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at L'i7rad C9rf). The mte at which the po::"'er increase, for a givetl change in phase angle can be 

seen to be affectcd by the inductor size. The smallcr rhe inductor rhe tastcr the risc m power flov. 

f()r a givcn changc in phasc anglc. rhus as the power rating ofrhe required systcm incrcascs thc 

link- inductor size decrea,es. It should be noted that negative value, of plla", angl e are possible 

and would resnlt in an identical sutface. but in the negath·e power range. meaning that ro"·cr 

would be flowing from the converter to the utility mains. 

P, 

8 {rad} 

Figure S-I.Relationship bCI" ccn [npm power. induct()r ,ize antil'ha,e Angle 

In order to 'implify the proces> ofcootro[ of the input power it woold be beneficial to ,elect 

a large value of inductor as this will .. educe th e sensitivity ofthc changc of inpul pov.cr v.ilh 

respect to a change in phase angle. mal..ing the 'y,tem easier to control. It will tim' not be 

nece.<sary to !la,·e a high resolntion on th e phase angle to be able to accnrate ly control the powcr 

flow. From Fig.5-1 it can be seen however thatthi, w()uld limit the maximum po"ible inpnt 

pov.~r that can be transferred. and too, a compromi,e ",Inti"" is required. 

21 
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2.2 Plwse Angle i UC-Bn~ vDltage relationship vs. Inductor size 

Since one of the other main objectives of a UPS is to regulate the OC-Bl/S voltage, "" as to 

implement the functionality of a phase controlled bane!), charger, it is important to find the 

relationship between 8 and the DC-Bus voltage with respect to the choice of inductor size, 

Since it is easier to obtain this relationship for a specific operating condition, a relationship 

is derived tOr the normal operating oondition of the system. As this system is expected to 

opcraro tor th~ majority of the tim~ in the state whereby the converter is idling with minimal 

switching losses, We can assume thatthc all of the power flowing through the link inductors 

will be supplied to the load in this mode of operation. If we then assume the load to be resistive, 

the power consumed by the load can be defined as in Eqn.23. 

P. ~"A , 

"'" - R 
(23) 

and since the power flowing through the link inductors is equal to the power being consumed 

by the load we can equate Eqn.22 with Eqn.23 to give: 

3 Vi" V""' sin( 6) = V;~,." & 
X R 

where by ,uhstitUling in ' 

and 

we get: 

(24) 

Next from the definition of the modulation index for a 'Pace vector, Eqn.13 we can write: 
Vl Vao 

\Ii,," = 72 = Af2J2 
and substituting for v'n~ from Eqn.24, We obtain Eqn.25 which relates the DC-Bus voltage 

to the output load and link inductor size. 

<T _ 2v'2VinR . (') 
Yo., - AfX 8m v (25 ) 

Assuming th'llhc m",julahon index is unity and the input voltage is constant, th is rel.tion_ 

,;hip can ~ represented", a surface"< 'hown in f ig.S-2, 

22 
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o (rad) 

Figure 5-2.Relatio,,"hip bel ..... een DC-Bus Voltage, Inductor Size and Phase Angle 

In order t() be able t() c()ntrol the DC-Bus voltage easily, it is desireab1e to have a relatively 

large change in phase angle to cause a relatively small change in lX-Bus voltage. From Fig.5-2 

i{ can be soen thatt() achieve this ..... e need to choose an aproprialely large inductor inductor size 

and operate over thc fu ll phase angle range, or select a smaller inductor size and operate over a 

lim ired pha.., angle range at close 10 1.57rad U~T). 
NOTE:ln the casc of a bartery DC-Bus, the DC-Bus Voltage ha, t() be controlled during 

battery chnrehing '() as t() limit the current. 

23 
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2.3 iuput Power! Power I.lldur relationship vs. Inductor size 

Aoother impommt objective of this project is to try ensure that a close to unity power factor is 

obtained for the majority oftl", operation time from the supply point of view. In orckr to ~ 

able to achieve this it is nec<:satjI to derive a formula that ...,Iales the input power factor to the 

link inductor size and the input power W, can obtain this equation by substituting for 6 from 

the standard power equation £.qn.7 into £.qn.S to obtain Eqn.26. 

(26) 

From this we can plot a three dimensional surface for the input power faetor during normal 

UPS operation, as in Fig.5-3. 'M: can sce from this plot that to ~ abl e to maintain a high power 

factor. either the inductor size must be kepi small or the value of power ~ing transferred must 

be kept small. Since ke~ping th ~ power transfer small defeats the purpose of this project, i( is 

prefemtble to keep the value orthe link inductors as small as is feasibly possible while trying 

to satisfy the other important constraints. 

FiglLre 5-3.Relation ship between Power Factor, Inductor size and InplLt Power flow 
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3 Control of Power Factor 

Although it i, possible to control the input powerfador of the .y.tem as descrikd in Chap_3 

by controlling !he phase allgle 8, by doing this both the DC-Bm Voltage and Input power flow 

al.o change. As can he seen from Fig.5-1 ,Fig.5-2 and Fig.5-), as 8 is increa,ed for a given link 

inductor size, the DC-Bus voltage and inpul power increase as the power factor decreases. This 

demonstrates lhal if we wam to regulate the DC-Bus \OJltage hy varying the phase angle, "e 

will not be able 10 control the power fador of the system independently. 

It is however po"ible by careful de,ign to tr). and limit the the range of lhe attainable power 

fador during normal operation, by selecling an appropriate inductor size and phase angle range 

dependent On the maximum JXlwer oflhe sy,tem. 

Assuming !hal the magnitude of V;"and V",,, are equal in magnitude, by considering Fig.5-4 

and using simple trigonometry, it call k ",en that lhe input power faclOr allgle IJ will be equal 10 

~ . Thu, by limiting the the maximum phase shill fimax , it will be possible to limit the minimum 

input JXlwer factor 10 ~",,( 2.r ). • 

• 
, 

v "'_~ . , 

"., 

Figure 5-4.lkl~nllilling Power Factor Limits 

This is however heavily dependent on the magnitudes of Vinand Voul ' as a change ill their 

magnitude, for a constant phase angle will affect the power factor as ,hown in Fig.5-5. In 
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Ihis case ~s \'i~ increases, e illcrease, ~nd Ihe inpul rower factor decreases, likewise when '\.';~ 

decrease, the )XJwer [octo.- improvcs_ Si"ce Vu"t is cOIl'tant as it is a regnlaled oulpnt, and l';~ 

i, Ilot oolltwlbblc ~, il depcnds on Ihe utility main, it i, 001 pussibk 10 din;etly conlrolthe 

effect:; oflhe differellce ill magnitlKle between Ihe \'olt~ge vectors_ The use oflhi. ,trategy i, 

thus 0" Iy lU' anempt to limit Ihe )XJwer [ocw ~nd wi II be most effective during nmmal operating 

cOllditio!Jj, 

v 

ou' 

figure 5-5.Change in Power Faclor 

4 Selection ofLillk lnductors 

Since the ro",.,r factor and lX'-Bm \'<:lltage callnot oc controlled ,,\depelldently by varying the 

phase shin ~ngle, it is imrortanlto "" lect the impedallce value of the link illductors X. slICh 

that the i Ilpln power factor remains withill acceptable limil', Illlhe process of selecting lhe link 

induclor it is also nece,,';,,,)' to take into ac.CDUIlI the above de'ign consi,ieratiol1>;_ The >election 

26 
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of the link inductor was carried out as follows: 

Firstly a maximum phase .hift angle was selected to be a reasonably small value being 30°, 

SO as to en.lITe the ease of control ofthe DC-Bus with the available phase angle resolution. and 

also to ensure that the input power factor ",maim close to unity power factor. Selecting 30' 
as the maximum phase shift angle result. in a minimum power factor of cos(15°) = 0.966, 

assuming that 11;" and V""t remain equal in magnitude. 

