 provide an interface between the mains supply and the output of the
inverter, allowing this minimised topology to:

o Act as a phase controlled battery charger during normal operation

e Operate bi-directionally, either as an inverter or battery charger

e Operate at close to unity power factor during normal operation

o Suppress transients between the mains supply and the output

By controlling both the magnitude and phase angle of the inverter output, relative to the



incoming mains it is possible to control the flow of power through the inductors. By using this
strategy it has also been suggested that it is possible to operate the UPS at close to unity power
factor during normal operation, supplying a regulated voltage output to the load. The function
of the output filter is to remove the high switching frequencies associated with PWM so as to
supply a sinusoidal current to the load.

NOTE: As the UPS is of the Line interactive type, the inverter is run continuously and on a
mains failure the power source is transferred seamlessly to the inverter battery set. This mode
of operation continues until the battery set is either depleted, or mains supply returns.

2 Theory of operation[3]

The principle of operation of the proposed topology, can best be explained with the help of an
equivalent single phase circuit as shown in Fig.3-2, and its phasor diagram Fig.3-3. Essentially
the power flow from the mains supply through the link inductor can be controlled by varying
the phase angle & between the mains supply V;, and the converter output voltage V..

2.1  Control of Power Flow

In this equivalent circuit X, represents the link inductance, I;, the supply current, I, the load
current and Iups the converter current,

Mains
supply @th Load ups @ ‘F""‘

Figure 3-2.Single Phase Equivalent Circuit for proposed UPS

Assuming that the mains voltage and converter voltage are both sinusoidal, they can be
expressed as follows:

Uin(t) = Vinsin(wt) 1)
Vout(t) = Voursin{wt —98) (2)

which can be represented on the phasor diagram as two phasors displaced by an angle 6.
Next an equation for the input current can be derived by analysing the equivalent circuit and



phasor diagram. Applying Kirchoff’s voltage law to the equivalent circuit, the voltage across
the link inductor V;, can be represented by a phasor joining the converter output phasor V,,; to
the mains supply phasor V;,,. Now since the current through an inductor lags the voltage by 90
degrees, the input current phasor I;,, can be drawn at 90 degrees to V;, lagging the input voltage
by an angle §. The magnitude of the input current phasor I;,, can then be determined from the
phasor diagram by simple trigonometry to be:

Ve _ V(Vour = Vin c05(8))? + (Vin sin(9))? 3
X X

Similarly an equation for the load current can be derived by assuming that the load is reactive,
meaning that the load current I,,; will lag the inverter output voltage by an angle 3, and can be
expressed in equation form as:

Lin=

'iout(t) = Lout Sin(""'t -6 - )6) (4)

which can represented in Fig.3-3 as a phasor at an angle 3 to Voys.

From these equations it should be noted that the input current is independent of the load
current, and can be controlled by varying the phase angle §, and that the current for a given
phase shift is determined by the size of the link inductor.

Figure 3-3.Phasor Diagram of Single Phase Equivalent Circuit

10



The central idea behind this topology is thus to control the flow of power through the link
inductors and in doing so regulate the DC-Bus voltage, by varying the phase angle §. In order
to be able to understand how to control the power flow; a relationship between the phase angle
4 and the power flow needs to be derived. Using simple trigonometry and referring to Fig.3-3
the equation can be derived as follows:

Vout sin(é) = V; cos(f) )
and by applying this to the standard power equation Eqn.6[1] :

P = Vi, Iy, cos(8) ©)
and substituting for cos(#) we get:

P= K’%@ sin(é) Q)
Which gives us the relationship between the flow of real power through the link inductors,
and the phase angle 8.

2.2 Power Factor Correction

Similarly from the phasor and equivalent circuit diagrams, we can derive an equation for the
input power factor of the system, so as to be able to prove that a close to unity input power
factor can be achieved during normal operation. Substituting for I;, and P in eqn.3, eqn.6 and
eqn.7, an equation relating the input power factor of the system to é can be derived to be:

Vout sin(6 )
v/ (Vous = Vin c05(8))% + (Vin sin(8))?
In order to prove that the inverter can be operated bidirectionally, it is then necessary to
derive an equation relating the power flow into the UPS and the phase angle 6. Using the
standard power equation and refering to Fig.3-3, an equation for the real power flowing into the
UPS can be defined as:

cos(8) = (8)

Pups = VoutTups cos() ®
and by simple trigonometry it can be shown that:
y=180~p—-6+0
By considering the above equations, it can be seen that by varying the phase angle 4, we can:

s Control the angle -, and thus control the real power flow into and out of the UPS. This allows
for operation as either a phase controlled battery charger or inverter.
e Vary the input power factor of the system.

11



Chapter 4

Space Vector Modulation

Traditionally UPS’s have used conventional analogue PWM techniques, whereby a triangular
waveform is compared with a sinusoidal modulating function.Using this technique for a three
phase system, requires three independent modulation stages, one for each of the phases. The
control thus looks like three separate single phase controls rather than one control of a three
phase system.

In recent years the implementation of PWM signals has however become a digital problem,
due to the widespread use of digital microprocessors and it is therefore inevitable that some form
of digital PWM algorithm is required. It is possible to generate a direct digital equivalent of
the analogue technique, by using a close approximation to the traditional analogue sine-triangle
PWM strategy. This however is still only an approximation to the analogue technique.

A more recent development is a technique known as space vector modulation. This scheme
offers an inherently digital computation suitable for the processors available today. This method
produces identical PWM signals to those obtained by comparing a suitable modulating wave-
form with a triangular switching waveform. The main advantages of this modulation technique
are:

Simple, inherently digital calculation
15% increase in de-link utilisation compared with traditional sine-triangule techniques
e Lower harmonic distortion in output voltages, compared with conventional sine-triangle

techniques.
e Less switching losses for the same THD

1 Space Vector Definition and Projection

The objective of the Space Vector PWM technique is to approximate a reference voltage v,
instantaneously by a combination of switching states corresponding to the basic space vectors.
To achieve this requires that for a small time period T the average inverter output be the same
as the average reference voltage output v,.
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Figure 4-1.Three Phase Voltage Source Inverter

On the assumption that we are using a three phase full bridge voltage source inverter (VSI) as
in Fig.4-1, the three-phase voltages can be analysed in terms of complex space vectors. Assum-
ing v, , s, veare the instantaneous voltages in the three phase system, then the complex voltage
space vector can be defined by:

2
Ty = g(va + vy + oPvy) ¢))

where o = e/3™ and o? = /3™ ;srepresent the spacial operators displaced by 120°. This can
be seen more clearly in Fig.4-2.

Vb

Ve

Va

Figure 4-2.Voltage space vector in a,b,c reference frame
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2 Generation of inverter switching states

For a three-phase voltage source inverter as in Fig.4-1 each pole voltage may assume only one
of two values, depending on whether the upper or lower switch is turned on. Consequently there
are only eight possible switching states for this configuration of inverter, as shown in Fig.4-3,

State 0:[000) State 1:[100}

PRE bR
State 2:[110) State 3:[0 10}

T { !

aas }Lf
State 4:[01 1) State 5:[0 0 1)

I i i

}4 L LC }: )’l L‘
State 8 : [1 0 1) State 7:[111]

%%F %&%

Figure 4-3.Three Phase VSI possible operating states

It emerges that of the eight inverter states, six of these are active states, State 1 to State 6,
and two of them zero states, State 0 and 7. The six active states occur when either one upper and
two lower or two lower and one upper inverter devices conduct simultaneously. The zero states
occur when either the three upper or the three lower devices are turned on. These zero states
are often referred to as freewheeling states, since all motor currents are freewheeling during
operation in these configurations i.e. some of the freewheeling diodes are in the conduction
state during the Zero States.

When connected to a three-phase AC motor, each inverter state imposes a set of voltages
across the motor windings. During each inverter state, the phase voltages can be summed vec-
torially using Eqn. 10, to obtain the resultant space-phasor in the machine.

For example for State! corresponding to having the upper switch of inverter pole A and the
lower switches of inverter poles B and C turned on simultaneously, the resultant inverter phase
voltages are as shown in Table.4-1, where the reference point N is taken as the negative DC-
Bus. The resulting state vsl is calculated by summing the inverter phase voltages vectorially
using Eqn.10, and is shown in the complex space vector plane of Fig.4-4 as a vector of length
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a b c Van, | Van, | Von, Vsk

0 0 0 0 0 0 0

] 0 0 Ve |0 0 V0 exp(0)

1 1 0 Vie Vie 0 £Vac exp(%)

0 1 0 0 Ve 0 £V exp(4L)
0 1 1 0 Ve Ve éVdc exp('ir)

0 0 1 0 0 Ve £V exp(3E)
1 0 1 Vie 0 Ve £Vae exp(3F)
1 1 i Ve Vie Ve 0

Table 4-1.Device On/Off States, corresponding Outputs of a Three-Phase VSI and resulting
Space Vectors

%1{16 lying along the real axis. Similarly, it is possible to compute the voltage space vectors for
the other seven inverter states shown in Figure4-4.
The general expression for the eight realisable voltage vectors is therefore given by Eq.11:

k=0,7
" The six active vectors subdivide the space vector plane into six equal sectors, and the two
zero vectors vg, vy are located at the centre of the hexagon, as in Fig.4-2.

2 (k—1)m o
Usk ={ 31/:1{,:9)(%( 3 ) k 11/\:6 (11)

Figure 4-4.Space Vector Sector Representation

By using a combination of these eight voltage vectors any arbitrary voltage space vector
within the bounds of the hexagon is realisable. However the maximum realisable fundamental
voltage for a given level of DC bus voltage, obtained under six step operation, is only possible
at the cost of significant low frequency distortion[8] .

For sinusoidal PWM it can be shown that the maximum achievable fundamental voltage is

15



78.5% of the value that would be reached by square wave operation (inverter capacity) and is
given by Eqn.12[8] :
Vie

Vl,sin —pwm 'é_ (12)

Like conventional sinusoidal PWM, there is also a modulation index associated with Space
Vector Modulation. The modulation index is defined as the ratio of the desired peak fundamental
line to neutral magnitude to half the dc link voltage[8] :

Vi

M= %: (13)
The corresponding reference voltage space vector can then be given by:
vg = Vie ot = MYQd—ce'j“’"‘t (14

o 2V A
3

Figure 4-5.Derivation of Space Vector Maximum Modulation Index

From Fig.4-5 it can be seen that the maximum reference space vector attainable is a circle
inscribing the hexagon. This circle is tangential to the midpoints of the lines connecting the
active space vectors, and by simple trigonometry we can derive the maximum fundamental
phase voltage attainable to be:

2
OA= §‘/;ic

OC = 0 Acos(30) = L

Sl

and thus:

Vie
V; svm = R 15
1, \/5 ( )

)



therefore from the definition of modulation index Eqn.13, the maximum modulation index
can be shown to be: '

. Vrl,svm(max)

Minax = =22 =1.15 (16)

which is a 15% increase over conventional sinusoidal pwm.

2.1 Generation of a Space Vector within a sector

The generation of a space vector can follow any trajectory within the limits of the inverter. The
inverter however is only capable of generating eight discrete vectors of fixed magnitude. To be
able to generate vectors inbetween these states it is necessary to switch between these states for
a predetermined time. This can be more clearly explained using Fig.4-6:

Q.v

axis

Figure 4-6.Generation of Voltage Space Vector from realisable voltage vectors

From this it can be seen that the required space vector v,, can be created by summing the two
vectors vy and vgo. ”Although it is not necesary to use the two adjacent inverter states in the
synthesis of the output voltage, it can be shown that superior harmonic performance is obtained
when this condition is satisfied”[8] .Therefore:

Vg == Vg + Vg0 (17

Where vectors vg and vgg are obtained by time modulating vectors vy, v, and the zero
vectors s, Vs7. Thus for any arbitrary space vector within this sector, the switching times for
each vector are given by:

vsTs = vs1Ts1 + vs2Ts2 + v50T50 + varTsr (18)
where the total switching time T is given by:

T.s = Tsl + Ts2 + TsO + Ts7 (19)
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From Eqn.18and Eqn.19 above it can be seen that since vy, vy are both equal to zero, their
respective times Tyq, Ts7 control the length of the vector v,. Likewise it can be seen that the
times for vectors T, 752 control the angle at which the vector v, is positioned at.

The non-zero vector switching times can be given by Eqn.20 and Eqn.21[11] :

Ty = gTsMa sin(g- - a) (20)
Teo = ?TsMa sin{a) 2n

Knowing T, Ty1, T2, times Tyo and Ty7 can be determined from Eqn.19, and from the type
of modulation scheme chosen. In the technique chosen for this project, termed ”double edged
space vector modulation” the remaining time is split equally between T5 and T7.

2.2  Generation of the switching signals

To be able to achieve the minimum possible switching losses in the generation of space vector
modulation, it is necessary to minimise the inverter switching frequency. This can be achieved
if the transition from one inverter state to another is obtained by switching only one inverter
polef8] . A further reduction in switching frequency can be achieved by using "bus clamped
modulation techniques”[9] , where only one zero state is used in each switching period. These
however introduce extra harmonics, when using "dead times” and thus will not be discussed
further in this document.

In order to avoid introducing extra harmonics into the system when using ”dead times”, it is
convenient to start and end each switching period in one or other zero state, as they are common
to all sectors. All of these conditions can be met by the use of symmetrical switching patterns
as shown in Fig.4-7 below.
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Figure 4-7.SVM Switching Times

This switching technique is termed “double edge space vector modulation” and is by far
the most common technique used due to its harmonic characteristics[8] . Fig.4-7 shows for
sector] how the switching times T4on, 7 Bon, 1Con for inverter poles A,B,C are derived, from
vector times Ty, T2, Ts0, Ts7 for the modulation technique used in this project, completing the
generation of the Space Vector.
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Chapter 5

Design Considerations

1 Introduction

The operation of the uninterruptible power supply is based on the control of power flow between
the utility mains and the inverter/load. Although this is the primary objective of the system, it
is also necessary to ensure that the other goals of the project are also achieved. Some of the
desired objectives of the project are:
e Operation at close to unity input power factor during normal operation
e Maintain a controlled DC-Bus Voltage, to be able to regulate battery set charging
¢ Inverter to run at maximum efficiency (Minimise real power consumption by inverter)
e Maintain a regulated voltage to the load

Since some of these objectives are only obtainable at the cost of sacrificing one of the other
objectives, it is thus necessary to find a suitable compromise solution.

2 Design Considerations

In deciding the control strategy for this Uninterruptible power supply, it was necessary to inves-
tigate the relationships between phase angle, inductor size, input power flow and input power
factor. Following are the results of this analysis.

2.1 Phase Angle / Input Power relationship vs. Inductor size

The central idea of this thesis is to control the flow of power through the link inductors by
controlling the phase angle §, and at the same time regulate the DC-Bus voltage to enable battery
set charging. The flow of power however is determined by the choice of the link inductor and
the relationship is given by Eqn.7. This gives us the real power flowing from the mains through
a single phase link inductor, for a three phase system as in our inverter the power flow will be
three times this value as in Eqn.22.

Pin_sph = 3‘4";2"” sin(6) (22)

In order to visualise this relationship more clearly, a three dimensional plot of the equation
can be made as in Fig.5-1, resulting in a surface. From this it can be seen that as the phase
angle § is increased, the power flowing through the link inductors increases up to a maximum
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at 1.ATrad (907 ) The rate al which lhe power increases For & ziven chanee in phase angle can be
seen Lo be aflccted by the imductor size. The smaller the inductor the faster the rise in power Maw
for & given change in phase angle, thus as the power rating of the required systom imcreases the
link-inductor size decreases. It should be noted that negative values of phase angle are possible
and would result in an identical surface, but in the negative power range, meaning that power

would be flowing from the converter to the utility mains.

B
b ATl g
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t::'.r”.*‘-" = T
e

& {rad)

Figure 5-1.Relatuonship between Input power, mductor sive and Phase Angle

In order to simplify the process of control of the input power it would be beneficial to sefect
a large value of inductor as this will reduce the sensitivity of the change of inpul power with
respect to 4 change in phase angle, making the svstem easier to control, 1t will thus not be
necessary to have a high resolution on the phase angle to be able to accurately control the power
(losy. From Fig5-1 it can be secn however that this would lmil the musximuom possible input
power that can be transterred, and thus a compromisze solution is required.
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2.2 Phase Angle / DC-Bus Voltage relationship vs. Inductor size

Since one of the other main objectives of a UFS is to regulate the DC-Bus voltage, 50 as to
implement the functionality of a phase controlled battery charger, it is important to find the
relationship between & and the DC-Bus voltage with respect to the choice of inductor size,

Since it is easier to obtain Lhis relationship for a specific operating condition, a relationship
is derived for the normal operating condition aof the system.  As this system is expected to
operate for the majority of the time in the state whereby the converter is idling with minimal
switching losses, we can assume that the all of the power flowing through the link inductors
will be supplicd to the load in this mode of aperation. If we then assume the load to be resistive,
the power consumed by the load can be defined as in Eqn.23.

Vﬁma—h
ow - T {23]

and since the power flowing through the link inductors is equal to the power heing consumed
by the load we can equate Eqn.22 with Eqn.23 to give:

Vi Vour . Vaﬁiﬂ:u-b
3 e sin(d) = s
wheie hy substituting in
Hﬂ.ﬂa—b = \"Gsz
and
V;'rw = ¥out
we get
Vine = V2% sin(s) (24)
Mext from the definition of the modulation index for a space vector, Eqn.13 we can write:
Wi == L M Vac

vZ 22

and substituting for Vi, from Eqn.24, we obtain Eqn.25 which relates the DC-Bus voltage
ta the output load and link inductor size.

2v2Vin R |

2V2Win R sinn( 6)
MX

Assupning that the modulation index is unity and the input voltage is constant, this relation-

Vit =

ship can be represented as a surface as shown in Fig.5-2:
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Figure 5-2.Relattonship between DC-Bus Voltage, Inductor Size and Phase Angle

In order to be able to control the BC-Bus voltage easily. it is desireable to have a relatively
large change in phase angle 1o cause a relatively small change in DC-Bus voltage. From Fig.5-2
it can be seen that to achieve this we need to choose an apropriately large inductor inductor size
and operate over the full phase angle range, or select a smaller inductor size and operate over a
limited phase angle range at close to 1.57rad {50°).