Secondly. knowing the the maximum load to be altached to the UPS and the incoming main, 

voltage. we crn calculate a value of inductor from Eqn.7. as maximum po",er is transferred at 

the maximum phase shift angle. As the maximum pow,,,defined for the .ystem is 15kW, which 

is distributed equally between the three phases, for a ,ingle pha,e we can calculate the inductor 

impedance as follows: 
P max _lph = 5kW 
V;n = V"", = 220V 
8ma~ = 30" 
f = MHz 

x V;.,V""t . (' ) 22(P. () . l' ' sm v"",,, = 5IXIO sm 30 ~ 4_~4ll 
m.x !ph 

X 4,8<1 
L = 21i f 2".(50) = 15.4.mH 

For this project three inductors of 14.4mH were used as these were available off th e she lf, 

and allow for a .Iightly higher .y.tem power rating. 

5 Selectioll of DC-Bus Voltage 

In order for the system to draw sinusoidal currents from the supply it i. nocessary to en.ure that 

the DC-Bus Voltage is kept above a minimum voltage, by having a large enough battery set. 

The equation giving this relation.hip is Eqn.27[1] : 

Vdc> 1.634Vl.l, (27) 

6 Phase locking 

Phase locking of the inverter output to the utility mams. has been conventionally implemente<! 

by analogue techniques and through the use ofanalogueldigital phase locked loop,;. To achieve 

phase locking using this method it is necessary TO determine one or both voltage zero point 

crossings for one phase, generate a pulse at each of the~ points. and then use the pulse as a 

reference [or an analogue or digital phase locked loop_ This result. in a .ituation "here the 

frequency and po&ition of the voltage space vector can only be determine<! once or twice per 
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cycle, at these zero point crossing. 

Several problems are associated with this method and can be summarised as foUows: 

• not pos.sible to detennine the exact zerocrossing as there is usuaily noise on the wavefonn 
• not possible to follow reference wavefonn closely as frequency is updated only on zero 

crossings 
• there is a maximum of two reference points per cycle. 

6. 1 Phase Locking St rategy 

The phase locking strategy employed by this project overcomes some or all of tliese problems, 

due to it being a more robust method of locking. Since the Space \ector Modulation technique 

has been chosen for thi, Uninterruptible Power Supply, due to it being an inheremly digital 

fonn of Modulation and due to it having a higher cnnverter utilisation for the the same DC· 

Bus Voltage, it was realise<! that the phase locking technique could also be based around this 

modulation technique. 

As described in Chapter4, in order to be able to generate a desired three phase voltage Space 

'Itlctor output, it is necesswy to know both the magnitnde and position of the reference space 

vector. fiy using th is already available infonnation, a more robust phase locking technique can 

be implemented. Assuming that the utility mains oonsists of throe voltage vectors spacially 

separated by 120", it is then possible to mathematically snm these vectoc, as shown in Fig.5·2, 

resulting in a single vector thai contain, information about the magnitude and phase of all three 

phases. 

The resulting mains voltage 'pace vector can then be compared to the reference space vector 

used in generating the inverterspace wctoroutpul. The difference in phase found betwoen these 

two wctDT' Can then be used to increase or decrease the converte" output fundamental voltage 

frequency, so as to reduce the phase difference nntil phase locking results. A point to note about 

this method is that at any point within the utility mains cycle. the position and magnitude of the 

mains space vector can be detennined, and can be compared with the reference 'pace vector 

t!, used in tlie generation of the converters Space 'kctor Modulation Output, allowing for more 

accucate phase tracking. 

6.2 Implementation of phase locking 

To be able to phase lock in the way described above, it i, first necessary to sum the mains voltage 

vectors together to detennine the position 3nd magnimde of the utility mains voltage space 

vectoc There are several methods in which thi' can be done depending on whether hardware cost 

or processing PO'v", is adetennining factor. Following are several of the metliods investigate<!: 

• Software Implementation utilising tbree mains voltage vector, directly 
The three scaled mains voltage vectors are sampled by the proces.sDr. Scaling of the voltage 
signals is carried out ming three signal trnnsformers which also act as voltage isolators. The 

'" 
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processor then add, the.., three vedors together. and determines the magnitude and phase 
angle of Ihe resul1ing 'pace vector, It must be Doted that this is the most proces>o< intensive of 
the methods shown here, ,ince this method requires several mathematically intensive ,tep" 

• Hardware Implementation using two sigllal transformers 
A more elegant solution to the problem wa' fmmd to be a hardware implementatioll of the 
vector summing as shown in fig_5_6J21 Thi, method has the advantage timt only two 
i",lation Iransfonners are required for the interface circuitry illstead oftmee, and since there 
are only two signals to process this also reduces the proce"illg required by the OS!: 
TIle three input pha.., voltages are connected as shown in the diagram to two 'ignal tran,­
formers, the output of the.., trallsformen. result in 1wo sinusoidal waveforms displaced by 
60" , To be able to ea,ily delenni"" the posilion of the space veclo< from thesc waveforms it 
is necessary to shift one oIthe.., wavefonn by 3fr' so as to have two sinuwidal waveforms 
u"u". at 90' to cachother. TII;S is achieved by 'nmming the two sigllals U,;" tlll through an 
operational runplilicr with resistor weighting, a. shown ill the diagram. 
The output signals u.,u". are then fed into the DSp, and .illce they are ill quadrature it is a 
much .impler proce" focthe DSP to calculate both the magnitude and phase ofthe re.ultillg 
'pace voctor. It should be noloo that the sampled voltages in this collfiguration are line to 
I ille voltages, and th"s the resuHing space vectorwill be phase shifted from the line to neutral 
space v..,tor generated by the inverter by 30', 

• • • 
• 

" • ~ 

> , ''/.~-w' l 
~ 

\ ~! " 

", 
ii_ ','-'.", -:.1" [ • 

figure 5-6,Hardware to Phase Shift Reference 'Wilveform • 

• Software Implementation u,ing two 'ignal transformers 
Thi. solution is the same as the hardware implementation, however the tv.·o signals from the 
trnruformers are fed dir..,tly into the ADC of the DSp, eliminating the need for an external 
operational amplifier and thus provides a more coot effective solntion_ Thi' however places 
more processing load on the DSp, as the conversion from two pha.>es at 60° to two phases 
at 90" ha.' to be implemented in software, A set of equation, that produce thi, phase shift 
without unece55arily loading the DSP are Eqn.28 and Eqn.29[21 ,mown below: 

(28) 

, 
u = -~1I-·1 -,-- ~"H 
.. v3' 1/3 

(29) 

29 
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7 Maintaining Constant Output Voltagc 

During all modes of operatioo it is nccessalY to mi.intain a constant voltage Olltput 011 the load. 

Ho,",ever during battery charging and discharging the DC-Bus voltage will vary which will affect 

the output voltage magnitude. r n order to maintain a constant vollage output it is thus necessary 

to have a oontrol feedback loop whereby the magnitude of the output phasor is monitored and 

used to coutrol the modulation index M. VOltage space phasor theory simplifies thi, control 

by heing able to easily mooitor the output voltage pharor oonstantly and keeping its magnitude 

fixed. 

8 Battcry ChargingfDischllrgiog mode 

During nonnal operation th e DC-Bus \tillage is maintained at a fixed value by controlling the 

phase shift angte. Ibis strategy can only be used while the baltery set is fully charged and the 

main, supply i, nonnal due to the other system COilStraint •. Thus different strategies are needed 

during the other opemting modes: 

8.t Battery Discbarging 

On a mains power fuilure the UPS is disconnected from the mains ,upply to prevent power 

flowing from the inverter back into the ,upply, and power to the load is supplied from the 

batteries cansing them to di'charge. A, power i, no louger flowing from the supply it is al,o 

not possible to control the DC-Bns \bltage level nsing the phase shift strategy and conseqnently 

the output voltage will V!lI)' if there is nO fcedback control as described above. Since in this mode 

of operation there is no reference phasor on Which to phase lock onto, it is necessary to keep 

the fundamental frequency constant during th i, mode until the main, supply returns to nonnal. 

8.2 Battery Cbarging 

On the return of the main' supply, pha,e locking must QC<:ur l>efore the UPS i, reconnected to 

the supply to avoid large transient currents. As the batteries will be invariably depleted during 

this operating mode. it will not he po",ible to control the DC-Bus voltage to the desired value 

without exceeding the desired battery charging rate. It is thus necessary to modifY the control 

strategy during this mode such that th e pha,e angle is current limited until the batteries return 

to the desired voltage level. 

290 
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Chapter 6 

System Hardware Description 

I Jntruductioll 

Thi, >oct;"" give, a brief introduction to the hardware lIsed to realise the three to single phase 

UnintelTlIptible Power Supply. A brief description "fthe MSK243 Digilal Signal Processing 

(DSP) "valuation board and devdopment software is gh'cn, with (h" fcarurCI that lead to the 

>eleclion of this development kit for the project. Following this is a d"scnption of the imjXlrtam 

DSP features thnt we,.., used in the proj(;Cl. wilh the interface boards built for sampling signal, 

and driving the convertet For more detailed information regarding the TMSJ20F24J OSP see 

references [4], [5]. 

2 Choice of nsp Development Kit 

The DSP development kit chosen for Ihis projecl was the MSK243 Pro Kit from Technosoft 

S.A. Switzerland, 11,;S specific kit waS ch<JScn du" to its superior Integrated Development 

Environment (IDE), whereby programming can be eanied out in both ANSI-C and assembler, 

and ha, advanttd graphical debugging tools whi ch great ly reduce development time. 

The development kit is based on the Texa§ In,truments IMS320f243 motor control DS?, and 

comes with the most advanced progmmming and debugging go/hvare for motor eootrol DSPs 

currently available onilie market. 

2. 1 Technosoft DSP Development Boa rd Key Features 

The hardware part to thi' development kit is (he DSP development board, a picmrc of which is 

shown Fig.6-1. 

30 
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Figure 6-1.Technosoft MSK24J DSP lkYelopment Board 

The main features of this DSP evaluatioo board are as follows: 

• Texas Instrument_ TMSJ20F24J motor cootrol DSP 
This is a 16 bit fixed point DSP running at 20MHz designed specifically for digital motor 
control. It has 8kword of flash, 4kword of which is c>ccupie<l by the Technosoft monitor 
progrnm. Thi_ program provides the interface for programming and debugging through the 
serial communication interface, u_ing the T<:<:hnosoft development environment. The DSP 
also has 544 words of internal data RAM and sfl"cific peripherals necessary for motor con­
trol. 

• 32-kword O-wait state SRAM external datalprogram memory 
The function of this memory is specifically for system development. it is nsed as both pro­
gram execution memory and for storage oftrace variables during progrnm debugging. Once 
a system ha. been fully developed this memory wonld normally no longer be used, and th e 
program would be burnt onto the 8kword offlash memory for production purposes. 

• RS-232 serial communication j:IOrt 
All communication with the evaluation board is carrie<l out through this port, both for the 
programming and debugging. 

• CAN foeld bus communication port 
This is u~d for inter-pTOC<lssor communication, it is however not use<l in this project. 

• Standard]/O headers 
These headers allow for direct connection of signals to the mOre important pins of the DSp, 
they do however require external int.".face circuitry. Not all of the available DSP output pins 
are accesible from these head..-s. 

• Jtag interface (XDS51O eIIllllator connector) 
The Jtag interface allows for real time emulation of the t,,-get system, through th" n~ of a 
Jtag pod cable and OOS based emnl~ion software. Thi s system waS not ll ",d becall~ the 
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T..chnoooft debugging ",ftware was found to be superior to the debugging tools available 
for lhi, interface. 

• Po"'-erSupply(5V±W% ) 

2.2 Technosoft Development Environment Key Features 

Software is suWlied with the kit spedfically for pfOgramming the OSP and for debugging pur­

poses. The ",ftware 8upplied with the kit was th e OMC Developer Pro version of the software, 

which is a fully integrated OSP wlh".rt: dt:velopment en,ironment. A S~reeJl ~apiure uflhi. 
software is shown in Fig.6-2, ,howing the powerful graphical debugging capabilities of the 

software. 

...•. -.... ~ ..........•... -•.......... -.. 
. ,,. _ •.••... M"· •• _ ~ ._ • .. ~,~" ,-.. ~ .. ~ .. ~~ " 
"'.-.,,- ~ ,-.­
,~-" _ ... ,,"- -. ,~, 
, ,'.' ~,,~ '_ .. -' -,. ~ ",,"",-. 
~. ,~-.-.,.~.--~,. ~ 

" . . -'~ .. ~ 
.. " .~. " ... , 

rigure 6-2.Screen Capture of OMCO-Pro Software 

The main features of this environment are: 

• Fully integrated OSP ",[tware development environment 

. .~.j..- . 

The easy to use graphical environment enSureS a relatively shon learning curve to get 8tarted. 
• Project management system 

An integmted file rnan"gement system provides an elTective way of quiCKly visualising, 
accessing and manipulating all project files and their dependencies. which allows for more 
a more efficient development process. 

• Programming oftarget system in both ANSI-C and Assembler 
The techno",ft development envirorunenl is fully compatible with th e Texas Instruments C-
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Compiler and A .. embly tools. It is possible to program the targe( system in either ANSI-C 
or assembler, huwe,·er programming ufth~ target system using C promOies a more effICient 
development proce .. by greatly reducing the development time. 

• Incorporated d~bugger 
It is pu .. ible (u sture program variables in external memory during program execution for 
IlIIer viewing and analysis. This allo'.\'S the user to quickly observe system variables dur­
ing the debugging process. Dt:bugging can also be carried out using standard debugging 
techniques such a •• ingle .!epping, break points and walch windows. 

• Tracing Module 
System ,·ariables stored during program execution in the debugging process, can be uploaded 
to a PC after execution has completed, and then visualised in graphical fonn, as sho""n at 
the bottom right ofFig.6-2. 