NOTE:In the case of a battery DC-Bus, the DC-Bus Voltage has to be controlled during
battery charching so as to limit the current.
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2.3 Input Power / Power Factor relationship vs. Inductor size

Another important objective of this projeet is to try ensure that a close to unily power factor is
obtained for the majority of the operation time from the supply point of view. In order to be
able to achieve this it is necesary to derive a formula that retates the input power factor to the
link inductor size and the input power We can obrain this equation by substituting for & from
the standard power eqoation Eqn.7 into Eqn.8 to obtain Eqn.26.

FouX

V';:ﬂ [Ifﬂut -~ Via mE(arCEiH(vfm‘-f:)]]E ES I:'PK‘";X ]2

(26)

From this we can plot a three dimensional surface for the input power factor during normal
LIPS operation, as int Fig.5-3. We can sec from this plot that ta be able to maintain a high power
factor, either the inductor size must be kept small or the value of power being transferred must
be kept small, Since kesping the power transfer small defeats the purpose of this project, it is
preferrable to keep the value of the link inductors as small as is feasibly possible while trying
to satisfy the other important constraints.

Figure 5-3.Relationship between Power Factor, Inductor size and Input Power flow
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3 Control of Power Faclor

Although it is possible to control the input powerfactor of the system as described in Chap.3
by controlling the phase angie 4, by doing this both the DC-Bus Voitage and Input power flow
also change. As can be ssen from Fig.5-1 Fig.5-2 and Fig.5-3. as ¢ is increased for a given link
inductor size, the DC-Bus voltage and inputl power increase as the power factor decreases. This
demonstrates that if we want to regulate the DC-Bus Voltage by varyving the phase angle, we
will not be abie 1o control the power factor of the system independently.

1t is however possible by careful design to try and limit the the range of the attainable power
factor during normal operation, by selecting an appropriate inductor size and phase angle range
dependent on the maximom power of the system,

Assuming thal the magnitude of Vi,and V.., are equal in magnitude, by considering Fig.5-4
and using simple trigonometry, it can be seen that the input power factor angle £ will be equal o
g. Thus by limiting the the maximum phase shifl dmax, it will be possible to limit the minimum
input power faclor 1o cos{ Sy ), '

Figure 5-4.Delermining Power Factor Limits

This is however hgavily dependent on the magnitudes of Vipand 1, . as a change in their
magnitudes for & constant phase angle will affect the power factor as shown in Fig.5-5. In
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ihis case a5 ¥y, increases, # increases and (he input power tactor decreases, likewise when Vi,
decreases the power faclor improves. Since V¢ is constant as it is a regulaled ouipul, and ¥,
is not controllable as il depends on the wtility mains it i3 nol possible o dircctly condrol the
cllcets of the difference in magnitude between the voltage vectors. The use of this strategy is
thus only an attempt to limit the power factor and will be most etfective during normal operating
conditions.

Figure 5-5.Change in Power Faclor

4 Selection of Link Inductors

Since the power factor and DC-Bus Voltage canned be controlled independently by vacying the
phase shifi angle, it is important to select the impedance value of the link inductors X, such
that the input power factor remainy within acceplable fimils, [nthe process of scleciing the link
inductor i1 is also neeessary to take into account the above design considerations. The selection
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of the link inductor was carried out as follows:

Firstly a maximum phase shift angle was selected to be a reasonably small value being 307,
50 as to ensure the ease of control of the DC-Bus with the available phase angle resolution, and
also o ensure that the input power factor remains close to unity power factor. Selecting 3(1°
as the maximum phase shift angle results in a minimum power factor of cos(15%) = 0.966,
assuming that V;, and Vs remain equal in mapgnitude.

Secondly, knowing the the maximum load to be allached to the UPS and the incoming mains
voltage, we can calculate a value of inductor from Egn.7, as maximum power is transterred at
the maximum phase shift angle, As the maximum power defined for the system is 15kW which
13 distributed equally between the three phases, for a single phase we can calculate the inductor

impedance as follows:
Pmax—lph = 5k
Vin = Vot = 2200

ff'.ma'x =3
f=5HHz
ViaYews 9202 .
_— = — == 4 K40
X A sin{dymx) 5000 sin{30) :
e 4,84
= — = —=154dmH
2% Zm(50) L

For this project three inductors of 14.4m H were used as these were available off the shelf,
and allow for a slightly higher system power rating,

5 Selection of DC-Bus Voltage

In order for the system (o draw sinusoidal currents from the supply it is necessary to ensure that
the DC-Bus Voltage is kept above a minimum voltage, by having a large enough battery set.
The equation giving this relationship is Eqn.27[1] :

Vige > 1.634Ver, (27)

6 Phase locking

Phase locking of the inverter ouiput to the utility mains, has been conventionally implemented
bw analogue techniques and through the use of analogue/digital phase locked loops. To achieve
phase locking using this method it is necessary to determing one or both voltage zero point
crossings for one phasp, generate a pulse at sach of these points, and then use the pulse as a
reference for an analogue or digital phase locked loop. This results in a situation where the
frequency and position of the voltage space vector can only be determined once or twice per
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¢yele, at these zero point crossing.
Several problems are associated with this method and can be summarised as follows:
s 1ot possible to determine the exact zevocrossing as there is usually noise on the waveform
s not possible 1o follow reference waveform closely as frequency is updated only on zero
Crossings
» there is 2 maximum of two reference points per cycle.

6.1 Phase Locking Strategy

The phase locking strategy employed by this project overcomes some or all of these problems,
due to it being a more robust method of locking. Since the Space Vector Modulation technique
has been chosen for this Uninterruptible Power Supply, due to it being an inherently digital
form of Modulation and due o it having a higher converter utilisation for the the same DC-
Bus Voltage, it was realised that the phase locking technique could also be based around this
modulation technique.

As described in Chapterd, in arder to be able to penerate a desired three phase voltage Space
Vector output, it is necessary to know both the magnitude and position of the reference space
vector. By using this already available information, a more robust phase locking technigue can
be implemented. Assuming that the utility mains consists of three voltage vectors spacially
separated by 1207, it is then possible to mathematically sum these vectors as shown in Fig.5-2,
resulting in a single vector that contains information about the magnitude and phase of all three
phases.

The resulting mains voltage space vector can then be compared (o the reference space vector
used in generating the inverter space vector output. The difference in phase found between these
two vectors can then be used to increase or decrease the converters output fundamental voltage
frequency, so as to reduce the phase dilference until phase locking results. A point to note about
this method is that at any point within the utility mains cycls, the position and magnitnde of the
mains space vector ¢an be determined, and can be compared with the reference space vector
115 used in the generation of the converlers Space Vector Modulation Qutput, allowing for more
acourate phase tracking,

6.2 Implementation of phase locking

‘T be able 1o phase lock in the way described above, it is first necessary to sum the mains voltage

vectors together to determine the position and magaitude of the wtility mains voltage space

vector, There are several methods in which this can be done depending on whether hardware cost

or processing power is a determining factor. Following are several of the methods investigated:
o Software Implementation utilising three mains vollage vectors directly

The three scaled mains voltage vectors are sampled by the processor. Scaling of the voltage
signals is carried out nsing three sipnal transformers which also act as voltage isolators, The
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processor then adds these three veclors logether, and determines the magnitnde and phase
angle of ihe resulting space vector. 1t must be noled that this is the most processor intensive of
the methods shown here, since this method requires several mathematically intensive steps.
Hardware Implementation using two signal transformers

A mare elegant solution to the problem was found to be a hardware implementation of the
vector summing as shown in Fig.5-6{2] . This method has the advantage that only lwo
isalation transformers are required for the interface circuitry instead of three, and since there
are only two signals o process this also reduces the processing required by the DSI?

The three input phase voltages are conneeled as shown in the diagram to two signal trans-
[ormers, the output of these transformers resull in 1wo sinusoidal waveforins displaced by
607, To be able to easily determine the posilion of the space veclor from these waveforms il
is necessary to shift one of these waveform by 307 so as to have two sinusoidal waveforms
.ty at 90° to cachother This is achieved by summing the two signals u4,up through an
operational amplificr with resistor weightings as shown in the diagram.

The outpul signals 1y.u, are then fed into the DSP and since they are in quadrature it is a
much simpler process [or the DSP to calculate both the magnitude and phase of the resulting
space vector. L should be noted that the sampled voltages in this configuration are line to
line voltages, and thus the resuliing space vector will be phase shifted from the line to neutral
space vector generated by the inverter by 30°,
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Figure 5-6. Hardware o Phase Shift Reference Waveforms

Saftware Tmplementation using two sipnal transformers

This solution is the same as the hardware implementation, however the two signals from the
transformers are fed directly into the ADC of the DSE eliminating the need for an external
operational amplifier and thus provides a more cost effective solution. This however places
more processing load on the DSE as the conversion from two phases at 60° to two phases
al 907 has to be implemented in sofiware. A set of equations that produce this phase shift
without unecessarily loading the DSP are Fqn.28 and Eqn.29[2] , shown below:

U == A (28)

1 2
| == = 20
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7 Maintaining Constant Output Voltage

During all modes of operation it is necessary to maintain a constant voltage output on the load.
However during battery charging and discharging the DC-Bus voltage will vary which will affect
the output voltage magnitude. In order to maintain a constant voltage output it is thas necessary
to have a control teedback loop whereby the magnitude of the output phasor ts monitored and
used to control the modulation index M. Voltage space phasor theory simplifies this control
by being able to easily monitor the output voltage phasor constantly and keeping its magnitude
fined.

8 Battery Charging/Discharging mode

During normal operation the DC-Bus Voltage is maintained at a fixed value by controlling the
phase shift angle. This strategy can only be used while the battery set is fully charged and the
mains supply 1s normal due to the other system constraints. Thus different strategies are needed
during the other operating modes;

8.1 Battery Discharging

On a mains power failure the UPS js disconnected from the mains supply to prevent power
Mowing from the inverter back into the supply, and power to the load is supplied from the
batteries causing them to discharge. As power is no longer flowing from the supply it is also
not possible to control the DC-Bus Voltage level using the phase shift strategy and consequently
the output voltage will vary ifthere is no feedback control as described above. Since n this mode
of operation there 15 no reference phasor on which to phase lock onto, it is necessary to keep
the fundamental frequency constant during this mode until the mains supply returns to normal.

8.2 Battery Charging

On the return of the mains supply, phase locking must oceur before the UPS is reconnected to
the supply to avoid large transient currents. As the batteries will be invariably depleted during
this operating mode, it will not be possible to control the DC-Bus voltage to the desired value
without exceeding the desired battery charging rate. Tt is thus necessary to modify the control
stratepy during this mode such that the phase angle is current hmited until the batteries return
to the desired voltage level.
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Chapter 6

System Hardware Description

1 TIntroduction

This section gives a brief introduetion to the hardware used to realise the three to single phase
Uninterruptible Power Supply. A brief description of the MSK243 Dagital Sigmal Processing
(DSP) cvaluation board and development software is given, with the features that lead to the
selection of this development kit for the project. Following this is a description of the important
DSP features that were used in the project, with the interface boards built for sampling signals
and driving the converter For more detailed information regarding the TMS320F243 DSP see
references [4] . [5] .

2 Choice of DSP Development Kit

The DSP development kit chiosen for this project was the MSK243 Pro Kit from Technosott
S.A, Switzerland, This specific kit was chosen duc to its superior Integrated Development
Environment (IDE), wherchy programming can be carried oot in both ANSI-C and assembler,
and has advanced graphical debugging tools which greatly reduce development time.

The development kit is based on the Texas Instruments TMS320F243 motor control DSE and
comes with the most advanced programming and debugging software for motor control DSPs
currently available on the market.

2.1  Technosoft DSP Development Board Key Features

The hardwarc part to this development kit is the DSP development board, a pictare of which is
shown Fig.6-1.
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Figure 6-1.Technosoft MSK243 DSP Development Board

The mam [eatures of this DS evaluation board are as follows:

Texas Instruments TMS32Z0F243 motor control DSP

This iz a 16 bit fixed point DSP running at 20MHz designed specifically for digital motor
control. Tt has 8kword of flash, dkword of which is ocoupied by the Technosoft monitor
program. This program provides the interface for programming and debungging through the
serial communication interface, using the Technosoft development cnvironment. The DSP
atso has 544 words of internal data RAM and specific peripherals necessary for motor con-
trol.

32-kword O-wait state SRAM external data/program mermory

The function of this memory is specifically for system development, it is used as both pro-
gram gxecution memory and for storage of trace variables during program debugging. Once
a system has been fully developed this memory would normally no longer be used, and the
program would be burnt onto the Bkword of flash memory for production purposes,
H$-232 serial communication port

All communication with the evalvation board is carried out through this pott, both for the
programming and debugging,

CAN field bus commmunication port

This is used lor inter-processor communication, it is however not used in this project.
Standard 1/0 headers

These headers atlow for direct connection of signals to the more important pins of the DSE
they do however require external interface circuitry. Notall of the available DSP gutput pins
are accesible from these headers.

Mag intertace ( XD8510 emulator connector)

The Jtag interface allows for real time emulation of the target systemn, through the use of a
Jtag pod cable and DOS based emulation software. This system was not used because the
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Technosott debugging software was found to be superior te the debugging tools available
for this interface.
¢ Power Supply (5V £10%)

2.2 Technosoft Development Environment Key Features

Software is supplied with the kit specifically for programming the DSP and for debugging pur-
poses. The software supplied with the kit was the DMC Developer Pro version of the software,
which is a fully integrated DSP sollware development environmenl. A screen caplure ol this
software is shown i Fig.6-2, showing the powertul graphical debugging capabilities of the
software,
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Figure 6-2.Screen Capture of DMCD-Pro Software

The main features of this environment are:

¢ Fully integrated DSP software development environment
The easy to use graphical environment ensures a relatively short learning curve to get slarted.
« Project management system
An integrated file management system provides an effective way of quickly visualising,
accessing and manipulating all project files and their dependencies, which allows for more
a more efficient development process.
¢ Programming of target system in both ANSI-C and Assembler
The technosoft development environment is fully compatible with the Texas Instruments C-
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Compiler and Assembly tools. Tt is possible to program the target system in either ANSI-C
ar assembler, however programming of the target system using C promotes a more efficient
development process by greatly reducing the development time.

Incorporated debugger

It is possible (o slore program variables in external memory during program execution for
later viewing and amalysis. This allows the user to quickly cbserve system variables dur-
mg the debugging process. Debugging can also be carried out nsing standard debugging
technigues such as single stepping, break points and waich windows.

Tracing Module

System variables stored during program execution in the debugging process, can be uploaded
to a PC after execution has completed, and then visualised in graphical form, as shown at
the bottom right of Fig.6-2,

Features of the TMS320F243 DS

The TMS320F243 device is a member of the TMS320 family of digital signal processors which
have been designed to meet a wide range of digital motor control and other embedded contrel
applications. This DSP combines the enhanced TMS320 architectural design of the C2xx core
CPU and several advanced peripherals optimised for motor control applications. This DSP has
an external memory interface and is primarily intended for development purposes, it has the
fallowing main features:

16-bit Fixed-Point DSP C2xx Core CPU (enhanced Harvard architecture)

Operates al 20 MIPS, 50-ns Instruction Cycle Time

BK waords x | 6bits of Onchip Flash ROM

344x16words of Dual Access RAM (DARAM)

External Memory Interface - 224K Words x 16 Bits of Total Memory Address Reach
Multiple Peripherals Associated with Motor Control

26 Individually Programmable, Multiplexed General-Purpose 'O (GP1O) Pins

5ix Dedicated GPIO Pins

Five External Interrupta{ Power Drive Protection, Reset, NML, and Two Maskable Interrupts)
Scan-Based Emulation

Three Power-Down Modes for Low-Power Operation

5Y operation

An important part of the DSP is its internal peripheral set which inchudes devices such as:
Event Manager : Timers and PWM generators for digilal motor control

e CAN Interface: Controller Area Network

ADC: 10bit pseudo-dual Analogue to Digital Converter (ADC) Madule, 1.7 s dual conver-
sion time

e SPI: Serial Peripheral Interface

5L Serial Communication Interface
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s Watchdog Umer

o Ceneral Purpose bi-directional digital IO pins

For more information regarding the TMS320F243 and its specific peripherals, refer to 5]
. Following is a more detailed description of the peripherals used during this project and how

they were sctup:

3.1

The EV2 provides a broad range of functions and teatires that are particularly useful in motor
contro] applications, A block diaaram of the Event Manager can be seen in Fig.6-3[5] . In thes
prject the EVZ has been primartly used for the generation of the PWA swiiching signals, Since
most of the FV2 device pins are shared with general purpose digital YO pins and thus need to
bi seiup appropriately. Cnly the sections of the FV2 used during this project will be described

turther
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Figure 6-3.Fvent Manager (EY2) Block Diagram
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A1l  Timerland Peripherals dependent on Fimerl

The functioning of the entire UPS program is entirely dependent on Timerl and the periph-
erals dependent on it. Following is a brief overview of Timerl and its dependent peripherals
functionality, relevant to the project.

Timerl is a highly configurakle 16bit timer, suaitable for the motor control. The timer has
several modes of operation dependent on the type of PWM required, ie Continuous Up-Counting
mode, Directional Up/Down-Counting mode and Continugus Up/Down-Counting mode. The
mode selected for this project is the Continious up/down-counting mode which is particularly
useful in the generation of svmmetrical PWM waveforms, and which has significant harmonic
advantages over the other counting modes. Fig.6-4[5] shows the basic operation of Timer] in
the continupus up/down-counting mode.

TxPA=3 TXPR=2
Tirmer pariod
R W

TrCOMN S

Figure 6-4. Timer] Continusus Up/Down-Counting Mode

The functions that are dependent on the frequency of Timer] are as follows:

# [lardware Interrupts

llarware interrupts are highly configurable and can be setup to occur on several Event Man-
ager events, These interrupts are organised into three proups, each being associated with a
different interrupt flag and interrupt enable register. In each group there are several Event
Manager peripheral requests, gach group having its own priority and each peripheral request
having its own priority within the group. For a more detailed listing of these groups and their
priorities refer to [3] .