3 Features of the TMS320F243 DSl) 

The TMS320F243 device i. a member uftlle lMS320 family of digital sigMI processors which 

hll"e been designed w m~et a wide range of digital motor control and other embedded control 

applicmium. This nsp combines the enhanced TMSJ20 architectural de.ign of the C2xx core 

CPU and severnl advanced periphernls optimised for motor control applicatiuns. This nsp has 

an external memory interl"ace and i. primarily intwded for development purposes, it has the 

following main features: 

• 16-bil Fixed-Puint nsp C2xx Core CPU (enhanced Harvard architecture) 

• Operales at 20 MIPS, 50-ns Instroction Cycle Time 
• 8K words x I 6bit. ofOnchip Flash ROM 

• 544x16words of Dual Access RAM (DARAM) 
• External Memory Interface - 224K Wlr<!s x 16 Bits ofThial M .. 'Dlory Address Reach 

• Multiple Peripherals Associated with MotorControl 
• 26 Individually Programmable, Multiplexed General-Purpose lIO (GPIO) Pins 

• Six Dedicated GPIO Pins 
• Five External Intenupts(Power Dri,·e Protectioo, Reset, NMI, and Two Maskabk Trtl~rrupb) 

• Scan-Based Emulation 
• Three Power-Down Modes for Low-Power Operation 

• SVoperation 

An importam part of the DSP is its internal peripheral set which include. device. such as: 

• Event Manager: Timers and PV,'M genemtur. for digital motor control 

• CAN In terface: Controller Area Network 
• ADC: I Obit pseudo-dual Analugue to Digital Converter (ADC) Module, 1.7 lIS d'laj conver­

sion time 

• SPI: Serial Periphe rallnterl"ace 
• SCI: Serial Communication Interl"ace 
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• Watchdog limer 

• Gcn~ral P"'P= hi-directional digirulliO pins 

1"0" more information regarding llli: T"1S320F243 and its specitic peripheral., refer to 151 
Following is a m()fe detHi1<:d (].;;scription oflhe peripherals ll",d during thi. project and how 

they were sd"p: 

3.1 Event Manal:er (£V2) 

The EV2 provide, " bro"d mng~ or functioTls and feamres that are palticlIlarly useful in motor 

contwl "ppli(-,"t ions, A block diagram ofthe IOvent ManHger CHn be seen in Fig,6-3 [5] . In this 

pwjed the EV2 has ) .. ~n primarily n",d for the generation of the PW"f switching sign"ls. Since 

lllost o/" II.., rV2 device pi '" are ,hared "itli g",,~,"1 pUrJXlS<c digital I/O pins and thus need to 

) .. sdup awropriately. Only the s",-,lion, of the rV2 us~d during thi, project wi II be described 

furthe" 

____ , T1"'" 
T1 · .... 

TCl' , 

" ~' ... I-+-- '"'''' , 

Figl"~ 6-3.F;'crlt Manager (EV2) Block Diagram 
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3.1.1 Timerland Peripherals dependem on TImerl 

TIle fUlICtioning of the entire UPS program is entirely dcp<:ndellt on Timer! and the periph_ 

erals dependent on it Following is a brief overview of Timer I and its dCp<:ndent peripheral, 

flmctionality. relevant to the project, 

limerl is a highly coofigurable 16bit timer, sllitable for the motor control. The timer has 

sevcral modes of operation dependent on the type ofP\VM required, ie Continnolls Up-Counting 

mode, Di~ctional Up/Down-Connting mode and Continuous Up/Down-Counting mode. The 

mode selected for this project is the Continions np/ciown-cOlmting mod~ which is particnlarly 

nseful in the generation ofsymmctrical PWM wavefonns, and which has signiticant hannonic 

advantages over the other counting modes. Fig.6-4[5] show, the basic operation of limer] in 

the continuons up/down-connting mode, 

T.P;'~J TxPR"'~ 

~ Tlmerpelloo ~ 
r 2J«TxPRJ ,...... T,fY'IO)' 
I 3 I penod 

2 I / 

Timer clock 

I 
.~ 

I 

figllre 6-4,Tim~r] Continuous Up/Down-Connting M<xl~ 

The functions that are dependent on the frequency oflimer] are as follows; 

• I lardware interrupts 
I lalWare interrupts are highly coufigurable and can be '~tllP to OCCUr on several Event M~n­
ager event" Th~se interrupts are organised into three grollpS, e"ch being: associated with a 
different interrupt flag and interrupt enable register, In each group the~ are several Event 
Managcr peripheral reqnests, each groliP having its Own priority and each peripheral request 
having its own priority within the gronp. For a mOre detailed listing of these groups and their 
priorities refer to [5] _ 
The way in which these interrupts are handled is as follows: when a p<:ripheral interrupt re­
quest is acknowledg:.:d, the appropriate peripheral interrupt vector is loaded into the periph­
eral interrupt vector register(PIVR) by the Periphe,"l Interrupt Expansion (PIE) controller. 
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The vectOlloaded into the PlVR is the vector of highest pending priority and determines the 
starting point oftne next section of code to be run. 
In this program Timer! has m",n set to genemte an event manager event and tnns canse an 
in!emlpt 011 a TImer! Underflow and 011 a TImer I Period, and consequently execnte the 
appropriate interrupt SClVi<;e routine. 

• ADC start of cc.wersion 
The TMS320F243 has a pseudo-d ual lObi! ADC nnit capabl ~ of a dual COllvc r.,;"n ""cry 
1700ns, as represented in Fig.6-5[5] . 

.--

• 
• 

cc " 

I 

, , 
, 

t. , 
'., , I 

I , 
, 
I ",," ., -
, 

6 ,j 
""". '''''''' 

- > 

• 

11,""" , ",=, ... ,:e_." I..",.""., ... " 
lc·' " """ 

-~ , 
2.'" 
-,~ ' ''CH'O, 

0 .. """ , ...... 
_r" " """.-0, 

-~_--_-- - f Ir 
Fignre 6-5.P..eudo-Dnal ADC Module 

As can be seen the ADC has an eight channel input with a single converter that has only one 
inherent sample and hold drcuit. The confignrationofthe ADC has been design ed such that 
it beha,es as if there were fWO analogno converters. Altnongh there are eight separate input 
channels, only m 'o of these can be sampled at the same instant (850ns apart), and the values 
are then sWred in the two level deep ADCrlFO I and ADCFrr02 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 sening the appropriate reg ister for an immediate conver­
sion, or on an event manager signal in this program 00 a Timer! Underflow. This ensures 
a regular sampling time, dependent on the Timer! frequency. The resnlts of the con,ersion 
can then be read from the FIFO registers once the conversion is complete. 
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• PWM Generation 
The TMS320F243 DSP has a built-in threoc phase PWM peripheral generation nnit, which 
mnst be oonfignred by setting the appropriate configuration registers according to the type 
of PWM I"<'quired. The PWM generation unit form, part of the Event Manager a, can be 
s~en from the EventManager Block Diagram in Fig.6-J. and is capable ofprodncing PWM 
output without placing any load OIl the processor. All that is required from the processor is to 
snpplythe PWM generation unit with the switching period.oo the rdevant compare values. 
In thi' project symmetrical PWM i, used, the generntion of which can be mol"<' easily ex­
plained nsingFig.6-6[5] . The PWM ontput is generated by the PWM wit using the stmldard 
toclmiqne of comparing a triangular switching waveform with a referenc~ waveform. The 
triangnlar wavefonn determines the P\VM: Sv.ilching froquency and is general~d using one of 
the timers. Dependent on the timer counting mode two type, ofPWM are possible, namely 
symmetric and asymmetric PWM. Comparison with the refel"<'nce wave form is carrie<! out 
by placing the mstantaneons value of the I"<'ference wavfonn into the compare regi,ters a ... 
sociated with th~ PWM unit. 0Cl a' to generate complimentary PWM switching waveforms 
as shown in Fig.6-6 

,""":he ... " 
orl;"" "9h 

LJl 
ILJ 

Figure 6-6.Generation of Symmetrical PWM Output 

4 Interface Hoards 

'Ib be able to connoct external signals to the DSP board, and forthe DSP board to drive the high 

power converter. it is necessary to have interfacing circuitry for the protection of the DSP .00 
for signal conditioning. Following is a de'lCription of the interface boards that were u""d for the 

project. 
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4.1 Isolation Transformer Hoard 

For implementing phase lockiog as described in Chapter.S and for control Plll1""es it is nec­

essary to sample the mains voltages to determine the phase and magnitude of the mains space 

vector. Sinoe the DSP operates on a O-SVDC range and the voltages to be sampled are in the 

0-380VAC rnnge, and also from tbe cireuit protection JXlint ofvicw. it is necessat')' to isolate 

the m 'o voltage levels from eacbother. The s implest illld most effective way of ach ieving this is 

by using isolation siSJIal transformers. so as to completely sepamte the two voltage levels. In 

this prqjoct, two transformers have been used for the pur]Xlse of sampling the input mains and 

are coonected 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

laled signals exit at the top. Thetrnnsfurmers shown in the figure are 380VAC to 15VAC signal 

tmnsformers, 

Figure 6-7.Signal Transfunners for sampling Mains 

4.2 Mains voltage Signal Conditioning board 

In order for tbe DSP to read system p>muneters, it is nocessary to condition the signals appro· 

priately to limit the voltage mnge supplied to tbe 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 main. voltages and the DC·Bus Voltage, 

The first strategy used forthis hoard was the hardware implementation of the phase locking, 

using an operational amplifier as shown in Fig.6-6. On this hoard the output signals were then 

further conditioned by adding a 2.5VOC offset to signals,,~ and ''> before supplying the sig· 

nals to the ADC unit of the DSP This hardware configuration was however found not to work 

adequately. as the OJX'rational amplifi er is r"'luired to operate at close to unity gain and under 
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these condition, the majority of operational amplifiers arc unstable and introduce noisc into 

the output 'ignal. To try and circumwnt this problem an o~rational amplifier ,table at unity 

gain (MAX474) was used. this dramatically improved the ,igllal, to be ,ampled however still 

introduce<! ,ubstantial !lOise. 

Fillally the hardware implementation of the phase locking wa, abandoned, due this problem 

and a fuUy software solution was implemented, with illterface circuitry as showu in Fig.6-8. 

This board consist, of re,istor divider circuits to reduce the signal transtbnner ouputs to a -

2.SV to 2.SV range, the operational amplifier then adds a 2.SVDC offset s.o that the range i, 

in the OV to SV range suitable for the ADC unit of the DS? 1be board also contains clampillg 

schottky diodes. to ensure that the signals supplioo to the ADC do not execed the voltage rails 

by more than O.3\( thus protecting the ADC unit from damage (-O.3V to 7V range). 

Figure 6-8Joput Signals Conditioning Board 

This board also has an input for the DC-Bw; voltage that h ... beell scaled down to the 0 to 

lOY [lIllge by a differential amp lifier board. This 'ignal is resistor divided to th e 0 to 5V range. 

and then clamped with schottky diodes to ensure protection of the ADC unit. 

4.3 Differential Amplifier Boa rd 

In order to safely ,ample 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 raoge necessary for the ADC wtit. To achieve 

this a prebuilt differelltial amplifier board was used wh=by extremely high value re,istors were 

u=l on the input to the o~rational amplifier such that the voltage oflile DC-Bus is effectively 

drop~d across these resi,tors and the gain of th e system i, below unity. The resulting output 

i, in the 0 _ lOY range which is supplied to the mains voltage signal conditioning hoard which 

then converts th e signal to the 0 10 5V range and provides protection for the ADC unit. The 

phsical implementation of the board i, ,hown in Fig.6-9, and the schematic shown in Fig.6-1O. 
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l'igure 6-9_Differential Amplifier Iloard 

-
_. .-. 'I ----:c'-:-C [Iel =-_1 

--~-, "1 ,l -'-'-II ____ r-r~ * -< 

'I _. II 

f'igure 6-10. Differential Amplitier Schematic 

4.4 lnvertcr Driycr Boards 

The L PS in this project wa, implemented ming a three ph~,e IGBT inverter. driven by a Semi­

hon SKHl60 IGIlT driver hoord sh(mn in rig_6-12_ Since the s.emi~ron dri'-er board reqnires 

15V signals to drive the it> inpui' and lhe DS!' opemles in lhe 0 to 5VOC range ~n inlerface 

ixJ~rd "as necellaT) t>etween these hoards_ This board al,o acts as an extra protection for the 

DSP board by acting as a buffer. ·lhe illierface board buill i, ,hown in Fig.6-11. and consists 

oft"o volwge level shilling chips (CD4504IW) "hich convert the signal, from the DSP at SV 

to the 15V range and provide ~n extra proteelion buffer Al,o vi,ible on thi, board i, ~ 'imple 
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resiSlor ladder, cOlln~led 10 an output port of the DSP 10 implement a simple Digital to Ana­

l(}gue c(}nverter used for debugging purposes_ Th" potentiometer seen on tbe board was also 

used for debugging purposes, for supplying a manually c(}ntrollable 0 to 5V signal to the DSP 

ADC unit. 

Figure 6-11 ,J'WM Voltage Level Shifting Hoard 

Figure 6-12.Sernikron SKH160 lGBT Driver Board 
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5 1mcrler 1GBT Module 

fig.6-13 shows the photo of the implern~ntM IOBT inverter, conne<:tM to the UPS system. TI,is 

module was provided by S=ikron. Tbe photo shows the inverter module "hicb comprises of 

the inverter driver board, the [)(;"Link capacitors, three phase IGBT modules and acooling fan 

and hcat.'<ink. 

Figu,"" 6-1 3.Semikrou Thr ... Phase IGBT Inverter Module 

5.0. 1 DC-Bu~ Battery Set 

A sct offourtccn 12V (7AH) batteri", was connected to the DC-Link capacitors oflhe inverter, 

through a cumnt limiting resistor and a 25A DC Breaker for protection during testing. A photo 

of the battery set and breaker is shown in Fig.6-14. 
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In order to che<:k for this the theoretical space vector fundamental modulating waveform 

wa, compared to the ones generated by software within t~ DSP and aloo to the filtered PWM 

outpnt. Fig.S-2 .how, the three compare regi,ter ,'alues captured by the DMCD Pro ,ofiware 

dnring program e"""ntion which are identical to the modulating waveform expected in theory. 

These waveforms are also the fundamental line to neutral waveform. expected on the inverter 

OUlpU!. 

.," 
-'--

'\--- ---/'----> ---~~~~f ~~:\.'i-------t -~- ---\ ----/-= 
'" \: -/ ---- --- --.-:-i- ------\- ------+,' ---\-i--

I '. , 
-~ ~-'-

'" ,. 