The way in which these interrupts are handled is as follows: when a peripheral interrupt re-
quest is acknowledged, the appropriate peripheral interrupt vector is loaded into the periph-
eral imterrupt vector registen PIVR) by the Peripheral Interrupt Expansion (PIE} controller.
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The vector loaded into the PIVR is the vector of highest pending priority and determines the
starting point of the next section of code to be run,

In this program Timerl has been set to generute an event manager event and thus canse an
interript on a Timer]! Underflow and on a Timer 1 Period, and consequently execute the
appropriate interrupt service routine.

ADC start of conversion

The TMS320F243 has a pseudo-dual 10bit ADC unit capable of a dual conversion cvery
1700ns, as represented in Fig.6-5[5] .
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Figure 6-3.Pseudo-Dual ADC Module

As cun be seen the ADC has an eight channel input with a single converter that has only one
inherent sample and hold ciccuit. The configuration of the ADC has been designed such that
it behaves as if there were two analogue converters. Although there are eight separate input
channels. only two of these can be sampled at the same instant {850ns apart), and the values
are then stored in the two level deep ADCFIFO] and ADCFIFOZ registers.

Thus to capture a sample the two channels to be sampled must first be selected, and then a
conversion can be started by either setting the appropriate register for an immediate conver-
gion, or on an event manager signal in this program on a Timer] Underflow, This ensures
a regular sampling titne, dependent on the Timer] frequency. The results of the conversion
cun then be read from the FIFD registers once the conversion is complete.
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& PWM Generation

The TMS320F243 DSP has a built-in three phase PWM periplieral generation unit, which
must be configured by setting the appropriate configuration registers according to the type
of PWM required. The PWM generation unit forms part of the Event Manager as can be
seent [rom Lhe Event Manager Block Diagram in Fig 6-3, and is capable of producing PWM
output without placing any load on (he processor. All that is required from the processor isto
supply the FWM generation unit with the switching period and the relevant compare values,
In this project symmetrical PWM is used, the generation of which can be more easily ex-
plained using Fig.6-6[5] . The PWM outpui is generated by the PWM unit using the standard
technigue of comparing a triangular switching waveform with a reference wavetorm, The
triangnlar waveform determines the PWM switching frequency and is generated using one of
the timers, Dependent on the timer counting mode two types of PWM are possible, namely
symmetric and asymmetric PWM. Comparison with the reference wave form is carried out
by placing the instantanecus value of the reference wavform into the compare registers as-
sociated with the PWM unit, 50 as to generate complimentary PWM switching waveforms
as shown in Fig.6-6
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Figure 6-6.Generation of Symmetrical PWM Chutput

4 Interface Boards

T be able to connect external signals to the DSP board, and for the DSP board to drive the high
power converter, it is necessary to have imterfacing circuitry for the protection of the DSP and
for signal conditioning. Following is a description of the interface boards that were used for the
project.
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4.1 Isolation Transformer Board

For implementing phase locking as described in Chapter5 and for contrel purposes it is nec-
essary to sample the mains voltages to determine the phase and magnitude of the mains space
veetor Since the DSP operates on a 0-5VDC range and the voltages to be sampled are in the
0-3B0VAC range, and also from the circuit pratection point of view, it is necessary to isolate
the two volage levels from cachother, The simplest and most effective way of achieying this is
by using isclation signal transtormers, so as to completely separate the two voltage levels. In
this project, two transformers have been used for the purpose of sampling the input mains and
are connected to the three phase mains as shown in Fig.6-6, The physical implementation of
this is shown in Fig.6-7, where the mains voltages enter at the bottom of the figure and the iso-
lated signals exit at the top. The transformers shown in the figure are 380VAC 1o 15VAC signal

transformeers,

Figure 6-7.58ignal Transformers for sampling Mains

4.2  Mains voltage Signal Conditioning board

In order for the DSP to read system parameters, it 13 necessary to condition the signals appro-
priately to limit the voltage range supplicd to the DSP for protection of the analogue to digital
converter. The system parameters that need to be read into the DSP to be able to control the
system are the three mains voltages and the DC-Bus Voltage.

The first strategy used for this board was the hardware implementation of the phase locking,
using an operational amplifier as shown in Fig.6-6. On this board the output signals were then
further conditioned by adding a 2.5VDC offset to signals u; and w, before supplying the sig-
nals to the ADC unit of the DSP This hardware configuration was however found not to work
adequately, as the operational amplifier is required to operate at close to unity gain and under
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these conditions the majority of operational amplifiers arc vnstable and introduce noise into
the output signal. To try and ¢ircumyent this problem an operational amplifier stable at unity
gain (MAX474) was used, this dramatically improved the signals to be sampled however still
introduced substantizl noise.

Finally the hardware implementation of the phase locking was abandoned, due this problem
and a fully sofiware solotion was implamented, with interface circuitry as shown in Fig.6-8.
This board consists of resistor divider ¢ircuits to reduce the signal transformer ouputs o a -
2.5V to 2.5V range, the operational amplifier then adds a 2.5VDC offset so that the range is
in the 0V to 5V range suitable for the ADC it of the DSE The board also contains clamping
schottky diodes, to ensure that the signals supplied to the ADC do not exceed the voltage rails
by more than 0.3V thos protecting the ADC unit from damage (-0.3V to 7V range).

Figure 6-8.Input Signals Conditioning Board

This board also has an input for the DC-Bus voltage that has been scaled down to the 0 t©
10V mange by a differential amplifier board. This signal is resistor divided to the 0 to 5V range,
and then clamped with schottky diodes to ensure protection of the ADC unit.

4.3 Differential Amplifier Board

In order to safely sample the DC-Bus, it is necessary to isolate the DSP from the high voltage
DC-Bus and convert the voltage to the 0 to SV range necessary for the ADC wnit. To achicve
this a prebuilt differential amplifier board was vsed whereby extremely high value resistors were
used on the input to the operational amplifier such that the voltage of the DC-Bus is effectively
dropped across these resistors and the gain of the system is below unity. The resulting output
is in the 0 - 10V range which is supplied to the mains voltage signal conditioning hoard which
then converts the signal to the 0 to 5V range and provides protection for the ADC unit. The
phsical implementation of the board is shown in Fig.6-9, and the schematic shown in Fig.6-10.
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Figure 6- 14, Ditterential Amplifier Schematic

4.4 loverier Driver Boards

The UPS in this project was implemented using u three phase [GB'1 inverter, driven by a Semi-
krom SKHIAD IGBT driver hoard shown in Fig6-12. Since the semikran driver baard reguires
15Y signals to drive the ils inputs and the DSP operates in the 0 10 5YDC runge an inlerface
board was necessary hetween these boards. This board alsa acts as an gxtra pratection tor the
D5F board by acting as a buffer. ‘The interface bourd buill is shown in Fig.6-11, and consists
of two voltage level shifting chips (CD4504GE} which convert the signals fram the DSP at 5V
to the 13V range and provide an extra protection buffer Also visible un this board is 3 simple
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resistor ladder, connected 10 an output port of the DSP to implement a simple Digital to Ana-
logue converter used for debugging purposes. The potentiometer scen on the board was also

used for debugging purposes, for supplying a manually controllable () to 5V signal to the DSP
ADC unif,
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Figure 6-12.8emikron SKHI160 IGBT Driver Board
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5 Inverier IGBT Module

Fig.6-13 shows the photo of the implemented IGBT inverter, connected to the UPS system. This
module was provided by Semikron. The photo shows the inverter module which compriscs of
the inverter driver board, the DC-Link capacitors, three phase IGBT modules and a cooling fan
and heat sink.

i

Figure 6-13.5emikron Three Phase IGBT Inverter Module

5.0.1 DC-Bus Batlery Set

A sel of fourtecn 12V (TAH) batteries was connected to the DC-Link capacitors of the inverter,
through a current limiting resistor and a 25A DC Breaker [or protection during 1esting. A phelo
of'the battery set and breaker is shown in Fig.6-14,
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Figure 6-14.LUPS Battery Set
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Chapter 7
Software Description

1 Introduction

This chapter describes the development of the software for the TMS320F243 DSP Firstly there
is a description of the overall program structure, and following is a more detailed explanation
of each routine.

2 Limitations

Since the DSP chosen for this project is of 16bit fixed point architecture running at 20MHz,
and the programming carried out in the C-Programming language, it was necessary to be very
careful on the choice of C commands and structures used. It was found necessary to write the
bulk of the program using fixed point routines, making the writing of the program much more
challenging.

3 Program Structure

Due to the limitations mentioned above it was necessary to structure the program carefully,
such that the amount of calculations in a switching cycle is minimised. Due to the nature of
the phase locking implemented, it is necessary to know the angular positions of both the mains
phasor and inverter phasor at any one instant. Since the calculation of any one of these angles
requires substantial processing, a great time saving can be achieved if it is not necessary to
calculate one of these angles. By carefully selecting the structure of the program it is possible
to achieve this, and also keep the harmonics generated to a minimum.

Fig.7-1 shows one converter switching cycle, around which the entire program structure is
based. Timerl is set up as an up down counter, and its period is selected such that exactly
120 switching cycles occur within one fundamental converter output voltage cycle.Using this
strategy it is not necessary to perform complex calculations to determine the inverter output
voltage phasor angle for each switching cycle. It is inherent that for every switching cycle,
the inverter phasor angle will advance by exactly 3°. This reduces the program execution time
significantly by:
® being able to calculate the exact inverter output phasor angle for each switching cycle, within

one instruction cycle
o keeping the inverter output phasor angle always an integer, such that all calculations associ-
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ated with the variable are optimised for the DSP architecture
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Figure 7-1.Switching Timing Diagram

A further advantage of this strategy is that it ensures that the type of PWM generated is
synchronous PWM, which results in less subharmonics (of the fundamental frequency), than
asynchronous PWM [1] .

To further improve the optimisation of the code, it was found necessary to separate critical
code from non critical code, and to give critical code a higher priority to ensure its execution.
To achieve this, each switching cycle has been subdivided into two time intervals by defining
two interrupts, as shown in Fig.7-1. The interrupts have been defined such that one occurs on
Timer] reaching a value of zero (Underflow Interrupt) and a second occurs on Timer] reaching
the value defined in its period register (Period interrupt).

Critical functions that require to be executed every switching cycle, such as the calculation
of switching times, have been setup to execute within either of the two interrupt service routines.
This ensures that these functions are of a high priority and will be executed at fixed intervals,
and requires that the code execution time be shorter than the time for half a switching cycle. All
other functions of lesser priority, can be setup to run within the main loop of the program, and
will be executed during the spare time between interrupt service routines.

4 Description of Program Routines

The program implemented on the DSP can be represented in flow chart form as in Fig.7-2. It
has has been written in four distinct sections. With reference to the program code in Appendix
A, the code has been separated into the following sections:
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Variable
Initialisation
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Register &

Interrupts
Initialisation

’
Start Timer1

Terminate Program

Figure 7-2.Program Flowchart

Dsp/Variable Initialisation

In this section all variables used in the program are initialised, and the DSP system and
peripheral registers are setup as required for the main program.

Main Program loop

This section of code ensures, that the program has defined bounds. All routines of low
priority, such as for the display of system parameters, can be placed within this section of
code.

Interrupt Service Routines

Two interrupt service routines have been defined, code in this section has been setup with a
high priority and is executed every switching cycle.

External Functions and Lookup tables

This section of code includes all external functions/ library files required for linking and
compiling the C-program. It also includes lookup tables used in functions within the main
program and interrupt service routines.
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4.1 DSP/Variable Initialisation

This section of code defines and initialises all the necessary program variables, defines the
external functions and lookup tables, and sets up the system/peripheral registers to enable the
desired functions on the DSP Following is a description of the setup of these registers, detailing
which functions have been enabled:

4.1.1 Initialisation of Timer Registers

The way in which this program has been structured is such that it requires only one timer. This
timers main function is to provide a time base for the PWM switching, and thus its period de-
termines the switching frequency. The timer provides a convenient way of making sure certain
code is executed at fixed intervals, and is also used to ensure that the sampling of system pa-
rameters using the ADC (Analogue to Digital Converter), occurs at fixed intervals. In order to
setup timer] for this program the following registers have been initialised with the following
functions:

e GPTCON (General Purpose Timer Control Register)
ADC start of conversion on timer1 underflow. This sets up the sampling of the mains voltages
to occur at the beginning of each cycle, such that the time between samples is constant and
inverter phasor angle and switching times can be determined for the next cycle.

¢ T1CON (Timerl Control Register)
Directional up/down count mode. This is required for the generation of symmetrical PWM.
Disable Timer Operations. This is done so that the timer is started only when PWM output
is required.

e T1PER (Timerl Period Register)
This register determines the period for Timerl and consequently the PWM switching fre-
quency.

e TICNT (Timerl Count Register)
This register needs to be initialised to zero to ensure timer1 starts counting from zero.

4.1.2  Initialisation of Analogue to Digital Converters (ADC)

The analogue to digital converters are used to sample voltages and currents needed to control the
system. The ADCs have been setup such that a dual conversion is started on a Event Manager
signal. For this to occur the following registers are initialised as follows:
e ADCTRLI1 (ADC Control Register 1)
Enable both pseudo-ADC#1 and pseudo-ADC#2. This enables a dual conversion on a re-
quest for analog to digital conversion.
No continuous conversion. This is required to ensure that a conversion only occurs on a
request.
Channel Select. Pseudo-ADC#1&ADCH#2 are initialised to read from channel 4 and channel
6. This prepares for a sampling of the incoming mains voltages.
o ADCTRL2 (ADC Control Register 2)

47



Enable ADCEVSOC. This enables an ADC start of conversion on an event manager signal,
that is on a Timer1 underflow and Timer1 period interrupt.

¢ ADCFIFO1&2
Read from ADCFIFO registers twice. It is necessary to read from these registers twice to
ensure that the two level deep ADCFIFO stacks are clear, and ready for a conversion to take
place.

4.1.3  Initialisation of PWM registers

In order to be able to generate a symmetric PWM output, the registers associated with PWM
need to be setup as follows:

e ACTR (Compare Action Control Register)
CMPxACT set active high. This sets the six full compare PWM output pins in an active high
mode of operation.

e CMPRx (Compare Registers 1-6)
Initialised to zero. The compare registers used in PWM operation are all initialised to zero
to ensure that there is no PWM output for the first cycle.
(NOTE: The compare registers are shadowed and are reloaded at the beginning of each
switching cycle, this ensures symmetrical PWM)

e DBTCON (Dead Band Timer Control Register)
Disable deadband. This is due to the fact that dead band generation has been hardware
enabled on the IGBT driver board. Especially during the development stages it is a safer
option to hardwire the dead band generation, rather than setting it through software.

e COMCON (Compare Control Register)
Timer compare operations are enabled.
Compare Register CMPRx reload on underflow.The compare Register CMPRx reload con-
dition has been set to be when the value for Timer! is zero (that is, on underflow). This
ensures that the PWM generated is always symmetrical (complimentary compares for an
output pole occur at the same value).
Compare Output Enable. The PWM output pins are set not to be in high-impedance state,
that is they are enabled.

4.1.4 Initialisation of Interrupts

In this program use of interrupts has been made to ensure execution of critical code. The DSP
program has been written such that there are only two interrupts that occur and that one will not
interfere with the other. Both Timer1 period and underflow interrupts have been enabled, all
other interrupts have been disabled.

o EVIMRA (Event Manager Interrupt Mask Register)
Timerl interrupts enabled. Timer! Period and Underflow Interrupts have been enabled.

4.2 Main Program Loop

The main program loop is necessary to ensure that the program has defined bounds. Any func-
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tions that are not critical and are not required on a real time basis, can be executed within this
loop, such as the displaying of system parameters on an LCD display. As of yet no functions
have been implemented within this loop, as it was out of the scope of this project to provide
these.

4.3 Interrupt Service Routines

In this program two interrupts have been defined, both occuring on the same interrupt level
INT2. These interrupts have been chosen such that they occur at a fixed time during the switch-
ing cycle and thus do not interfere with eachother. The length of code for each interrupt has
been written such that its execution completes within half a switching cycle time-frame.

The way these interrupts are handled can better be understood by referring to the flow chart
in Fig.7-3. On a CPU interrupt, execution of the main loop (which is a background operation)
is stopped, and the interrupt level is determined. Program execution then branches to the ap-
propriate interrupt level (INT2), where the type of interrupt is determined. A context save of
important registers (such as the accumulator and status registers) is then carried out, and the
program execution then branches to the corresponding interrupt service routine.

Context Save irderrupd Service

Timert

Context irderrupt Service

Routine

Phantomn Interrupt
Service Routine

Figure 7-3.Interrupt Handling Flowchart
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The two interrupt service routines are discussed further below:

4.3.1 Timerl Period Interrupt Service Routine

When the value of Timer1 matches the value stored in its period register, an interrupt is generated
and program execution branches to the Timerl Period Interrupt Service Routine. This interrupt
service routine has been written with the task of generating the Space Vector PWM switching
times for the following switching cycle. The interrupt routine can be explained more clearly

using the flow chart in Fig.7-4.
Start T1

Updats Inverter output
phasor angle

v

Determine Sector and
angle for Space Vsctor
Modulation

v

Caiculate switching times
TO, T1, T2

v

Apply Switching Times to
Compars Registars

v

Ciear Timeri Period
Intarrupt Flag register

Figure 7-4.Timerl Period Interrupt Flowchart

The interrupt service routine starts by determining the inverter output angle for the next
switching cycle. The calculation of the output angle has been greatly simplified by the careful
selection of the program structure, and thus all that is required is to add 3° onto the previous
inverter output angle. Next in order to be able to generate of Space Vector PWM it is necessary
to determine in which sector and at what angle within the sector, the desired output is situated
in. Once these values have been determined, it is then posible to calculate the PWM switching
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times Tp, 11, 7%, using standard Space Vector equations and a modified sine lookup table. These
times are then written to the compare registers (shadowed), which are updated on a Timerl
underflow (at the beggining of the next switching cycle). This marks the end of the interrupt
service routine, and program execution is returned to the main loop, after the enabling of the
Timer! period interrupt.

As much of this interrupt service routine has been written using integer variables, to ensure
the fast execution times required to achieve the objectives of this project.