FigUie 8-2.DSP Captured Compare Register V.avefonns 

Fig.S-3 silo,,,, the difference between two of these compare register waveforms captured by 

the DMCD Pro sothvare during program execntion, and as e"pe~ted it is a ,inusoidal wavform. 

v.e also expectto see thi, waveform if we look at the line to line output of the inverter. 
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Figure 8-3.DSP Ca~d Compare Register Difference \o\-aveform 

A final chcck is to ensure that the inverter output is as expected, this was carried out us­

ing a set of ~lTee second order RC lilters eonnccted in star to the output of the in~erter. The 

second order filters filter out the PWM switching frequency such that the output modulating 

waveform can be viewed. l'ig,8-4 shows two of the line to neutral filtered in~erter outputs in 

the top !race, with the malhematical difference of the wa~es in the bottom trace correspond­

ing 10 Ihe line 10 line filleroo output. The twO space vector line 10 neutral wavcfonns "consist 

of a desired sinusoidal fundamental component and a distorting triangular waveform at three 

times the fundamental frequency"[8] . however the difference heiw""n th e signals eliminates 

this component and thus the inverter line 10 line voltages will he sinusoidal. As can be seen 

these waveforms oom:spond to the wavefonns generated in the OS!' unci also to the theoretical 

e"pecleJ waveform,. 

figure 8-4.1nverter Output Line to Neutral and Line to Line Filtered Wa"efortns 
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Fig= 8-S.Filtered InvcrU.'l" Outpul and Mains Input wltage showing phase shill 

3 Results of phase locking 

Befo,"" connecting the inverter to the utility mains it was also necessary to confinn !hal the 

phase locking algorithm was functioning correcUy. This was carried oul by connecting the 

mains voltage control signals 10 !he inverter such that th~ inwrter 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 locke<! to it. Fig.8-5 shows a single ph",e oft~ 

inverter OlltpUl on th e top tmce, comparoo to a single phase of the utility mains in the bottom 

Ira"", t~ _10.8° degree phase shill between the waves being attributed to phase shift caused 

by the outpul filler. 

NeJ<t the response oft~ phase locking algorithm was ch""ked. to ensu,"" that the in,erter 

output waveform frequeTlCy does not get alIecled by sudden changes in the mains voltages such 

as voltage spikes and sags. Any change in utility maim frequency will be over a relatively long 

time p"riod and thllS the response of the pha.e locking controller can be such that phase locking 

occurs OVer several cycles. This ensures that on a mains failure tlie inverter output voltage does 

not change suddenly dlle to the ,udden change of control signals. Fig.8-6 show, two trace, of 

the angles ofth~ utility mains spa"" phasor and of the inverter output space pha""r captured by 

the OMeO Pro software during progrnm e:-.ecution. Thes.: waveforms were captur~d during a 

system startup, and as can tie seen it takes several cycles for the imerter outpnt to phase lock 

onto the utility mains. 
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Figure 8-6.DSP Captured Inverter and Main~ Phase angles during phase locking 

4 Load Tests - During normal Operating Conditions 

The next step in testing, once the eDrred functioning oflhe Hardware and Software had been 

established, was to lesllh~ system under load. Forthi, a seJe\:tabJe bank ofresisHve loads was 
used to load the output of the system under normal operating conditions. 

4.1 :"'0 Load Thst 

The results of the 00 load test, are shown in F ig.8-7 and Fig.8·S. Fig,S-7 shows one of the 

incoming mains voltages. and the f1l1ered output o[lhe sam~ phase afme inverter during a no 
load test. As can be seen these are displac.,d from eachother by 6401-'8, which corresponds to 

a 11.50 phase shift caused by the filter. 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 \bltage /Inverter Output \Ultage Phase Shift at No Load condition 

As expected in a 1>0 load condition, there is no effective phase shift between the inpm mains 

and the fundamental output of the inverter and d", only power flowing from the mains will be to 

compensate for the switching losses, and imaginary power flowing due 10 slight differences in 

the inverter andmains phase voltages. Tnis can be ,een in Fig,8-8, which shows a single mains 

input voltage and current waveforms, where the inpul current is extremely smalL 

Fig,,'" 8-8, T nplll \bllagc .... Current \\.hwfonm at No L"a<i C"nJili"n 
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4.2 50% Load Test 

The 50~, load test C<lnsist~d of connecting two 200W ligbt hulbs and one 830resistive load in 

parallel OIl the output of the UPS. Fig.8-9 shows one of the mains phases input voltage and its 

respective current for thi, load condition, and from tbis we can .,ee that the phase shift has been 

measured at 6001-'8 corresponding to a close to unity input !XJwer factor of 0.98. It can also he 

..,en from this figure that tbe input current, heing the smaller wavefonn is also near sinusoidal. 

Figure 8-9.lnput \OJ1tage / Current Waveforms at 50~o wad Conditi()n 

Fig.8-10 shows the phase .,hift ootwoen one phase oflhe utility mains and the same fi llered 

phase of the inverter output. to be approximately 1.4m~ C<lrres!XJnding to a real pha.'le shift of 

14" . tbis ooing approximately half of the maximum possible phase shift. 
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The three phase inputcurrents[orthe system shown in Fig.8-11, were captured using I lTP25 

current LEM modules configured with non l"<'sistors. As can be seen the input currelll , are 

near sinusoidal. equal in magnitude and eqnally disrlxed by 120'. Thus since the utility mains 

vollag<'s are also equal in magnitude and displaced equally by 1Wo. we can assume that power 

drawn by the inverter is drn"n equally from the thrrx phases and suwlied to the single phase 

load, as expected. 

Fignre 8-II.Three Phase Input Current Waveforms at 5(1"/. Looo Condition 
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4.3 IOO%Load Test 

The last of the load tests carried Olll, was the 1()(f"1c lo~d tcst, whereby the pha:;e shill is ~t ils 

maximum of3lY', this is shown in fig.S· 12 where Ihe two waveform, are ttie main.' inpul voltagc 

and the filtered inverter output. Ttie load resistance us.ed was tv.o 20{lW bulbs, one I(XH V bulb 

and two MO re.,i,tances all in parallel. 

• Xl X2 

F igure S-ll.lnput Voltage / Inverter Output Voltage Pha>e Shift at IOO''/, I.oad Condition 

Fig.8-13 shows the input voltage and it> respective CUTTent wa" e[orm [oc ttie system ~t 10070 

lood conditiOll. As can be seen thc power factor of the sy<tcm i, at ullity pO"'crfactor alld has 

improved as thc load ha< increas.ed. Tn i., i< contrary to what i< expected 3., de.,cribed in (har.5, 

a, thi< theory relies on the fact thalltie voltage vector. Yin and v..", are equal in magnilude. In 

real operating conditions these .wtors arc slightly dill"crclll ill magnitude alld i[ l";'YI is larger 

th~n Yin the input f'O,,·cr facw may improye as the pha.,e <hitt angle i, increased, M ,hown by 

our results. 
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Fi!;lIrC 8·13.lnput 'I<:lltage / Curre,,! W"erorms at 100% wad Condition 

The three phase input current, forthe system operatmgat 100% load in the nonna\ operating 

condition, are shown in Fig.8-14. Since these waveform. are equally di'place and of equal 

magnitude we Can aSSUme that th e power drawn by the sytem is drawn equally from the the 

three pba,es ewn at higher loads. 

_ 10.0" c_ 

- ,. 

Figure 8-14_Three PIla.e Input Current V,l!veforms at 100";" Load Condition 

68 
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Chapter 9 
Conclusions 

(be use of Space 'i:ctor moouiatioo in !hi. three to .illgie phase UPS system proved to be 
advantageous. 11 both improved the DC-Bl/S Utilisation and provided a robust method of phase 

locking. The COIltrol of power flow and phase controllod battery charging, ba""d on varying the 

phase angle was implemented successfully. Based on the results the folio" ing C<lllclusion. Can 

i>e made: 

• It is possibloto implement the Space 'kctor Modulation technique on dIe TMS320F243 OSP. 
Space \bctor PWM technique was successfully implemented in wftware to c·ontrol a throe: 
to single phase ,ystem for an uninterruptible power supply. 

• IllS possible to implement a robust fOl1Tl of phase locking wilh the use of the Space '*ctor 
Modulation 1echnique using nsp technology. It was however found that close to the full 
processing capacity ofthe DSP was used to implement the phase locking and :;pace vector 
modulation routinell. An alternative solutioll Ileeds to be found to reduce the processing 
requirement:; On the nSF. 

• Power flow between the mains supply and the inverter can he controlled relaiively easily 
using the phase control technique By lLSing thi, technique during nonnal operntion of the 
UPS phase controlled battery chal'ging can be implemented. 

• Although it is possib~ to try and limit the input power factor, it is not possible to control 
it independently of the input power flow phase controlled battery charging. By careful de­
sign it was fonnd possible to keep the input powe, facto, clo"" to unity during nonnal UPS 
operation. 

• Using this topology it i, possible to dmw power equally from all three phases of the utility 
mains and supply it to any combination of single phase loads colUlected to the output in 
parallel. This would be ml effective means of load balancing .ingle phase loads onto a three 
phase system. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 10 
Recommendations 

The following recomlMndarion. eM be made ba.ed onlhc result~ obtained in this projc<:t: 

• Since testing was ca:rricd out at a low power level (600W) dueto the re being a limi~d nUm­
her of batteries, the sy.tcm should be tested at a higher OC-Bus voltage by installing more 
oottcries and \lellce te.tthe sy.tem at a higher power level in the order of IOkW. 

• The phase locking implementoo on this system wa. found to be extremely robust, due to 
the fact thai the phase and magnrrudc of al l three phase. are used to achieve phase locking. 
It is n:commcndcd that this system he n,ed instead of conventional phase locking in other 
converter topologies. 

• Although the implemented system was found to operate successfully, it was found that the 
procc .. ing load imposed On the DSP was close to its limit. It is thus recommended that 
the processing to detel1l1inc the mains space vector magnitude and phase be implemented 
external to the DSp, possibly in prognunab1e logic. Furthcropiimisalion of the program code 
would also be advisabl e, a. th e use offlaating point variables in the program is inherently 
inefficient for a fixed point Digital Signal Proce"or. 

• In this sy.tem the modulatian iodex was kept constant at unity. It is recommended that th e 
modulation index be made variable far bener regulation of the output voltage. 

• Since the autput power factor of this .ystem cannot be controlle<! independently afthe DC­
Bus valtage, it is recommended that a variable voltage OC-Bus .ystern be investigated with 
regards to power factor improvement 

• The analysis ofthi. sy.tem was carried out assuming thatlhe three supply phase voltages 
are balance<! arid of equal magnitude. The effects of supply voltage unbalance 00 the system 
should be investigated further 

• The system develaped thus far anly Op<'rates in the mode where the battery .et is fully 
charged. A routine fortlle battery cbarging mode of Op<'ration needs to be developed, where 
the phase shift angle is controlled to limit the battery charging current 

• A UPS shutdowo rontine also needs to be implemented for when the battery power is ex­
haused on a mains failure. This routine ",uuld include a main. detediOll routin e far estab­
lishing when tbe mains snpply is back to normal so that the UPS can be re<:annected to the 
grid and battery charging can occur. 
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APPENDIX A Program Code 
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vector 11 ... 1,.."' .......... ,.. wave to 

.****************************************************************************** , 

to set up: 

to set 

to set 
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{ 

a=O; 

j =0; 

k=O; 

o 
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starts 

vUUIILI!;;l set at 1 to 1 st ; ..... , ...... " ..... * 

iv 
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{ 

} 

} 

{ 

= 1; 

...,."" .. U\J'U to 

sector = 0; 

} 

} 

sector 

reset to 
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"':Se:cUC)ll to 

{ 

case 0: 

= 

} 

case 1: 

= 

} 

case 2: 

} 

case 3: 

} 

case 4: 

= 

} 

case 5: 

} 

} 

} 

=tl; 

=tl; 

= tl; 

= tl; 

=tl; 

= tl; 
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UlVU."~VU.L""I.IU to correct 

{ 

case 0: = 
= 

} 

case 1: 

= 
= 

} 

case 2: = 

= 

} 

} 

case 4: = 
= 
= 

} 

case 5: = 

} 
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} 

} 

} 

{ 

{ 

} 

in 

converl~ion to COlIlplete" / 

voltag(~s *1 

at to *1 

causes a diViSiC)fi 64 a 

to sure rlnpl;!'I'I't go ne,~ative* 
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cOlmponentisn~'YQTI"~ 

x 
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} 

} 

{ 

{ 

=v 

} 

zero, 

} 

{ 

{ 
= 

} 

= zero, 

} 
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} 

} 

< 

} 

{ 

case 0: = 

} 

case 1: = + 

} 

case 2: = + 

} 

case 3: = 

} 

case =1 + 

} 
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} 

} 

} 

case 6: 

} 

case 7: 

} 

} 

} 

> 

=0; 

=1 

=0+ 
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{j + 1; 

} 

=0; 
k O· , 

<1 
+ 

k=k + 1; 

} 

p"".lUWJ .. < + 

} 
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} 

} 

} 

} 

} 

xv 
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} 

} 

{ 

} 

} 

} 

} 

= 

= 

to 

+ "'''''''''.', 
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to 

} 

} 

+ 
} 

.* ••••••• * •• ***. 

alue:Zadc = 
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k=k+l; 

} 

k=O; 

v 

} 

out 1n"~'''''''''' ,."'.<lIT'''''' to 
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} 
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= 

xx 
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} 

} 

ccc == mallru,per/bbb; 

*1 

to 
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} 

} 

************************** 

} 

} 

...... ''' .. A ...... U> 

} 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• , 

.text 

; sst 

; sst 

.+; save 

.+ ; save '1'~'-'JI..J. 

to 
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; context an 

; mar *+; 

; sst #1, *+ ; save 

; sst 

*+ ; save , .. ',-,,,-,.u. 

to 

; context an 

11 
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ADI - Vector Modulation 

• Motor Control Home 
• FAOs • • 

VUlli<1"'~" are 
"11'UV1~"'\;i '\;ill',"'''''''':!'; current controllers. 

the current control of ac drives is now Tn"'Vlr, .... Impllerrlentmon.Thegenlemnon 
.. ",I""""irlth modulation 

to convert the current controller 
many modern processors include a function on the same Int,,,.ar.,.t,,·,, 

It is 

in a modern drive it is inevitable that some form 

Iml)lelnellt a direct between a sawtooth carrier and a 
lU~'UU.l<"UlJo; function. These W~"~"'1~'~~ .......... 1 .... 11" Sllllmple:o as the PWM 

of a version of the lU~'UU1""lllJo; 
.... ""11,1;;""1" ... "" these schemes from the au.uVj'OU" such 

Dulise'wulttl modulation 

In recent years, a new modulation tecltlntl(lue 
""' ..... u" .... While a new, inlllenmtly identical 

to those that would be obtained from ",wnn.,M carrier waveform with a 
defined waveform. The main ad'lIarltalres of this modulation are: 

• calculation of the times 

• A 15% increase in dc link utilisation with 

• Lower harmonic content, "~"'-'J at modulation £1IU","'''''. c,om,prured with 

For a source inverter each may assume one of two values 
deJ)endlI1lg on whether the upper or lower switch is turned on. there are 

states for the source inverter. These different states are illustrated in 
1. 