432 Timerl Underflow Interrupt Service Routine

The function of this routine is to determine the DC Bus Voltage and the position of the mains
input phasor, and from these values:
o Phase lock the inverter output to the input mains

e Control the charging of the battery set by sampling the dc bus voltage and using a PI con-
troller to control the phase angle

Start T4

ISR

Start ADC conversion for mains
input weit for completion and
read vaiues

v

Changa ADC channels to read
DC- Bus and start conversion

;

Calculate Mains input phasor
angle. Calculste difference
between input/output angle

¥

Caloulate Phase shift for DC-
Bus, using PID controller

'

Add phase shift and differencs,
use to adjust Timer1 Period

v

Clear Timart Undarflow Internpt
Flag register

Figure 7-5.Timer]l Underflow Interrupt Flowchart

The Underflow Interrupt service routine is represented in flow diagram form in Fig.7-5. Dur-
ing this service routine, four separate signals need to be sampled using the analogue to digital
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converter ADC. Due to the DSP architecture, only two conversions can take place simultane-
ously, and thus it is necessary to time multiplex the sampling of input signals.

Firstly the input mains is sampled, so that the position of the mains input phasor can be
determined at the beggining of each switching cycle. Once the input mains samples have been
read, the ADC channels are changed so as to be able to sample the DC-Bus. To maximise the
use of processor time, while the conversion of the DC-Bus sampling is taking place (1.7us),
calculation of the input mains phasor position can be carried out.

On completion of the DC Bus sampling and once the position of the mains input phasor has
been determined, the value of the DC-Bus is passed to the PI controller to determine a phase
shift required to control the charging of the battery set.

The flow diagram representing the PI controller is shown in Fig.7-6. The controller usedis a
standard PI controller, having standard proportional K, and Integral K; constants, which have
been modified to suit the application.

The DC-Bus voltage sample vdcadc is compared with a reference value vdcref, and the
voltage difference is then scaled by a factor K; (integral constant), and numerically integrated.
It was found that it was necessary to limit the output of the integral unit in order to improve the
dynamic response of the system, and then scale this output by a factor K. before adding it to
the voltage difference scaled by K, (proportional constant).

vdcade emor

-Kp

vdcref

z‘l

v Phshftdiff
» K . Ksc

Figure 7-6.DC-Bus Numerical PI controller

The ouput variable Phshftdiff is then limited, such that the maximum phase shift is in the
range of -30° to +30%s0 as to try and limit the incoming power factor within an acceptable
range as described in Chap.5. The phase shift calculated by the PI controller is then added to
the inverter output angle, and this new inverter angle is used for phase locking.

A simple proportional controller is then used to control the phase locking of this new inverter
angle to the incoming mains phasor angle. The difference between these angles is found and
scaled by a proportional constant. This value is then used to adjust the period of Timerl, which
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* results in a change in the inverter fundamental frequency, allowing for the inverter fundamental
voltage output to be shifted relative to the incoming mains.

Finally the ADC channels are changed back, so as to be ready for sampling the incoming
mains in the next cycle. The Timer! underflow interrupt is enabled and program execution is
returned to the main loop.

5 Implementation of Procedures

Since the programming of the DSP was carried out in the C-Programming language, a number
of difficulties were encountered in the development of the software. The problems were brought
about by the following limitations:

e The C-Compiler does not always generate compact assembler code, and it was found nec-
essary to either optimise the C-Code or write some sections in the assembler language. In
some cases this resulted in a vastly shorter program length while achieving the same goal,
and with much improved execution time.

e The C-Compiler does not always generate assembler code as is expected and in such case it
is necessary to debug the assembly code manually, and rewrite the C code appropriately.

e It was found that programming of the DSP using a high level language such as C, removes
lower level control of the DSP making it difficult to take advantage of certain parts of the
DSP architecture to improve execution time.

e Since the DSP is of fixed point architecture, it was found that use of floating point and
signed integer variables greatly increased execution time. Thus it was necessary to write the
majority of code using unsigned integer variables, and find innovative ways of achieving the
same goals.

Following is an explanation of certain sections of code that took substantial time to develop,

and that required use of innovative methods to achieve compact and efficient code:

5.1 Routine to generate quadrature mains input waveforms

The mains input waveforms supplied by the input transformers are two sinusoidal waveforms
phase shifted by 60°. To determine the mains phasor angle, these waveforms first need to be
first converted to two quadrature waveforms, in order to simplify the calculation of SVPWM.
This can be achieved by applying the sampled input signals vladc and v2adc to Eqns.:30 and
31[2].

viade = wladc €1
v2ade = :—lvladc+-2-—v2adc (31)

V3 V3

The implementation of a constant such as 715 on a fixed point DSE cannot be directly im-
plemented. To solve this an integer approximation of % was used, which has the advantage of
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multiplication by an integer and division by a multiple of two, which can be executed in a single
clock cycle by appropriate use of the DSP architecture.

5.2 Determining Input Mains Phasor Angle

To be able to determine the position of the input mains phasor, the three mains phases are con-
verted to two sinusoidal waveforms with sixty degrees phase shift, using two transformers as
described in Chapter 6. These two sinusoidal waveforms are sampled by the ADC unit of the
DSP at the beggining of each switching cycle, resulting in two values with ten bit resolution.
Using a mathematical relationship the waveforms are converted to two quadrature sine waves,
from which the phasor position can be more easily extracted. The phasor angle is then deter-
mined using a standard trigonometrical relationship, where one converted sample is divided by
the other and an arctan operation is performed on the resulting value. Several problems were
encountered in trying to achieve this in the minimum possible time, with sufficient resolution
and using integer variables.

Firstly, since the quadrature sine wave samples are sampled and stored as unsigned integer
variables, it is necessary to convert the values obtained into a format where one integer value
can be divided by the other without loosing resolution.

700

600
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400

300

0 100 200 300 400
Acquisition time
viade Noade

Figure 7-7.Mains Waveforms after 30deg Phase Shift
Shown in Fig.7-7, are the typical quadrature waveforms obtained during program execution.
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Trace vlade is a waveform sampled directly from the input mains transformers, v2adc is the
waveform that has been mathematically generated from the input mains samples, so as to obtain
two quadrature waveforms. It should be noted that the instantaneous values of both of these
waveforms are unsigned integers and thus have a DC-offset (~512), which must be taken into
account in subsequent calculations.

In order to divide the instantaneous value of one waveform by the other it is necessary to
remove this DC-Offset, before division takes place. Since the variables used are unsigned in-
tegers, it is not possible to simply subtract the DC-Offset as this would result in an undefined
value for at least half of the waveform. This however proved crucial in finding a simple solu-
tion to the problem. Subtraction of the DC-Offset from these variables results in a waveform as
shown in Fig.7-8 , where the negative part of the sine wave has been shifted to the top half of
the 16bit integer range.

193

60

45

30

15

0 100 200 300 400
Acquisition ime
Made

Figure 7-8.Waveform after Subtraction of DC-Offset
Since it is only necessary to know the sign and magnitude of each sample at any one instant,
to be able to determine the input mains phasor position, the sign of each sample can be stored

in a variable called sign and the waveform rectified mathematically as shown in Fig.7-9. This
waveform gives us the magnitude of each sample at any one instant in time, and it is now
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Figure 7-9.Resulting Rectified Waveform

possible to divide one value directly by the other. The next problem that arises from this is that
an integer type division must be carried out in order to ensure fast execution, and this results in
insufficient resolution.

In order to solve this problem an innovative solution was required, and by careful analysis
of the problem, a simple solution was found. Since the samples from the ADC unit consist of
ten significant bits, if the larger of the two samples is multiplied 64 (left shifted by six bits),
no significant bits are lost. If this value is then divided by the smaller sample using integer
division, it is possible to achieve an improved resolution by 1 in 64. The result of the division is
then converted to an angle using a modified reverse lookup arctan table, to an accuracy of one
degree.

5.3 Calculation of ArcTan

The process of an arctan reverse lookup was also found to be a challenging problem, as by the
nature of a reverse lookup table, it is necessary to search for a solution. This means that for
a reverse lookup in a table of 45 values, upto 45 compare operations need to be carried out
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before a solution may be found. Since each compare operation requires several CPU cycles to
complete, this can amount to several microseconds of execution time for a simple operation.

By simply starting the search half way through the lookup table, the maximum number of
compare operations can be reduced by half as the search needs only to occur in one direction.
This however was still found to result in an excessive execution time, and an alternative solution
was necessary.

A more elegant solution was found by realising that for each switching cycle, the mains
phasor angle will advance by approximately 3°. Assuming that this is true, and starting the
search in the lookup table from the position of the last solution, it is possible to reduce the
maximum number of search operations to 3. The resulting algorithm was found to greatly reduce
the maximum execution time to an acceptable level.

5.4 Phase Locking Routine

The process of phase locking the inverter phasor angle to the mains phasor angle is not as simple
as finding the difference between the angles and adjusting the inverter angle to match that of
the mains angle. This is brought about by the fact that both of these angles are discontinuous
functions at the 360° / 0° boundary. This can be seen in Fig.7-10, where the mains angle is
shown leading the inverter angle. As can be seen during time period A, the difference between
the angles is positive and in time period B negative, even though the phase difference is constant.

360°

A 4
£

s - Mains Angle

Inverier Angle

Figure 7-10.Mains / Inverter phase locking principle

To solve this problem using integer variables, the larger value is always subtracted from the
smaller such that the result is always positive. In order to ensure the result of the difference does
not jump at the dicontinuities, it is necessary to have a different strategy for time period A and

57



time period B. For instance if in time period A, the inverter angle is subtracted from the Mains
angle, in time zone B it is necessary to subtract the mains angle from the inverter angle and then
subtract this result fom 360°. The result of this is a difference range of 0° to 360°, from which it

can be determined whether to increase or decrease the inverter fundamental frequency in order
to phase lock.
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Chapter 8
Experimental Results

1 Introduction

As the one of the objectives of this project was to build a UPS system, a laboratory prototype
UPS was built and tested. The results of these tests are shown and discussed in the sections
that follow. The maximum power rating of the system was limited by the number of batteries
available for the project, as this limits the maximum output voltage and consequently the power
to the load. The maximum power transferred during these tests was 650W, however if a full
battery set was available a power transfer of 10kW would have been possible using the rest of
the system as is.

The battery set available was a set of 14 lead acid 12V 7AH batteries connected to the DC-
Bus of the Inverter. The inverter used was a Semikron IGBT inverter, with a SKHI60 IGBT
driver board and three IGBT modules (SKM200GB 123D) each rated at 200A, mounted on a
fan cooled heat sink. The link inductors available for the project were three 14.8mH inductors.
The loads used were a selectable set of 100W and 200W light bulbs in combination with 83}
resistive loads.

Measurement of signals was carried out using a Hewlett Packard 54601B 100MHz 4-Channel
digital oscilloscope and a Agilent 54622D 100Mhz 2-Channel digital oscilloscope. Both scopes
were connected to a PC through an optically isolated cable (to ensure no ground loops), so as
to allow trace waveforms to be saved. The software used to capture these waveforms was HP
Benchlink Scope verl.6. Current waveforms were captured using the above oscilloscopes con-
nected to HTP25 LEM current modules.

Before carrying out full tests on the experimental setup, it is necessary to check that the
software and hardware that has been built is operating as was intended.

2 Results of System Testing

To check that the resulting pwm output is as intended, is not so easy by just looking at the PWM
switching output waveform, it is thus necessary to find an alternative method of checking this.
This can be seen from Fig.8-1, which shows a trace of the phase to neutral output of the inverter,
although the switching agrees with the theoretical values[8] , it is not clearly visible that the
fundamental voltage output is correct.
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Figure 8-1.Phase to Neutral Unfiltered Inverler Output Voltape

In order to check for this the theoretical space vector fundamental modulating waveform
was compared to the ones generated by software within the DSP and also to the filtered PWM
output. Fig.8-2 shows the three compare register values caplured by the DMCD Pro software
during program execution which are identical to the modulating waveform expected in theory.
These waveforms are also the fundamental line to neutral waveforms expected on the inverter
autput,
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Figure 8-2.DSP Captured Compare Register Waveforms

Fig.8-3 shows the difference between two of these compare register waveforms captored by
the DMCD Pro sottware during program execution, and as expected it is a sinusoidal wavforim.
Wk also expect to see this wavelorm if we look at the line to line output of the inverter
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Figure 8-3.D5P Captured Compare Repister Dilference Waveform

A final check is to ensure that the inverter output is as ¢xpected, this was carried out us-
ing a sct of three second order RC flters connected in star to the output of the inverter. The
second order filters filter out the PWM switching frequency such that the output modulating
waveform can be viewed. Fig.3-4 shows two of the line to neutral filtered inverter outputs in
the top lrace, with the mathematical difference of the waves in the bottom trace correspond-
ing to the line to ling filiered ouiput. The two space vector line 10 ncutral waveforms "consist
of a desired sinusoidal fundamental component and a distorting triangular waveform at three
times the fundamental frequency”[8] , however the differenge between the signals eliminates
this component and thus the inverter line o ling voltages will be sinusoidal. As can be seen
these wavefonms correspond 1o the waveforms generated in the DSP and also to the theoretical

eapecled waveTorms,
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=

Figure 8-4 Inverter Output Ling to Meutral and Line to Line Filiered Waveforms
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Figure 8-5.Filtered Inverter Cutpul and Mains Input Yoltage showing phase shifi

3 Results of phase locking

Before connecting the inverter to the atility mains it was also necessary to conlirm thal the
phase locking algorithm was functioning correctly. This was carried oul by connecting the
mains voltage control signals io the inverter such that the inverter could determine the utility
mains phase. The three phase filtered output of the inverter was then compared to utility mains
to ensure that it was in phase with and phase locked to it. Fig.8-5 shows a single phase of the
inverter output on the top trace, compared to a single phase of the utility mains in the bottom
trace, the —10.587 degree phase shifi between the waves being attributed to phase shift caused
by the outpul [illes

Next the response of the phase locking algorithm was checked, to ensure that the inverter
output waveform frequency does not get affecied by sudden changes in the mains voltages such
as voltage spikes and sags. Any change in ufility mains frequency will be over a relatively long
timg period and thus the response of the phase locking controller can be such that phase locking
oceurs over several cycles. This ensures that on a mains failure the inverter output voltage does
not change suddenly due to the sudden change of control signals. Fig.8-6 shows two traces of
the angles of the utility mains space phasor and of the inverter output space phasor captured by
the DMCD Pro software during program execulion, These waveforms were captured during a
systemn startup, and as can be seen it takes several cycles for the inverter outpul to phase lock
onto the utility mains.
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Figure 8-6.D5PF Capiured Inverter and Mains Phase angles during phase locking

4 Load Tests - During normal Operating Conditions

The next step in testing, once the correct functioning of the Hardware and Software had been
established, was to test the system under load. For this a selectable bank of resistive loads was
used to load the output of the system vnder normal operating conditions.

4.1 No Load Test

The results of the no load tests are shown in Fig.8-7 and Fig.B-8. Fig.8-7 shows one of the
incoming mains voltages, and the filtered output of the same phase of the inverter during a no
load test. As can be seen these are displaced from eachother by (4043, which corresponds to
a 11.5° phase shift caused by the fiiter. From this diagram it can also be seen that there is a
significant improvement in the fundamental voltage waveform supplied to the load.
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Figure 8-7.Input Voltage / Inverter Output Violtage Phase Shifl at o Load condition

As expected in a no load condition, there is no cffcctive phase shift between the input mains
and the fundamental oulput of the inverter and the only power flowing from the mains will be to
compensale for the switching losses, and imaginary power flowing due lo slight differences in
the inverter and mains phase voltages. This can be seen in Fig 3-8, which shows a single mains
input voltage and current waveforms, where the input current is extremely small.

Fizure 8-8.Tnpng Voltape ¢ Current Wavetforms at No Load Condition
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4.2 50 Load Test

The 50% load test consisted of connecting two 2008 light bulbs and one 832 resistive load in
paralle! on the output of the UPS. Fig.8-9 shows one of the mains phases input voltage and its
respective current for this load condition, and from this we can see that the phase shilt has been
measured at 600u# comesponding to & close to unity input power factor of .98, It can also be
seen from this figure that the input current, being the smaller waveform is also near sinusoidal.

Figure 8-9.Input Voltage / Current Waveforms at 50% Load Condition

Fiz.8-10 shows the phase shift between one phase of the wtility mains and the same filtered
phase of the inverter output, to be approximately 1.4ma comesponding to a real phase shift of
14°, this being approximately half of the maximum possible phase shift.
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Figure §-10.Input Voltage / [nverter Output Voltage Phase Shift at 50% 1.0ad Condition

The three phase input currents for the system shown in Fig.8-11, were captured using 1{TP23
current LEM modules configured with 22082 resistors. As can be seen the input currents are
near sinusoidal, eqoal in magnitude and squally displaced by 120°. Thus since the utilily mains
voltages are also equal in magnitude and displaced equally by 1207, we can assume that power
drawn by the inverter is drawn equally from the three phases and supplied to the single phase
load, as expected.
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Figure &- 11.Three I’hase Input Current Waveforms at 50% Load Condition

66



4.3  100%Load Test

The last of the load tests carried oul, was the 100% load test, wherceby the phase shill is al its
maximum of 307, this s shown in Fig.8- 12 where the two waveforms are the mains input voltage
and the filwered inverter output. The load resistance used was two 200W bulbs, one 10011 bulb

and two 5407 registances all in parallel.

Figure 8-12.1aput Voltage / Inverter Output Voltage Phase Shift at 100% l.oad Condition

Fig.8-13 shows the inputl vollage and ils respective current wavelorm [or the system al 1005
load condition. As can be seen the power tagtor of the system is at unity powertactor and has
improved as the load has increased. This is contrary to what is expected as described in Chap.3,
as this theory relies on the fact that the vollage vectors Vi, and 15, are equal in magniwde. 1n
real operating conditions these veetors are slightly dilferent in magnitede and i1, is larger
than ¥, the input power factor may improve as the phase shitt angle is increased, a5 shown by

ouT resufls,
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Figure 8-13.Input Voltage / Current Wavelorms at 100% Load Condition

The three phase input currents for the system operating &t 100% load in the normal operating
condition, are shown in Fig.8-14. Since thess waveforms are equally displace and of equal
magnitude we can assume that the power drawn by the sytem is drawn equally from the the
three phases even at higher loads.
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Figure 8-14.Three Phase Input Current Waveforms at 100% Load Condition

68



Chapter 9
Conclusions

The use of Space Vector modulation in this three to single phase UPS system proved to be
advantageous. It both improved the DC-Bus Utilisation and provided a robust method of phase
locking, The control of power flow and phase controlled battery charging, based on varying the
phase angle was implemented successfully. Based on the results the following conclusions can
be rnade:

» [tis possible to implement the Space Vector Modulation technique on the TMS320F243 DSP
Space Yector PWM technique was snceess{ully implernenied in software to control a three
1o single phase system for an uninterruptible power supply.

» It is possible to tmplement a robust form of phase locking with the use of the Space Vector
Maodulation Technique using DSP technology. It was however found that clese to the full
processing capacity of the DSP was used to implement the phase locking and space vector
modulation routings. An altemative solution needs to be found to reduce the processing
requirements on the DSP

s Power flow between the mains supply and the inverier can be controlled relalively easily
uging the phase control techinique. By using this technique duting normal opemtion of ihe
UPS phase controlled battery charging can be implemented.

» Although it is possible to try and limit the input power facior, it is not possible to control
it independently of the input power flow phase controlled battery chatging. By careful de-
sign it was found possible to keep the input power factor close to unity during normal UPS
operation.

» Using this topology it is possible to draw power equally from atl three phases of the utility
mains and supply it to any combination of single phase loads connected to the output in
parallel. This would be an effective means of load balancing single phase loads onto a three
phase svstem.
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Chapter 10
Recommendations

The following recommengations can be made based on the resulls oblained in this project:

Since testing was carried out al a low power level (600W) due to there being a limited num-
ber of batteries, the system should be lested at a higher DC-Bus voltage by installing more
batteries and hence test the system al a higher power level in the order of 10kW.

The phase locking implemented on this systetn was found to be extremely tobust, due to
the facl that the phase and magnitnde of all three phases are vsed to achieve phase locking.
It is recommended that this system be used instead of conventional phase focking in other
converter topologies,

Although the implemented system was found to operate successfully, it was found that the
processing load imposed on the DSP was close to its limit, It is thus recommended that
the progessing to determine the mains space vector magnitude and phase be implemented
external to the DSP, possibly in programable logic. Further optimisation of the program code
would also be advisable, as the use of floating point variables in the program is inherently
inefficient for a fixed point Digital Signal Processor.

In this system the modulation index was kept constant at unity. If is recommended that the
maodulation index be made variable for better regulation of the output voltage,

Since the output power factor of this system cannot be controlled independently of the DC-
Bus vollage. it is recommended that a variable voltage DC-Bus system be investigated with
regards to power factor improvement,

The analysis of this system was carried out assuming that the three supply phase voltages
are balanced and of equal magnitude. The effects of supply voltage unbalance on the system
should be investigated further

The system developed thus far only operates in the mode where the battery set is fully
charged. A routine for the battery charging moede of operation needs to be developed, where
the phase shift angle is contrelled to limit the battery charging current.

A UPS shutdown routine alse needs to be implemented for when the battery power is ex-
haused on a mains faflore, This routine would include a mains detection routine for esiab-
lishing when the mains supply is back to normal so that the UPS can be reconnected to the
grid and battery charging ¢an cecur
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APPENDIX A Program Code



A.1. Main C-Code Program - Spcadc.c

/m*****************************************************************************
9

; File Name: spcad.c

; Project: MSK243

; Originator: Daniele Beber

; Date: 21/03/2000

; Last update:

; Description: C file for outputing a space vector modulated sine wave to
; PWM outputs

>
o 3 s e ofe o o o e ofe o ofe o o ol ofe o o o o o o ofe o o o ol o e ol ok o ofe ol e e o e e o ofe o ol e ofe o o ofe e o ol o o ok ofe o ofs o o o o o ook ofe o e o o ool o o ol ke ok ok
3

; This program outputs a space vector modulated sine wave to the PWM compare
; outputs CMPR1-CMPR6 .Three phase output is generated. This is achieved by
; using timer1 to generate a SOHz vector (continuous up/down counter) and

; converting this to switch the six PWM outputs in Space Vector Mode, using

; software generated switching. It also read in two sine waves 60deg to eachother
; from adc4 and adc6, and converts to two quadrature sine waves which are converted to
; to a phasor angle and magnitude so as to be able to generate phase locking

; GPT registers that need to be set up : OCRA

; GPTCON

; TIPER 7407h

; TICNT 7405h

; TICMP 7406h

; TICON

; PWM registers that need to be set up ACTR 7413h

; DBTCON 7415h

; CMPR1 7417h

; CMPR2 7418h

; CMPR3 7419h

; COMCON 7411h

; ADC registers that need to be set up : ADCTRL1 7032h

; ADCTRL2 7034h

; ADCFIFO1 7036h



; ADCFIFO2 7038h
; Interrupts that need to be set up: tpintlvec (period interupt)
; tufintlvec (underflow interrupt)

%

*/

;*************************/

/*Define Constants& Arrays*/

/*************************/

const int swireq=0x0682; /*Setup 6kHz switching*/

const int angleincr=2; /*2==no of degrees per switching (3deg)*/
unsigned int loop, dummy, i, j, k, a;

unsigned int X, sector, alpha, output;

unsigned int timel, time2, taon, tbon, tcon, t1, t2, t3;

unsigned int v ladc, v2adc, v3adc, vdadc, vdcadc, centre, adcratio, sign;
unsigned int spcincr, anglinv, anglmain, valuel, value2, adctmp;
unsigned int diff, dd, dump1, dump?2;

signed int phshftint, phshft, phshftdiff, phshftact, vdcref;

signed int potref, vdcavg, tempp, vdc[10];

unsigned int angle;

float tperl, sinsectm[40];

unsigned int natam[91];
/************************/

/**********************/
/*Define include files*/
/**********************/
#include "F243regC.h”
#include "math.h”

#include "logger.h”

asm(” .include f243_a.h™);
asm(” .include vect_243.h™);
asm(” .include spcadc_a.asm™);
#include “sinsecm.h”

#include “natam.h”
/**********************/

/*************************************************************************************#*#

/**************************************NLAHQPF“)CHLAB&**********************************
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/**********************#***#***************#***#***#***#***##***#***#******************#*/

void main ()

{

/**********#******#**************/

/*Initialise Constants/Variables*/
/**********#***##**#*************/

a=0;

loop=1; /*Initialise loop variables*/

dummy=0;

sector=0;

alpha=0;

angle=0;

time1=0;

time2=0;

centre=516; /*Centre = 511 (added correction)*/
speincr=23;

anglmain=0;

sign=0x0000; /*this variable is used to store the signs of various variables*?
/*bit0 = sign of Alpha component (of mains space vector)*/
/*bitl = sign of Beta component (||) 1=+ve*/

/*bit2 = sign of |alpha|> [beta|*/

=0

k=0;

phshft = 0;
phshftint = 0;
phshftact = 0;

/*******#************************/
/******************************/

/*Initialise External Routines*/
/**********************#*******/

init_logger (); /*External Routine to log data*/
init_sinsectm(); /*External Modified sine lookup Table*/

init_natam(); /*External Modified arctan lookuptable*/
/*********#******#*****#***/

/**#**#***#******#***#***#***********#*********#********/

/*Initialise Port Registers */
/*Setup ports to output values for debugging purposes */

i



/*******************************************************/

dummy = QCRA;

dummy |= 0x0FC3; /*last value 0x2FC4 - Setup portB4-7%/
OCRA = dummy; /*Set Pins as PWM CMPx*/
PDDATDIR=0x3C00; /*Set PortD pins as output*/

/*******************************************************/
/**********************************#************/

[*Initialise Timer Registers */

/*Setup timers appropriately for PWM output */
/**#********************************************/

GPTCON |= 0x0080; /*Setting of underflow interrupt GPT1 starts ADC*/
TICON |= 0x8802; /*Continuous up/down count mode*/

TIPER = swfreq; /*Set timer1 period*/

tperl = TIPER;

T1CNT = 0x0001; /*Initialise T1 Counter set at 1 to avoid 1st interrupt*/
T1CMP = 0x0000;

T2CON = 0x9382; /*Continuous up count, x/8,Use TIENABLE,

Enable Timer Compare Operation */

T2CMP = 0x0000;

IMRA |= 0x0280; /*T1 period & uf interrupt enable*/

IMRB |= 0x0000; /*T2 interrupts disable*/

IMRC |= 0x0000; /*Compare interrupts disable*/

/************#************************#**#******/
/****************************************/

/*initilise ADC registers */

/*Setup ADCs ready for sampling */

/****************************************/

ADCTRL2 = 0x0400; /*Interrupt on two words in FIFO,

High priority interrupt, start conv.

on event manager signal, ADC prescaler 1%/

ADCTRLI1 = 0x984C; /*Setup for ADCTRLI - Enable ADC#1,ADC#2, ADCIN4, ADCING*/

[/ s o e s e o e ok e o s o o 2 sk 3 o ke ok ok 3 e 3 f

/*Clear ADCFIFO registers*/
/*************************/
asm(” RPT #17);

asm(” LACL ADCFIFO17),
asm(” RPT #17);
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asm(” LACL ADCFIFO2”);

/****#***#**#******#*********************/
Sk ek ok ok ok ok k

/*Enable interrupts*/
/*******************/

IMR |= 0x0002; /*Enable INT2 (for TIPINT & TIUFINT)*/
Rk ok ]

/****************##***#***#********************/

/*Define Interrupt SubRoutines */

/*Define memory locaion of Subroutines */
/**********#*******#*******#**#******#*****##**[
/*;Load ISR addresses to interrupt vector in on-chip block B2*/
asm(” LACC #tlper_ISR_assembler”);

asm(” LDP #07);

asm(” SACL tpintlvec™);

/*;Load ISR addresses to interrupt vector in on-chip block B2*/
asm(” LACC #tluf ISR assembler”);

asm(” LDP #07),

asm{” SACL wfintlvec™);

/*******#****************************#*********/
/**********#********************************#*[

/*Setup PWM Registers */

/*Initialise PWM output */
/************#*************************#*#***#/

ACTR = 0x0666; /*Initialise Active high/low PWM outputs, CCW Space Vector
; Bits 15-12 not used, no space vector

; PWM compare actions

; PWM6/PWMS - Active Low/Active High

; PWM4/PWM3 - Active Low/Active High

; PWM2/PWMI - Active Low/Active High*/

CMPR1 = 0x0000; /*Initialise PWM Compare Registers*/

CMPR2 = 0x0000;

CMPR3 = 0x0000;

DBTCON = 0x0000; /*Initialise Dead Band Timer Register*/

COMCON = 0x8200; /*Enable compare operation. Update registers on underflow

;Enable compare and full compare output®/
/****#*****************************************/
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/*Start Timerl */

/*Start PWM output */

/***#*****************************/

TICON |= 0x0040;

/**************##*****************/
/*******#*#************#*************/

/*Mains Program Loop */

/*********#*************#************[

while(loop!=2) /*Program stays within this loop unless interrupted*/
/*********#***#**********************/
/**********************Interrupt SerVice Routines****************l
/************************************#***************************/

[***E*%*Calculating Switching Times and updating registers™** *###x%/
/*******#*****************************************#**************/

void tlper_ISR(void) /*Timer 1 Interrupt*/

{

dd = 1;

/*Section to determine sector of operation and angle alpha (angle within sector)*/
sector = {J;

tperl = TIPER; /*Update value of variable tper1*/

angle = angle + angleincr; /*Sequence of these two equations affect length*/
/*of assembler generated due to the code that */

[*follows...*/

if{angle>=240) /*Prevent angle being 360deg ie. reset to zero*/

{angle=0;

}

alpha = angle;

while(alpha>=40) /*Determine alpha and sector®/

{sector = sector+1; /*Sequence of these two equations*/

alpha = alpha-40; /*affects length of assembler*/

}

/#**********#*************#***#****************************************#********/

/****************************************************#******************/
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/*Section to determine switching times TO, T1, T2 */
/*NB! removed modindx */
/***********************************************************************/
tl = sinsectm[39-alpha] * tperl;

t2 = sinsectm[alpha] * tperl;
switch(sector)

{

case 0: {timel =tl,

time2 = t2;

break;

}

case 1: {time2 =tl;

timel = t2;

break;

}

case 2: {timel =tl;

time?2 = {2;

break:

}

case 3: {time2 =11,

timel =12;

break;

}

case 4: {timel =tl;

time2 = t2;

break;

3

case 5: {time2 = tl;

timel ={2;

break;

}

default: {COMCON = 0x0000; /*Puts PWM output in high impedance state*/
break; /*in the case of an execution error*/
}

}

/*Determine on times for inverter legs*/
t3 = tperl; /*This line reduces code length*/
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taon = (13 - (timel + time2))/2;

thon = taon + timel;

tcon = thon + time2;
/**************************************/

/*Assign switching times taon,tbon,tcon to correct PWM Channel*/
switch(sector)

{

case 0: {CMPR2 = taon;
CMPR3 = thon;

CMPR]1 = tcon;

break;

}

case 1: {CMPR2 = thon;
CMPR3 = taon;

CMPR1 =tcon;

break;

¥

case 2: {CMPR2 = tcon;
CMPR3 = taon;

CMPR1 = tbon;

break;

}

case 3: {CMPR2 =tcon;
CMPR3 = thon;

CMPRI1 = taon;

break;

}

case 4: {CMPR2 = thon;
CMPR3 = {con;

CMPR1 = taon;

break;

}

case 5;: {CMPR2 = taon;
CMPR3 = tcon;

CMPR1 = thon;

break;

}
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default: {COMCON = 0x0000; /*Put PWM output in high impedance state*/
break: /*in the case of an execution error*/

}

}

/*logger(); /*log data for debugging purposes*/
/************************************#**********************#*******/
IFRA |= 0x0080; /*Clear Period interrupt flag register*/

/*End of interrupt service routine*/

}

/***********##*#**#***********##**********/

/***Phase Locking Sub-Routine*** ¥ ¥ sxskskks/
/**********************************#******/

void tluf_ISR(void) /*Timer]1 Underflow interrupt service routine*/

{
while(ADCTRL1 & 0x0080) /*Wait for ADC conversion to complete*/
{
}

/********#**#*******************************/

/*Routine to read two mains input voltages */
/*******************************************/

vlade = ADCFIFO2>>6; /*First phase taken as is*/

dumpl = ADCFIFO1; /*Read FIFO second time to clear it*/
v2adc = ADCFIFO1>>6; /*Second phase to be calculated by*/
dump2 = ADCFIFQ2; /*adding two readings and manipulating*/
/*******************************************/

v3ade = v2adc; /*Store ADCFIFO value at this instant®/

vdadc = vladc; /*for capturing later in program for */
/*debugging purposes*/
/***************#****************************/
/*Routine to convert two phases at 60deg to */

/*two phases at 90 deg. */
/********************************************/

asm(” SPM 3”); /*This causes a division by 64 after a

multiply operation, all in one

instruction cycle*/

v2ade = ((1024 + (v2adc<<1) - vladc)*37); /*add 1024 to make sure doesn’t go negative*/
v2ade = v2adc - 376; /*multiply by 37/64 to approx sqrt(3)
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add waves to shift v2adc by 30 deg

subtract 376 to get right offset™/

/*If this eqn written in one line, it does

not give the correct result*/

asm(” SPM 07); /*This reverts the state of the DSP to before

this routine
/*********************#****************#*****/

/****#*****************************#***#*****/

/*Routine to change ADC input channel */

/*to be able to sample the DC-Bus */
/********************************************/

adctmp = ADCTRLI; /*Change ADC channell to ADCINS (Occurs after EOC)*/
adctmp &= 0xFF80; /*and ADC channel 2 to ADCIN3*/

adctmp |= 0x003A;

ADCTRL] = adctmp;

ADCTRLI1 [=0x0001; /*Start ADC conversion of DC-Bus signal*/

JEEERdhk Rk R Rk kh bk Rk kR ik Rk kR khk ]

/*******************************************************/

/*Rectify Quadrature Sine Voltage Waveforms and store */

/*sign of waveform */
/*****************************************#*************/
vladc = (vladc) - centre; /*v1adc>>6 Capture ADC reading and convert*/
if (vladc >= (centre+1))

{vladc = OxFFFF - vladc;

sign &= OxFFFE;} /*FFFE Sign of alpha component is negative bit0=0*/
else

{sign |= 0x0001;} /*0001 else sign is positive*/

v2adc = (v2adc) - centre; /*Capture ADC reading and convert*/

if (v2adc >= (centre+1))

{v2adc = OxFFFF - v2adc;

sign &= OxFFFD;} /*FFFD Sign of beta component is negative*/

else

{sign |= 0x0002;} /*0002 else sign is positive*/
/*******************************************************/

/**************************************************/

/*Determine which rectified instantaneous voltage */
/*waveform is larger */



/**************************************************/

if(viadc > v2adc) /*Determine sign of is alpha>beta*/
{sign |[= 0x0004; /*and store it*/

}

else

{sign &= 0xFFFB;

}

/***************************************************/

/************************************************************/

/* Routine to find ratio between alpha and beta components */

/* such that it’s always greater than unity, to avoid using */

/* floating point operations the larger is shifted left six */

/* bits (multiplied by 64) and divided by the smaller value */

/* This gives a resolution of 1 in 64 which is sufficient */
/************************************************************/

if{viadc>v2adc) /*Determine larger coniponent (alpha or beta)*/
{

vlade = vlade< <6; /*Left Shift larger value by six bits*/
if(v2adc>0) /*Check so as no to divide by zero*/

{

adcratio = vladc/v2adc; /*Find ratio between components)*/
}

else

{adcratio = OxFFC0;} /*If denominator zero, define ratio™/

}

if(vladc<=v2adc) /*Determine larger component (alpha or beta)*/
{

v2adec = v2adc < <6; /*Left Shift larger value by six bits*/
if(vladc>0) /*Check so as no to divide by zero*/

{

adcratio = v2adc/vladc; /*Find ratio between components)*/
}

else

{adcratio = 0xFFC0;} /*If denominator zero, define ratio*/

}

if(adcratio>O0xFFCQ) /*Define largest ratio so as not to*/
{adcratio = 0xFFCO0; /*exceed limits of lookup table*/



}

/********************#*******#**#***#**********#************************/

/**************************************************/

/* Routine to ArcTan ratio between alpha and beta */

/* Qutput is in the range 0..45deg */
/***#*******#**************************************/
while((adcratio > natam[spcincr])) /*Decrement position in look up table*/
{specincr = speincr - 1; /*if ratio > value at that position*/

}

while((adcratio < natam[spcincr]) & (spciner < 45)) /*Increment position
inlook up table*/

{spcincr = speincr + 1; /*if ratio < value at

that position*/

}

/#*****************************#*****************#*/

/****************************************************/

/*Depending on the instantaneous values/sign of the */
/*voltage waveforms, determine the mains phasor */
/*sector and thus angle */
/***************#*******#******#***#***#**********#**/
switch(sign)

{

case 0: {anglmain = 270 - spcincr;

break;

}

case 1: {anglmain = 270 + speincr;

break;

}

case 2: {anglmain = 90 + spcincr;

break;

}

case 3: {anglmain = 90 - spcincr;

break;

}

case 4: {anglmain = 180 + spcincr;

break;

}

Xii



case 5: {if(spcincr > 0)

{anglmain = 360 - spcincr;

}

else

{anglmain = 0;

}

break;

}

case 6: {anglmain = 180 - spcincr;

break;

}

case 7: {anglmain = 0 + spcincr;

break;

}

default: {COMCON = 0x0000; /*Put PWM output in high impedance state?*/
break; /*in the case of an execution error*/

}
}
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/* Scale Inverter angle into the 0 to 360 degree range */

[ o o oo ook ko oo oo ok sk ok ok ok /
anglinv = (angle) * 3; /*Current inverter angle (no need to compensate)*/

anglinv = anglinv>>1;
/***************************#***************************/

/***********#***#***************************#***************************/

/*Correct inverter angle to adjust for 30deg difference between line to*/
/*line space vector and line to neutral space vector */
/************************#******#******#********************************/

anglinv = anglinv + 30;
/*****************************************************#***#****#********/

/* logger();*/

/*****************************************/

/*Sample DC Bus & Potentiometer reference®/
/*****************************************/

vdcade = ADCFIFO1>>6; /*Read ADC1 (DC Current)ADCINS*/
potref = ADCFIFO2>>6; /*Read ADC2 (pot ref)ADCIN3*/
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dumpl = ADCFIFO1;

dump2 = ADCFIFO2;
/***************************************/

vderef = 302; /*Set DC-Bus reference value®/

/¥=81.5V==109.2V=350 4.7k,2.2k *** 415, 1k,1k*/
/***************#*****************************************/
/*Calculate phase shift from dc-bus PID controller */
/*********************************************************/
/*********************************#*******/

/*Integrate DC-Bus value to reduce noise */
/*****************************************/

vdc[j] = vdcadc;

if(j >=9)
=0

}

else
{=j+1
}

tempp = 0;
k=0;

while(k < 10)

{tempp = tempp + vde[k];
k=k+1;

}

tempp = tempp /10;

vdcavg = tempp; /*temp line*/
/****************************************#/

[EEERERRRRFRREFFRRERERERERREERREREE RS R ERE R/

/*Implement PI Controller */
/******************************************/

phshft = (tempp - vdcref);

phshftint = (31*phshftint + 2*phshft)/32; /*phshfiint = (phshftint + 2*phshft/5);*/

if{phshftint > 500) /*Limit values of Integral*/
{phshftint = 500;

}

if(phshftint < -500) /*Limit values of Integral*/
{phshftint = -500;
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}
phshftdiff = (phshftint/3 + phshf/4); /*Output of PI Controller*/

if{(phshftdiff < 30) & (phshfidiff > -30)) /*Limit Values of PI controller output®/
{anglinv = anglinv - phshftdiff;
phshftact = phshftdiff;

}

if(phshftdiff >= 30)

{anglinv = anglinv - 30;
phshftact = 30,

}

if(phshftdiff <= -30)

{anglinv = anglinv + 30;
phshftact = -30;

}

/****#***************************#**/
/***#**#****#*##**#********#********************************/
/**********************************************#*******#****#/
/*Qutput phshftact to DAC to see locking for debugging */
/***************#*****************#**************************/
valuel = (phshftact) & 0x00F0; /*Select B4-B7 of inverter angle/3*/

valuel |= 0xF000; /*Keep B4-B7 as outputs*/

PBDATDIR = valuel; /*Output to bits 4-7 of Portb*/

value2 = (phshftact<<2) & 0x003C;

value2 |= 0x3C00; /*Keep D2-D5 as outputs*/

PDDATDIR = value2; /*Qutput to D2-D5 on PortD*/

/************#***#********************************************/

/********##***#**#*#***********************/

/*¥Limit inverter angle to 0-360deg */
/**#**#*******#**#****#************##**#***/

if(anglinv>=360) /*Make sure angle is in range 0-360*/
{anglinv = anglinv - 360;

}

/*************#****************************/

logger(); /*Log selected Variables*/

/***##*#**********#***************************/

/*Proportional Contoller for phase locking */
/***#*********#*******************************/
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if(anglmain > anglinv)

{diff = (anglmain - anglinv);

}

if(anglmain < anglinv)

{diff = 360 - (anglinv - anglmain);
}

\*******************************************************************\

/*Change period of output 50 Hz wave to lock onto incoming */
\*******************************************************************\
if(diff>=180) /*mains lagging - decr. inv period*/

{TIPER = 0x682 + (360 - diff)*5,

}

else /*mains leading - incr. inv period*/

{TIPER = 0x682 - diff*5;

}

\*************************************************************i****%\

\****************************************i***\

/*Routine to return ADC channel 1 to ADCING */

/*and channel 2 to ADCIN4 */
\********************************************\
adctmp = ADCTRL1; /*Change ADC channell to ADCING6 (Occurs after EOC)*/
adctmp &= 0xFF80; /*and channel 2 to ADCIN4*/
adctmp |= 0x004C;

ADCTRL1 = adctmp;
\*******************************************\
IFRA |= 0x0200; /*Clear T1UF interrupt flag register*/
/*End of Underflow Interrupt Service

Routine*/

}
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/ Define Entry Point /
void ¢_intO(void)

{

main();

}
[rkskrii s END OF PROGRAM CODE**#**¥/

\****************************************************************\

/*Spare Code */
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/*This is code developed for the development/debugging stages */
/*of this project and is no longer used in the program however */
/*is still useful for debugging purposes */

/**************************#*******************#***************##/
/******************************************/

/*Calculate phase shift from reading pot */
/**************************#*********#*****

tempp = vdcref/64;

if{(tempp) >= 0x01FF)

{phshft = (tempp - 0x01FF)/32;

anglinv = anglinv + phshft;

}

else
{phshft = (0x01FF - tempp)/32;
anglinv = anglinv - phshft;

}

/***************************#******#/
/******************************************/
/*Calculate phase shift from dc-bus */
/******************************************

tempp = vdcadc/64; /*Shift 10bits of AtoD reading 6bits to right*
if((tempp) >= 120)

{phshft = (tempp - 120);

if(phshft < 20)

{

anglinv = anglinv - phshft;
}

}

else

{phshft = (120 - tempp);
if(phshft < 20)

{anglinv = anglinv + phshfi;
}

}

/#***************************#***#**/

/*******#***************************#******/

/*Calculate phase shift from dc-bus */
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tempp = vdcade>>6; /*Shift 10bits of AtoD reading 6bits to right*
phshft = (tempp -100);

phshftint = (phshftint*2 + phshft)/2;

if((phshftint < 20) & (phshftint > -20))

{anglinv = anglinv - phshftint;

}

if(phshftint > 20)
{anglinv = anglinv - 20;
3

if(phshft > 20)

{anglinv = anglinv + 20,
}

/**********#************************/
/************************************************************/
/*Qutput inverter angle to DAC to see locking */
/*********************************************************#**
valuel = (angle>>1) & 0x00F0; /*Select B4-B7 of inverter angle/3*
valuel |= 0xF000; /*Keep B4-B7 as outputs*

PBDATDIR = valuel; /*Output to bits 4-7 of Portb*

value2 = (angle<<1) & 0x003C,;

value2 |= 0x3C00; /*Keep D2-D5 as outputs*

PDDATDIR = value2; /*Output to D2-D5 on PortD*
/**********#***********************#**************************/
/*

vl = ADCFIFO1 - 32704;

v2 = ADCFIFO2 - 32704,

valuelade = vi;

valueZade = v2;

value3adc = viivZ;

*/

/*****************************************************/

/* Routine to find absolute values of alpha and beta */

/* components of mains space vector and to record */

/* whether they are +ve/-ve at these instants */

/**********#**************#***************************/

/%
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alph[j] = ADCFIFO1>>6;
bet]j] = ADCFIFO2>>6;

i=j+h

if(j ==16)
=0

}

v2ade = 0
vlade = 0;
while(k<16)

{v2adc = v2adc + alph[k];
viade = viadc + bet[k];

k=k+1;
}
k=0;

viadc = viadc/16 - 9,

v2adc = vZadc/16 -3;

*/
/************************************************************/
/*Output DCRef to DAC to see setpoint */
/************************************************************
valuel = (vdcref>>8) & 0x00F0; /*Select B4-B7 of Pot Reading*

valuel |= 0xF000; /*Keep B4-B7 as outputs*

PBDATDIR = valuel; /*Output to bits 4-7 of Portb*

value2 = (vdcref>>6) & 0x003C;

value2 |= 0x3C00; /*Keep D2-DS5 as outputs*

PDDATDIR = value2; /*Output to D2-D5 on PortD*/
/*************************************************************/
/*Tried to interpolate angle

if(anglinv == 0)

{tmp! = adcratio - natam[spcincr];

tmp2 = natam[spcincr-1] - natam[spcincr];

fracangl = tmp1/tmp2; /* + anglmain;*

logger();

H

*/
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/*Work out inverter angle relative to mains where 360=mains period*/
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/*************************#***********#****************************/
/*

if(anglmain <= 3)

{if(zz==0)

{measold = anglinv;

zz=1;

}

if(anglinv>measold) /*inverter period>mains period*

{measdiff = anglinv - measold;

if(measdiff>36) /*inverter period<mains period 36 instead of 72777*
{measdiff = 360 - measdiff;

measper = 360 - measdiff; /*obsolete line*

}

else

{measper = 360 + measdiff;

}

}

else /*inverter period<mains period*
{measdiff = measold - anglinv;
if(measdiff>>36) /*inverter period>mains period*
{measdiff = 360 - measdiff;

measper = 360 + measdiff; /*obsolete line*
}

else

{measper = 360 - measdiff,

}

}

measold = anglinv;

/* mainsper = 360;

mainsper = TIPER * mainsper/measper;
mainsperu = mainsper;

measper= TI1PER + measdiff;*

3

*/

/’*

if(anglmain > anglinv)

{diff = (anglmain - anglinv);



}

else

{diff = (360 - (anglinv - anglmain));
}

#/

/*

output = 0x0020;

output = output&0x003C;

output = output|0x3C00;
PDDATDIR = output;

mainsper = measper;

bbb = 360;

cce = mainsper/bbb;
*/

/*

output = 0x0000;

output = output&0x003C;

output = output|0x3C00;

PDDATDIR = output;

*/

/* valuel = (valueladc>>8) & 0x00F0; /*Select B9-B6 of ADC reading*
valuel |= 0xF000; /*Keep B4-B7 as outputs*

PBDATDIR = valuel; /*Output to bits 4-7 of Portb*
valuel = (valuelade>>6) & 0x003C;

valuel |= 0x3C00; /*Keep D2-D5 as outputs*

PDDATDIR = valuel; /*Output to D2-D5 on PortD*
IFRA |= 0x0100; /*Clear Compare interrupt flag register*/

/*****************#************************/

/*Calculate phase shift from dc-bus */
/************************************#*****

tempp = vdcadc>>6; /*Shift 10bits of AtoD reading 6bits to right*
phshft = (tempp -150);

phshftint = (phshftint + phshft)*3/4;

phshftdiff = phshftint + phshit;

if{(phshftdiff < 20) & (phshftdiff > -20))

{anglinv = anglinv - phshftdiff;

phshftact = phshftdiff;

poe]



}
if(phshftdiff > 20)

{anglinv = anglinv - 20;
phshftact = -20;

}

if(phshftdiff < -20)
{anglinv = anglinv + 20;
phshftact = 20;

}
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/*Add adjustment to inverter angle*/

/*just for test purposes */

/*****************#***#************

if(vderef > 511)

{tempint = (vdcref-511)>>4;

anglinv = anglinv + tempint; /*+1 increases power*

}

else

{tempint = (511 - vdcref)>>4;

anglinv = anglinv - tempint; /******Had problems with compiler******

}

/**********************************/
/******************************#*********/
/*Calculate phase shift from dc current */
f***#************************************
tempp = idcadc;

phshft = (tempp - 511);

phshftint = (phshftint + phshft)*7/8;

phshftdiff = phshftint + phshft;

/* if((phshftdiff < 20) & (phshftdiff > -20))
{anglinv = anglinv + phshftdiff;

phshftact = phshftdiff;

}

if(phshftdiff > 20)

{anglinv = anglinv - 20;

phshftact = -20;
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}

if(phshftdiff < -20)
{anglinv = anglinv + 20,
phshftact = 20;

}

/***********************************/’

/*sector = angle/60; /*NB! Fractional values always rounded down*/
/* alpha = (256*(angle - sector*60))/60;*/

/*if{spcincr>45)

{spcincr=44;

}

*/

/*idcadc = idcadc + curroff:®/

/*vdcadc = vdcavg;*/

/*vdcavg = (vdcavg*7 + vdcadc)/8;*/

/* asm(” ROR”);

asm(” ROR”);

asm{” ROR™); /*Last three line to divide accumulator by 8

asm(” SACL _vdcavg, 0000h™); Store Accumulator Low in variable*/
/*

if{(phshft < 5) & (phshft > -5))

{phshftint = 15 * phshftint / 16;

}

*/

/*phshftact = phshftact *5;*/

/*Tried to integrate difference "diff” by create variable intdiff” and performing
intdiff = (intdiff *119 +diff)/120 where intdiff = float, problem- still have
oscillation */
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A.2. Interrupt Service Routines Assembler Definition - Spcade_a.asm
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; File Name: spc2_a.asm
; Copyright (€) 2000 Maria Rosa inc.
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; Include Files

Jdnclude F243_a.h
.include demos_a.h
.include vect_243.h

.global tlper ISR
.global _tluf ISR
MON243 .set 0e3h

3

Jext

; load ISR addresses to Interrupt Vector in on-chip block B2

LACC #tlper ISR _assembler

LDP #0

SACL tpintlvec ; load ISR_assembler address into corresponding
; interrupt vector

LACC #t1uf _ISR_assembler

LDP #0

SACL tufintlvec

tlper_ISR_assembler:

; entry to this ISR is done by the on-chip monitor which has made the
; following context saving:

; larp AR1 ; ARP=1, ARB=ARP before int.

; mar *+ ; skip one value on the stack AR1=TOS+1

; sst #1, *+ ; save ST1, ARI=TOS+2

; sst #0, *+ ; save STO, ARI=TOS+3

; sach *+ ; save ACCH, ARI=TOS+4

; sacl *+ ; save ACCL, ARI=TOS+5

; call to ISR function in C:



CALL _tlper ISR

; context restauration from an ISR:
;restore context save done by MON243
MAR * AR1 ;ARP=1, ARI=TOS+5
MAR *. ;AR1-, ARI=TQOS+4

LACL *- ;Restore ACCL, ARI=TOS+3
ADD *-16 ;Restore ACCH, ARI=TOS+2
LST #0, *- ;Restore STO, AR1=TOS+1
LST#1, *- ;Restore ST1, AR1=TOS

clrc INTM

b

RET

tluf_ISR_assembler:

; entry to this ISR is done by the on-chip monitor which has made the
; following context saving:

; larp AR1 ; ARP=1, ARB=ARP before int.

; mar *+ ; skip one value on the stack AR1=TOS+1

;sst#1, *+;save ST1, ARI=TOS+2

. sst #0, ¥+ save §T0, ARI=TOS+3

; sach *+ ; save ACCH, ARI1=TOS+4

; sacl *+ ; save ACCL, ARI=TOS+S

3

; call to ISR function in C:

CALL _tluf ISR

; context restauration from an ISR
;restore context save done by MON243
MAR * AR] ;ARP=1, ARI=TOS+5
MAR *- ARl AR1=TOS+4

ii



LACL *- ;Restore ACCL, ARI=TOS+3
ADD *..16 ;Restore ACCH, AR1=TOS+2
LST#0, *- ;Restore STO, AR1=TOS+1
LST#1, *- ;Restore §T1, ARI=TOS

clrc INTM

2

RET

3

¥

ii
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Space Vector Modulation

2.1 Introduction

Traditionally, pulsewidth modulation for ac drives had been implemented using analogue techniques.
Ordinarily, the pulsewidth modulation signals are obtained by direct comparison of a triangular carrier
waveform with some desired modulating function. For a three-phase machine, three independent
pulsewidth modulation stages are required; one per phase. The three modulating functions applied to these
PWM stages are proportional to the desired stator phase voltages. Most often these reference voltages are
obtained as the outputs of analogue regulating current controllers.

However, the current control of ac drives is now moving towards a digital implementation. The generation
of the pulsewidth modulation signals is an inherently digital problem. Consequently, it makes little sense
to convert the current controller outputs to analogue in order to generate the digital PWM signals. Indeed,
many modern processors include a digital PWM generation function on the same integrated circuit.
Therefore, in 2 modern all-digital drive it is inevitable that some form of digital PWM algorithm is
required.

It is possible to implement a direct digital equivalent of the comparison between a sawtooth carrier and a
desired modulating function. These techniques are known as regularly sampled as the PWM signals are
derived by comparison of a regularly sampled version of the modulating function with the carrier. This
notation distinguishes these schemes from the analogue naturally sampled PWM. However, such
schemes are simply close approximations to the traditional analogue sine-triangle pulsewidth modulation
strategy.

In recent years, a new modulation technique known as Space Vector Modulation (SVM) has been
developed. While offering a new, inherently digital computation method, this technigue produces identical
PWM signals to those that would be obtained from comparison of a triangular carrier waveform with a
suitably defined modulating waveform. The main advantages of this modulation technique are:

e Simple, inherently digital calculation of the switching times

e A 15% increase in dc link voltage utilisation compared with sine-triangle techniques

o Lower harmonic content, particularly at high modulation indices, compared with sine-triangle techniques

2.2 Realisable inverter states

For a three-phase voltage source inverter (V3I) each pole voltage may assume one of two values
depending on whether the upper or lower switch is turned on. Consequently, there are only eight possible
operating states for the three-phase voltage source inverter. These different states are illustrated in Figure
1.
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Figure 1: The 8 possible operating states for a three-phase VSIL.

It emerges that the eight inverter states comprise six active states, State 1 to State 6, and two zero states,
State 0 and 8. The six active states occur when either one upper and two lower or two lower and one upper
inverter devices conduct simultaneously. The zero states occur when either the three upper or the three
lower devices are turned on. These two states are often referred to as freewheeling states, since all motor
currents are freewheeling during operation in these configurations. For each of the eight states it is
possible to calculate the resultant voltage space vector using (2).

For example, when the inverter operates in State 1, corresponding to having the upper switch of inverter
pole A and the lower switches of inverter poles B and C turned on simultaneously, the resultant inverter
phase voltages are:

2
Van, = 3 Ve
Ven, = Ve = ! ¥,
EH, e, g V& o)
Substituting into (2), it is possible to show that the voltage space vector due to State 1 is given by:

v 1
Vo, = o
sl v
i

0

2
-§th

@
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The state, vsl, is shown in the complex space vector plane of Figure 2 as a vector of length 2Vae/3 lying
along the real axis. Similarly, it is possible to compute the voltage space vectors for the other seven
inverter states which are also illustrated in Figure 2. The six active voltage space vectors are of equal

magnitude and mutually phase displaced by 7 /3. The general expression for the eight realisable voltage
vectors is:

%V& exp((k“%] k=LA 6

0 k=08
&)

The six active vectors subdivide the space vector plane into six equal sectors,

Im‘jsﬁ Axis

Figure 2: Realisable voltage space vectors for a three-phase voltage source inverter.

2.3 Inverter capability and reference voltage definition

The hexagon of Figure 2 represents the range of realisable voltage space vectors. Using the space vector
modulation process it is possible to realise any arbitrary voltage space vector that lies within this hexagon.
The maximum fundamental phase voltage that may be produced by the inverter for a given dc link voltage
occurs under siz-step operation. The resultant phase voltage developed by the inverter is shown in Figure
3, where the six different voltage levels, corresponding to operation at each of the active inverter states,
are clearly seen.
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Figure 3: Resultant inverter phase voltage and corresponding fundamental component for six-step
operation.

The fundamental component of the six-step voltage waveform is also illustrated in Figure 3. From the

<

de

Fourier analysis, the fundamental voltage magnitude is given by:
4
T2 @

vl Stu-shep

This voltage level is achieved only at the expense of significant low frequency distortion. Nevertheless, it
can be shown that for conventional sinusoidal modulation the maximum achievable fundamental voltage

180
v
. - S
{sh-ooem 9 (5)

so that only 78.5% of the available inverter capacity is used.
If the space vector modulator is required to produce a balanced three-phase system of voltages of

magnitude V1 and frequency © m, given by:
Vi = Vycos{w, t)

Vo =V, cos(wyt +7)

Ve = V, cos(w £+ 27) ©)

the corresponding reference voltage space vector is given by:
v, - VI[cos(w _t) - jsin (m mt)]

- Vet

= W &c"""‘.
2 0

The modulation index is defined as the ratio of the desired peak fundamental magnitude to half the dc link

voltage:
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v
M= 1
Vo
2

&
Therefore, the reference space vector describes a circular trajectory of radius V1 at an angular velocity @ m

in the complex plane. Two reference voltage trajectories are shown in Figure 4 for modulation indices of
0.58 and 1.15, respectively.

Figure 4: Reference voltage space vector trajectories for M = 0.58 and M = 1.15.

Clearly, the largest possible voltage magnitude that may be achieved using the space vector modulation
strategy corresponds to the radius of the largest circle that can be inscribed within the hexagon of Figure 4.
This circle is tangential to the midpoints of the lines connecting the ends of the active state vectors. The
maximum fundamental phase voltage that may be achieved is:

Y, =
B )

which corresponds to a maximum modulation index Mmax = 1.15. As a result, the maximum peak
fundamental magnitude that may be obtained with the SVM technique is about 90.6 % of the inverter
capacity. This represents a 15% increase in the maximum voltage compared with conventional sinusoidal
modulation.

2.4 Determination of sector of operation
The first step in the space vector modulation algorithm is the determination of the sector in which the

desired voltage space vector lies. Obviously this may be simply evaluated from the argument, & , of the
reference vector given by:

£ = tm‘llv—i“]. 04 &< 2x

(10)

The sector, m, is then simply determined from:
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"
1 if 0¢EL=
L rOeEs
m=3: :
6if§§$&‘$2*x

(1n

However, this approach requires the computation of an arc tangent function in each modulation cycle.
This can be a time consuming calculation or require a large look up table.

An alternative approach is possible by examination of the polarities and relative magnitudes of the real and
imaginary parts of this reference vector. Using such logical determinations, it is possible to developa
simple algorithm to determine the sector of operation. This is outlined in the following pseudo-code:

L]
if (" >0) then " m = 1,2 or 3"

>k

if(lv;“

Jthen " m = 1 or 3 ®

if ("%50) then
m= 1
alse
ms= 3
alse
m= 2

else " m = 4,5 or 6°

o>

if { Jthen " m = 4 or 6 ®

if (“%>0) then
m = 4
else
m= 6
elase

ms= 5

While this algorithm may seem more complicated than the first one, it can easily and quickly be evaluated
by most modern processors using simple logical and conditional expressions.

2.5 Computation of active state times

Although often required to synthesise a circular locus, the space vector modulation strategy is equally
applicable to any arbitrary voltage trajectory that lies within the inverter's capability. In general, the
desired voltage space vector at any particular instant may be written in Cartesian co-ordinates as:

* W C o
¥, ™ Vg +_;v,3. (12)

Consider the example depicted in Figure 3, in which the desired voltage is found to lie in Sector 1.
Although, the inverter cannot produce this voltage directly, it can be seen in the figure that it is possible to
decompose it into two vectors, vx and vy, that lie on the two active inverter vectors on ¢ither side of the
reference vector. Although it is not necessary to use the two adjacent inverter states in the synthesls
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of the output voltage, it can be shown that superior harmonic performance is obtained when this
condition is satisfied.

Im‘

o o R

-’
VX

Figure 5: Synthesis of desired voltage space vector using realisable voltage vectors,

Therefore, in space vector notation:

&
¥, "V, TV, (13)

where the vectors, vx and vy, are obtained by operating at the relevant inverter states, vst and vs2, for
suitable portions of the switching period, Ts. In general, when operating in sector m, the reference vector
may be decomposed according to:

*_& Tm+l
v, T, V!.m+ 'I', ¥ mel »

where Tm and Tm+1 are the times spent at adjacent active inverter states, vem and vem+1. Substituting in

Ll
(14) for Vs from (12) and for vs;m and vs,m+t from (3) and considering real and imaginary parts, it is
possible to write expressions for the active state times that are valid for any arbitrary voltage space vector
and all possible sectors of operation. The relevant expressions are:

Bl

1 ﬁT[ WEEC IS

T

Bt

(15)

As the sine and cosine terms above assume only a limited number of values, these equations are
particularly amenable to digital implementation. The remainder of the modulation cycle is subdivided
between the zero states:

=L+ T =T, ~Ta ~Tau (16
The way in which the zero states are utilised, in particular the apportionment of the time Tzero between the
two zero states, presents a degree of freedom to the process that may be used to change the characteristics

of the modulation, as will be demonstrated later. However, equal portioning between the two zero states
produces conventional SVM waveforms.

2.6 Production of inverter switching signals
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Having computed the active and zero state times for a particular modulation cycle, it is possible to produce

[ ] L B
the switching signals, Sa s sB, and B¢ , 1o be applied to the inverter. Although, there are numerous
possible sequences in which the various inverter states may be applied, minimum inverter switching
frequency is obtained if the transition from one inverter state to another is obtained by switching
only one inverter pole. In addition, since the zero states are common to all sectors, it proves convenient to
begin and end each modulation cycle in one or other zero state. For convenience, the total zero time is
most often divided equally between the two zero states. It is possible to satisfy all of the above restrictions
by the use of symmetrical pulses as shown in Figure 6. The choice of which zero state to begin each cycle
with is completely arbitrary. Here, the cycle begins in State 0, i.e. [000], with each inverter pole being
successively toggled until state 8, [111], is obtained. The pattern is then reversed in order to complete the
modulation cycle. This approach to the production of the inverter signals is by far the most prevalent due
to its inherent harmonic advantages and this technique is termed double edge space vector modulation.

Figure 6 shows the times from the start of each modulation cycle at which the inverter poles are toggled,
Taon, TBon and Tcon, respectively. Taking the variations from one sector to another into consideration, it is
possible to tabulate these times as functions of both the active and zero state times. The results are
tabulated in Table 1. The time at which pole A is toggled back to its initial state is:

Tactt =T~ Tam an

T
- g ot
S o
st : : L
f ! ' E E [ '
S 000} [100] }[110] [ [111] ] [110}} {100] {[00C]
e
0 et T e i Ie i
P20 020 2 2 2 2
STAQnE g §
e T ! f
! Bon | .
— T
Figure 6: Typical inverter switching signals for double edge SVM in Sector 1.
SECTOR Taon TBon TcCon
! E E + .T& E + & + h
2 2 2 2 2 2
2 To T L 540y Tom
2 2 2 2 2 2
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3 E+?£+T_1 E T_°+T£
2 2 2 2 2 2
4 B, In, T 5, T L)
2 2 2 2 2 2
3 §+£ T_0+.?_’§. T.___m*l ._TQ
2 2 2 2 2 2
6 E T_U+E'3.+&*_‘. _T£+£u+_1
2 e 2 2 2 2

Table 1: Switching times of the three inverter poles as a function of the sector of operation for double
edge space vector modulation.

2.7 Limiting the applied voltage vector

If the space vector modulation algorithm is used inside a digital current control loop, a voltage vector that
exceeds the inverter capability may be demanded. This is particularly true during a demanding torque
transient, where an excessively large voltage vector may be demanded. It is necessary to detect and
appropriately limit such a vector in a properly implemented space vector modulation algorithm. There are
two basic limiting strategies. Either the voltage vector may be limited to the maximum circular locus of
Figure 4 or to the hexagonal limit of the inverter capability.

2.7.1 Circular Limit

This method is applied if the magnitude of the reference voltage vector is found to exceed that of the
maximum circular locus of Figure 4 so that:

(V;;): 4 (V:ﬁ) >V].m (18)

where V1,svm is given by (9). In this case a modified voltage vector:

v, =vm+jvw (19)
is applied where:
vl = VIM v.
o v 44 ARV I
o) +(v:)
L] vm- L4
L Vs

J(V;)g +(v4 )2 20)

This limiting method applies the largest voltage vector that is oriented in the same direction as the
reference voltage vector and remains within the largest circular locus of Figure 4. This approach ensures
continuous modulation so that the average line voltages remain sinusoidal at all times. However, the
algorithm does require the calculation of a square root function and a division. In practice, if it is desired to
eliminate puise dropping, it may be necessary to limit the voltage vector to a somewhat smaller circular
locus so that the pulse widths do not become excessively small.

2.7.2 Hexagonal Limit

Alternatively, it is possible to detect an unrealisable voltage vector if:
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Tm + Tnd 3 Ts (21)

In this case the calculated times are rescaled as:

. T,
= s T
Tm Tm .I;n-rl B

Tl
Tm+l m ‘Tn«rl @)

to produce a physically realisable voltage vector. The resultant vector is again oriented in the same
direction as the reference voltage vector but now lies along the hexagonal inverter limit of Figure 4. This
limiting algorithm is somewhat simpler to implement in a real-time microprocessor environment but the
resultant line voltages can contain some low frequency distortion and pulse-dropping can occur. However,
slightly larger voltage vectors can be obtained. The effective applied voltage vectors for the two different
limiting strategies are shown in Figure 7.

Circular Limit
~

’\
Ornginal Vector

Figure 7: Resultant applied voltage vector for different limiting strategies.

2.8 Space vector modulating function

The space vector modulation process would seem to differ radically from the more conventional sinusoidal
pulsewidth modulation schemes. However, the analysis and computational steps have been presented to
illustrate its suitability to microprocessor implementation. However, it can be shown that space vector
modulation is analogous to regular sampled pulsewidth modulation with a modified modulating
waveform. The resultant modulating function, vsvm, is illustrated in Figure 8 and may be written:

T
J3M Cos [w,t-g} Dﬁwnt<~—3~

Vsm(w t) F—

B 2 -\fgCos(an z Swptl —

with half-wave and quarter-wave symmetry used to define the remainder of the waveform. This function
also equals the averaged pole voltage normalised to Vae/2. The maximum value of this function is 1.0
which occurs at @ mt = £ /6 for the largest modulation index, M = 1.15.
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Figure 8: Normalised space vector modulating function and its constituent components; the desired
fundamental, vsvm,1, and the added triplen waveform, A vsvm.

As shown in Figure 8, the space vector modulating function consists of a desired sinusoidal fundamental

component, vsvm,!, and a distorting triangular waveform, A vevm, at three times the fundamental frequency,
so that:

Ywa (mnt) = vsm,l(mn t) + Avm (wl t)- (24)
Using Fourier analysis, the harmonic series of the modulating function is:

33 1
Vo (@t} = M{Cos(w,t) - ?:{r— é TG Cos[3[2r + l]mnt]}.

(25)

The distorting waveform contains components at odd integer multiples of three times the fundamental
frequency. Since A vevm consists of only triplen barmonics, these pole voltages form zers sequence
terms that do not exist as phase voltages or produce currents in a three-phase star connected load
provided there Is no connection to the neutral point of the load. Instead the triplen harmonic
components of the pole voltage exist as a potential difference between the star point of the load and the
fictitious mid-point of the de supply. Indeed, their effect is identical to the introduction of third harmonic
voltages common in sinusoidal modulation schemes. The triplen voltages act to flatten the peaks of the
modulating function allowing the higher maximum voltages to be achieved.

2.9 Space vector modulation algorithm

The SVM algorithm can be illustrated in the flow diagram of Figure 9. In general the reference voltages
are determined from the output of the digital current controller. The generation of the pulse sequences may
be implemented without undue difficulty using the intrinsic PWM generation circuitry of modern
MICroprocessors.
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Compute Reference Vector Components Vg and v;}

g

Determine Sector, m

:

Determine State Times, T and Ty

!

Calculate Total Zero Time, sz

; d

Generate Pulse Sequences, S; . Sg and S;

Figure 9: Space vector modulation algorithm

The exact implementation of this function differs between processors offering this facility. However, the
net effect is the ability to generate accurate PWM signals of high resolution without processor
intervention. The availability of this feature is a significant advantage when determining a suitable
processor for the complete digital current control and modulation of ac drives. However, if this feature is
not available in the chosen processors, additional digital hardware is necessary (perhaps in the form of a
FPGA or PAL) to implement the same function. In either case it is essential that once the switching times
have been computed by the control algorithm, there should be no processor overhead in the generation of
the PWM sequences.

Copyright 1995- 2001 Analog Devices, Inc. All rights reserved.
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Bus Clamping forms of SVM

3.1 Introduction

The space vector modulaton strategy presented in the previous sections may be viewed as the classical
approach, However, many different variations of this techniques are possible. Tn the classical approach the
total zerc state time 15 divided equally between the two inverter zero states. However, since the effect of
both zero states is identical, there is 3 degree of freedom in how each zero state 15 used in every
modulation cyele. Itis this degree of freedom that can be exploited to give aliernative forms of the space
vector modulation pulse sequences,

3.2 Bus clamped space vector modulation

In efforls 1o reduce the effeclive inverter switching frequency, various medulation strategies have been
proposed that use only one zero state in each switching period. These technigues, although often reporied
under different tifles, are denoted genericaily as hos clamped modulation schemes. All of the methods
maintgin one inverter pole ¢lamped Lo either the positive or negative de link for a number of modulation
cyeles while Lhe other two poles are switched using spave vector technigues. Altermative approaches exist
depending on the amount of time each inverter pole rernains clamped and o which of the de link mils it is
connected. However, three main classifications may be identified, 30° clamped, 60 clarnped and 1207
clamped, depending on the size of the contigupus clamped blocks of the corresponding modulating
functions.

Consider the case where the desired voliage veclor lies in Sector 1. This vector is synthesised in
conventional space vector medulation using the 1wo adjacent active states and both Zero states, However,
it is equally possible to generate the required voltage using the two active states and only one zeto state,
Consider first the case where State 8 or [111] 15 used in odd numbered sectors. As a result, this scheme is
termed odd 60° clamped space vector moedulatien, The sector, inverter states used and clamped inverter
device are tabylated in Table | for operalion with this strategy. Clearly, for operation in Sector 1, inverter
pole A does not switch and its upper switch refnains on, conneeting the pole (o the pogitive de rail over the

entire 607 period

Angle | Sector States used i Clamp Device
T 1 [T UNLIoeLeo] | UpperSwitch A
Dimml:ﬁg (LRBYN LR UIN LY PR
x x| 2 [0 [010L{110] Lower Switch C
—fwyts—
— 3 3 S . — i} +. o o e 4
b 3 [LLDL[01].m0] Ulpper Switch B
? £ Wyt iw - :
Adr | 4 | [000L[0001[011] | LowerSwith A
*Ew b S —
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{_E‘; 5% 5 [ QI GiE[eel} | Upper Switch C

f CHARIEURRTHY Eower Swirch B

iF St 3;1

‘Table 1; Inverter states used and elamped deviee for operation with odd 607 clamped space vector
meadulaticn,

Typicat inverter switching sigmels for operation with this sorategy are depicted in Figme | fir the casc of
1he reference vector bying in Scotor 1. Obviously, when operstion transitons (o Sector 2, the modulation
cvele beeing with the other zero state [(00F, Thoerefare, it is necessary o togele all three verter states
simultaneously when there 1s a runsition iole another sector,

N % K.
% | - ; :'
8 | s ;
g — : : p— —
Se o [l el o] [uoolf ol oo
T e
B B e S I
2 2 2 2

Figure 1: Trverter awitching sipnats for operation m Sector 1 with odd 60° clamped 5% M.

A variation on this technigue results when the zeroatate | 111] 95 wsed in even numbered seelor. This
methed 15 termed cven 60° clamped space vector moduolation. Operation of the inverter with this scheme
is deserbed fully by Tuble 2 inwhich, for exsmple, inverter pale A Is now clamped to the positive de ruil
during opcration in Sceto G,

Angle Sector | States used " Clamp Device
. 1 [OOOL[I00L[110] | Lower SwitchC
DEw FE—
i ((h TRl mo] | Upper Swinch B
i T m t L
(- I [ -
Dy 3 (GO0 [0140],[011] Lower Switch A
—iw tix
______ . _
J= 4 [T11]. 0117, [o01] Upper Switch C
S HTIN =*
g B & 7 [GO0]I0011.[101] | Lower Switch B

6 | [LUL)[101][100] Upper Switch A

Table 2: Inverer states and clamped device finr operation fir cven (07 clamped 53V
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A third form of 60° bus clamped 5WM is 2 combination of the sbove two methods, Tnstead of insisting that
only one of the zero states be used to synthesise the voltage in any particular cycle, this technique chooses
which zero state (o use based on the position of the referance vector within the scctor, If the reference
veetor is located in Sector 1 and lics between O and /6, the odd clamped technique is chosen, However,
when the vector lies betwesn T /6 and w3, the even clamped scheme is used. Here, tlus technique is
termed split clamped modulation. The tcehnigue clamps invetter poles A, B and C o the positive de rail
in the 60° regions about veetors [ 100], [010], and [ ] respectively and to the negative rail about [011],
[101], and [110] respectively. A more complete picture of operation with this scheme may be obtained by
combining the information of Tables 1 and 2.

An insightful way of comparing the three different 607 bus clamped space vector modulation metheds is to
lock at the corresponding modulating functions. The modulating function for odd 60° clamped space
vector modulation thay be writtcn:

i

1 T
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The parallel exprassion for the cven 607 elamped seheme 15
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The expresgion for the split clamped scheme is obtained by extractiog the relevant parts of (1) and ¢2). The
modulating functiens for the three 607 bus clamped modulation schemes are shown W Figure 2 for M=
ft.%. Althongh, not abvlously sinnseidal in shape, the distortion is made up entirely of triplen
hurmonies s that these modulatlon fenciions de prodnce the desired sinusoidal line-to-tine voltage
waveforms. It should be noted that the form of these modulating functions can vary quite dramatically as
the modulation index is changed, This phenomnenen ig illustrated in Figure 3 in which the split clamped
modulating waveform is shown for three different moduolation depths, M =01, M=05and M= .15,
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Figure 2: Effcclive modulating functions of 60° bus clamped space vector modalation with M — (1.9 {a)
{1dd elamped (b Lven clumped (o) Split clumnped.
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Figure 3: Varution ol modwlaliog funclion of split clamped space veetor modulation for (a) M — 0.1 (h)
M=05uand ()b - L.135

An altermative disconlinuous modulation steategy results when the clamped 60° Dlocks of the madulatmg
wavefurms of Figure 3 are 2ach replaced with two 307 intervals, Chacaeteristic modulating wavefurms fur
B =035 0% und L L5 are shown in Figure 4,
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Figure 4: Characteristic modulating functions for Eﬁ“ clamped space vector modulation with (a) M =03
(byM=0%{c)M=115

This seheme is a vaziation of the odd and even &0F clamped stratepres. In formulating the split clamped
scheme, the modulating function 18 made up of alternate 30° segments of the basic odd and even clamped
waveforms. If the order in which the two hasic stratogies are used is reversed, the result 15 a modulation
methiod in which four bus clamping mtervals of 30° appear. Therefore, operation in secior | follows the
cven elamped formulation in the region 0 to 7/6 and then reyverts to the odd clamped scheme from ® /6 to
i3,

Tt is possible to have a modulating function wheare the total 120 clamping interval is applied as one block,
Consequently, sach inverter pole is clamped to either the positive of negative de rail for two adjacent
sectors, Tweo distinet possibilities exist: negative 120° bus clarmping in which the state [111] is never used
and positive [20° bus clamping where the state [000] is never applicd. A complete representation of the
operation of hoth schemes i5 piven in Table 3. The corresponding modulating functions for hoth
technigues are illustrated in Figure 5 for a modulabon depth of M =02,

:r‘ J M-Positive 120° Bus Cl:ﬂmp]"t-l-g Ee;:l':e 120° Busma;;:;;; y
| Secturs  Clamped Device | Sectors Clamped Device

6l UpperSwithA 12  Lower Switea €
I__?H Upper Switch B “ 3,4_ -"-MMHMT;;;fer Switch Amm
4.3 _Upper Switch © | b Lower Swit;t"F:t -----

Table 3 Tnvertor operation wita positive and negative 120% clamped indervals,
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Figure 5: Modutating functions for 120° clamped space vector modulation with M =09 (a) Pusitive
clamped and (b} Negative clamped.

Modulating functions for both the positive and negative 120° bus clamped schemes are:
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3.3 Comparisch of varieus SVM techniques

t. All of the bus clamping schemes redoce the sffective inverter switching frequency. In all of these
schemes, each inverter pole 15 not switched dunng operation in two sectors. As a results the
effective switching (tequency is two thirds that of the conventional approaches.

2. Such a reduction in the switching frequeney produces a corresponding reduction in the switching
losses of the inverter, The reduction in the total switching loss is also a function of the motor
current and cotseguently of the power factor of the toad The largest reduction is achieved when
using the 60° bus clamped strategy where a reduction to 404 is achieved at unity power factor,
This high reduction 15 preserved if the 607 non-switching blocks can be maintained it phase with
the load current. Unfortunately, this may prove excessively difficult to implement in practice so
that the switching losses increase with power [zetor. However, even at @ power factor of zero, the
60° bus clamped scheme has only 66% of the switching tosses of the more cotiventional space
vector modulation schemes. The switching losses are reduced to about 33% at umity power factor
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with the 120° bus clamping schemes, Similar to the 60° strategy this increases to 66% at zero
power factor. Tn addition, the 30° bus clamped strategy provides a redyction in the switching losses
to 66% regardless of power factor.

3. The tatal imverter power loass consists of conduction losses as well as the switching losses. The
conduction fosses can be the dominant component of the total power toss. The conduction Tosses
are due to the finite on-state voltage drop of the inverter power devices, which can generally be
divided into a constant and a qurrent dependent term. 1t can be shown that the portion of the
canduction loss due to the constant on-state voltage is not affected by the choice of modukation
method. Tn addition, the partion dide to the current dependent on-state losses is only slighthy
affected, so that the bus clamped modutation schemes present no significant advantage in relation
to the total inverter copduction losses.

4. The inverter loss reduction of the bus clamping schemes is obtained only at the expense of
increascd harmonie distortion of the load currents. A fairer comparison of the different switching
strategies shoutd be made on the basis of identical switching losses. This improved harmonic
petformance of the bus ctamped schemes is illustrated by comparing the rms harmonic currents of
the different modutation schemes as a function of the modulation index. For the same caleutation
time, the conventional S%M scheme produces the lowest rms ripple current. However, if 1he
switching frequency of the bus clamped schemes is increased by 50%, the bus clamped schemes
produce the lowest ripple for M=0.7. Indeed, compromise modutation techniques have been
reported in which the switching stratcgy transitions to a bus clamped approach at higher modulation
depths.

5. Al similar levels of iotal inverter switching losses, the dominant harmonic current components of
the bus clamping schemes arc logated at frequencics approximatety 50% higher than those of
standard space vector modulation. Consequently, the audible noise level emanating from drives
operating with 8 bus clamped modulation seheme may be sigmificantly tess than when operated
with conventional space vector modulation.

6. One inherent disadvantage of the [20° stratepies when compared to cither the 30% or 607 sghemes,
15 that the modulating waveforms are no longer symmettical about zero. This is due to the effective
addition of a constant de offset to each modutating function. This symmetry shout wero can be
dosirable in reduving the offects of any offsct or guantization in the actual computation of the
meodulation process. As a result some undesirable imbalance can be inltoduced to the phasc
currcnts when this method is adoplcd.

7. Also, gince each modulaiion cyele of the bus clamped strategy s defined by four, rather than six,
switching instants, its Tmplementation can be slightly simpler. However, the complexity of
selecting the appropriate inverter siates based on the location of the reference vector may, in cortain
implementations, outweigh this advantage. This added computational burden is particularty true of

the 30" clamping scheme.

B. Onc attractive featire of all the space voctor modutation strategices prosented here is that the
instantancops bine curtents at the start of cach cycle reflect the average value over the past evele
This proves extremely advantageous in the development of digital cwrrent conirol schemes for ac
drives In conventionat analogue curtent controllers, the motor line corrents arc often tow-pass
filtered with a cot-oft at approximately half the inverter switching froquency in order to remove the
npple current component. Such filicring introduces an unayvoidablc phase shift into the carrent
control loops and reduces the svstem stability limits. However, in a digital environment, there s no
need Lo filter the currents provided they are sampled at the beginning of cach perod. Consequently
there is no phase shift and the controtler gains may be inereased giving improved dynamic
performange,

Copyright 1995- 2007 Analos Devicey, ine, AN rigfis reserved,
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Tech Note #T1 - The Different Types of UPS Systems
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Introduction To The UPS

This Technical Note explains the d:fferent types of UPS systems and their
characteristics. Block diagrams are provided.

Background Of The UPS

It is widely believed that there are only two types of UPS systems, namely standby type
UPS and on-line type UPS. These two terms are. as commenly understood. not correctly
appiled to many UPS systems on the market today. Many misunderstandings about UPS
systems are cleared Up when the difigrent types of UPS topologies are properly
identified.

Classical UPS Definitions

UPS systems are intended to improve the qualty of AC power in order to provide
uninterrupted operation of AC powered equipment. To accomplish this functon, g UPS
takes in normal guatity utility AC power and provides two enhancements:

« Power Quality Improvement.
» A Redundant {Back Up} Power Source.

Power quality defects which may be improved by the UPS include surges, noise, or
sags A UPS system provides redundant power by supplying the load with a primary
power source and then providing a back Up power source in the case of the failure of
the primary source. The block diagram of the general UPS is shown:

AN The General UPS |
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The general UPS may be cperated as either a standby type UPS or an on-line type
UPS. The main difference is which power path is chosen to be the primary power path.




Types of Uninterruptable Power Supplies. Pagc 2 of 6

In the diagrams, the solid power path is tha primary power path, and the dashed power
path is the backup power path, For standby UPS operation. the transfer swatch is set to
choose the filtered AC input as the primary power source, and switches to the baltery /
inverter as the backup source in case of the failure of the primary source {AC). Foron
tine operatian, the transfer switch is set to choase the batiery / inverter as the primary
source, and switches to the input AC as the backup source in case of the failure of the
primary source (battery / inverter). This distinction between on line and standby UPS
aperation 15 very simple. but it gives rise to some impertant differences in aperation.
One interesting difference between standby and on line operation of the general UPS is
the operation during an input AC power failure. In the case of standby UFS operation,
the transfer swatch must operate to swatch over to the battery / inverter backup power
source. However, in the case of on line operation, fallure of the input AC does not cause
activation of the transfer switch, because the input AC is NOT the primary saurce, bui is
rather the backup saource. Therefore, during an input AC power failure, on line operation
results in no transfer time.

In the figures beiow, the solid ling is the primary power path, and the dotted line is the
backup power path.

| The General UPS: Standby Mode i
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The on ling mode of operation exhibits a transter time when the power from the primary
battery charger / battery / inverter power path fails. This can ccocur when any of the
blacks in this power path fail. The power can aise drop out briefly, causing a transfer, i
the tnverter 15 subjected to sudden changes in the load. or if the inverter experences an
internal contral "glitch”. Actual on ling UPS systems do exhibit a transfer time, and in
actual installations may transfer as frequently as standby type UPS systems: however
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an lire UPS transfers are not related to AC input power faliures as they are in a standby
URPS.

The size of the battery charger is greatly affected by the cheoice of standby vs. on line
aperation of the general UPS. When usad in the on line mode, the battery charger must
be large enough ta handle all of the cutput power in order to prevent the battery fram
discharging. When used in the standby mode, the battery need only supply the
comparatively small battery recharging power.

The heat generated by the UPS is much larger when the general UPS is operated in the
cn-line made, The flow of power through the battery charger and inverter causes a
power loss of 25 to 30 percent. This power loss generates heat which shortens the
lifetime of the electrical components in the UPS and drastically reduces the life af the
battery (the negative effact on baltery life is eliminated if the Datterias are in 3 separate
cabinet} When operated in the standoy mode, the power loss of the filter and surge
suppresser are an insignificant 1 to 2 percent. Over the lifetime of the UPS. the cost of
the extra wasted electricity required when the UFS is aperated 1n the an-line mode will
be a significant fraction of the criginal cost of the UPS itself.

The only UPS systems that exhibit the classical on-line UPS topology are high power
designs of over 10kVA Exampies of units which follow the classical standby approach
inciude the APC Back-UPS, and Trippelite modeis.

The Other UPS Topologies

The vast majority of UPS systems available today are not of the classical standby or on-
line type. These UPS systems use a variety of different approachas which include:

+ On-Line Without Bypass
« Standby On-Line Hylbrid
+ Standby-Ferra

« Line-Interactive

Many cf these UPS types are improperly classified as either a standby or on-line design.
Such improper classification leads to mistaken beliefs on the part of users regarding the
levels of protection provided by the UPS.

The On-Line Without Bypass Topology

In this topology, the general UPS is set up to operate in the on-line mode but the entire
backup power path is removed, the result is as shown:

R The On-Line Without Bypass Type UPS I'

EATIERY
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When an on-line type UPS doas not have 3 bypass, the UPS does nat pravide a backup
power source in case of the failure or glitch of the primary scurce (inverter). Therefore,
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one important characterisiic of a UFPS, namely redundancy, is not achieved by this URS
type. This UPS does not exhibit a transfer time during a power failure and is for that
reason fregquently portrayed as an on-ling UPS. Large UPS systems for minicomputers
and mainframes are never of this type. but the lack of the back up power path {often
referred to as a "bypass") 1s not frequently recognized in the less experienced PO
marketplace and therefore this type of UPS is sometimes sold. The standbyion-line
hybrid design is a derivation of this design.

The Standby On-Line Hybrid Topology
The stendbyfon-line hybrid UPS is a medification of the "on-line without bypass" design.

in this case. the battery charger and battery connections are medified, and a standby
DC/DC converter is added:

[— ___The Standby On-Line Hybrid UPS
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The standby converter from the battery is switched on when an AC power failura is
detected, just like in & standby UPS. The battery charger 1s small, just like in a standby
type UPS. This UPS will exhibit no transfer time during an AC power failure. Howsver,
like the "on-line without bypass" type of UPS, this unit has an inverter whick is a
possile single point faiture for which there i1s no backup power path. The most
misunderstood part about this topology is the belief that the primary power path s
always "on-ling” when in fact, the power path from the battery to the cutput is oniy half
"on-line” (the inverter}, while the other half {the de-dc converter) is operated in the
standby mode, Note that in this design, unlike either the classical standby or on-line
designs, there 15 no backup power path provided in the case of the failure of the primary
poOwer

path. This topology is used in UPS systems such as the Unison Unipower, and Exide
Personal Powerware.

The Standby-Ferro Topology

This design depends on a special transformer that has three windings (power
cornnections). The primary power path is from AC input, through a transfer switch,
through the transformer, and to the output. In the case of a power failure, the transfer
switch is opened, and the inverter picks up the output load.
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In the Standby-Ferro design. the inverter is in the standby mode, and is enargized when
the input power fails and the transfer switch is opened. The transformer fias a special
"Ferro-resonant” capability which provides limited regulation and cutput wavefarm
"shiaping”. The isolation from AC power transients provided by the ferro transformer is
as good or betier than any filler available, but the ferro transformer itself creates severe
output voltage distortion and transients which can be worse than a poor AC connection
(zee APC Technical Note T12), Even though it i1s inherently a standby UPS, the
Standby-Ferra generates a great deat of heat because the Ferra-resonant transfaormer is
inherently inefficient The best known axample of this type of UPS 15 the BEST Ferrups.

Standby-Ferro UPS systems are frequently represented as on-line units, even though
they nave a transfer swiich, the inverter aperates in the standby mode. and they exhibit
a transfer characteristic during an AC power

failure,

The Line-Interactive Topology

in this design, the battery-to-ac power converter (inverter) is always connected to the
output of the UPS. Battery charging is provided by operating the inverter in reverse
during times when the input AC power is normal. Whien the input power fails the transfer
switch opens and the power flow 13 from badtery 1o the URS cutput. The fact that the
inverter is always connected to the output provides additional filtering and reduced
switching transients when compared with the standby type UPS.
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The inverter also provides regulation, operating to carrect brownout conditions which
would otherwise force the UPS to switch to battery operation. This allows the UPS to
operate at sites with very poor powar. The inverter can be designed such that it's faiture
will still permit power flow from the AC input to the output, which eltminates the potential
of single point failure and effectively provides for two independent power paths. This
topology is inherently very efficient which leads to high reliability while at the same time
providing superior power protection.

The APC Smart-Ui?S is of this type. Other line interactive designs, like the Detec
PowerRite and BEST Fartress, are similar except that the inverier is not running
backwards during charging. This has the disadvantage that the inverter is in the standhy
made before a power failure.

Conclusion On The UPS

The commonly used terms "on-ling" and "standby" do not carrectly describe the majority
of UPS systems available. There are significant differences in UPS topologies between
available products on the market, with theoretical advantages for different approacheas.
Mevertheless, the basic quality of design and construction is more dominant than

topology in determining the ultimate performance achieved in the customar application.

L, Y Conclusion On The UPS
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If you have further questions, please write back to apcinfo@apccorp.apcc.cont.
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