(1 of 3:09:14 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ADI - Vector Modulation 

\ 

..J 
\ 

[ 011] 

8'[111] 

1: The 8 possible o]per,atiIllg states for a tnrc~e-t)l1a:se VSI. 

It emerges that the inverter states six active states, State I 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 The zero states occur when either the three upper or the three 
lower devices are turned on. These two states are often referred to a:s states, since all motor 
currents are in these For each of the states it is 
pas.sible to calculate the resultant 

For when the inverter in State I, to the upper switch of inverter 
A and the lower switches of inverter Band C turned on sUrmltane:ouidy, the resultant inverter 

prulsevoltag4~s are: 

Sull>sti.tut:ing into it is pos.sible to show that the space vector due to State 1 is 

]-~ 

file:,mcINVIIND()W~3/DE~S~Dp~~DI~~20-%2:0S~)acel%2'OVeldOI·%2IDMclduh3tiol'~h2.hl:m(2m rAI?I~1n1 3:09:14 
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ADI - Vector Modulation 

The state, vsl, is shown in the cOlnplex 2 as a vector of 2Vdc/3 
the real axis. it is to COlnp1ute 

inverter states which are also illustrated in 
ID3:gnlltu(le and ""'--'''J 

vectors is: 

k"" ,6 

.. 

The six active vectors subdivide the space vector into six sectors. 

2: Realisable space vectors for a thr,ee-ohllSe source inverter. 

The hex:agC)ll 2 represerlts 
modulation process it is POSSible 
The maximum fundamental 
occurs under Su:-Sl:eo nn .... '.ti'ron_ 

3, where the six different 
are seen. 

space vectors. the space vector 
space vector that lies within this U,",j~"J;,vu. 

the inverter for a de link 
the inverter is shown in 

(3 of 3:09:14 
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ADI - Vector Modulation 

3: Resultant inverter and correslPol.1ldirllg fundamental cornpcmelnt for SlX-StC:O 

The fundamental COrnp(lDeltlt waveform is also illustrated in 3. From the 
Fourier the fundamental magnlltu(le is 

This level is achieved at the expense low distortion. N~verTn~ 
can be shown that for conventional sinusoidal modulation the maximum achievable fundamental 
is: 

... 
2 

so that 78.5% of the available invertercap'ac11ty is used. 

If the space vector modulator is rpnmr,·tI nrn,tln,'" a balanced tnI1ee-on;!Se voltae:(~s of 
magm.tuCiLe V I and tr .. "" .. 'nl'v 

OIl 

+ 

OIl + 

the cOITe!,polndmg reference space vector is 

... 

The modulation index is defined as the ratio of the desired fundamental Uti.!; ... ''''OJ'''' to half the de link 

(4 of 3:09:14 
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ADI - Vector Modulation 

h""r .. t ..... '" the reference space vector describes a circular of radius V I at an ro m 

Two reference are shown in 4 for modulation indices of 

4: Reference space vector trnllectnnl~S for M = 0.S8 and M = US. 

This circle is talligentl:al 
maximum fundamental 

ma.gmtudle that may be achieved the space vector modulation 
circle that can be inscribed within the of 4. 

mi,dp()ints of the lines the ends of the active state vectors. The 
that may be achieved is: 

which CorTeSPOlllds to a maximum modulation index Mmax "" 1.15. As a the maximum 
fundamental that may be obtained with the SVM is about 90.6 % of the inverter 

This a IS% increase in the maximum with conventional sinusoidal 
modulation. 

The fIrst in the space vector modulation is the determination of the sector in which the 
desired space vector lies. this may be evaluated from the ~, of the 
reference vector 

~= 

The sector, m, is then determined from: 

(5 of 3:09:14 
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ADI - Vector Modulation 

mill 

(11) 

this apJ)ro:acn ''''fun,,,,,, the ,",UJlUPU'''lUU'll of an arc function in each modulation 
a look up table. 

An alternative is IJV~""""" 
."1J'I1 ... 1< ... :", ... ", iUs IlU","lU,'" of this reference vector. 

",lonri1rhTn to determine the sector opleratio]o. This is outlined in the 

if( 

if ( 

if( 

> 

if 

else 

> 

if 

or 3" tben" m == 

I) then" m .. 1 or 3 " 

( >0) then 

= 1 
else 

- 3 
else 

- 2 -
" m '" 4,5 or 6" 

· I) then " m .. 4 or 6 

( >0) then 

- 4 -
else 

- 6 -
else 

= 5 

" 

a 

While this may seem more '"'U.Up'll""''' .... than the first one, it can and be evaluated 
most modem processors and conditional eXl)re!!sicms. 

:>yllUl'~:>t:j" a circular the space vector modulation strllltell:Y 
tr",ill"f'tnt'V that lies within the inverter's ""1-'''''''''1''), 
IJ<UU'""""" instant may be written in Cartesian co-ordinates as: 

Consider the 5, in which the desired is found to lie in Sector 1 . 
.n"'UUL1~'.l, the inverter cannot this it can be seen in the that it is to 
dec:ornpc)se it into two vectors, Vx and Vy, that lie on the two active inverter vectors on either side of the 
reference vector. it is not necessary to use the two inverter states in the 

(6 of 3:09:14 
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ADI - Vector Modulation 

oftbe voltal!e. it can be sbown tbat <ilu."prinr barmonic ..... Mn .. .., ... is obtained wben tbis 
condition is satisfied. 

5: ~VIltnc~SlS o.f desired space vecto.r realisable vecto.rs. 

Th"'...,.t .... ,,,.,. in space vecto.r no.tatio.n: 

... + 

o.pera,tin,g at the relevant inverter states, Vsl and Vs2, fo.r 
~"'''''1''1, when in secto.r m, the reference vector 

may be dec:o.IT1Po.sed " ...... nrrll;na 

... + 

where Tm and Tm+1 are the times at "''''II_'w,n active inverter states, Vs,m and Vs,m+1. ""uu,,,nuuuJ<; in 

fro.m and fo.r Vs,m and Vs,m+1 from and real and u .. ''''151'' .... 
}IV"""""" to. write fo.r the active state times that are valid fo.r any " .... ih'l>Y'V 

and all secto.rs The relevant are: 

Sln cos I 
cos 1 

As the sine and co.sine tenns abo.ve assume a limited number these ,,"' ...... "'m' 
.. " ........ ,:1 amenable to. 

between the zero. states: 
Implementaltlon. The remainder o.f the mo.dulatio.n 

+ 

The way in which the zero states are in o.f the time T zero between the 
two. zero states, a o.f freedo.m to. the process that may be used to. the characteristics 
o.fthe as will be demo.nstrated later. between the two. zero. states 
" .. r"rh'N'C co.nventio.nal SVM wavefo.nns. 

(7 o.f 3:09:14 



Univ
ers

ity
 of

  C
ap

e T
ow

n

ADI - Vector Modulation 

cOlmpute:d the active and zero state times for a modulation 

and , to be to the inverter. there are numerous 
"V,~".,u," sequences in which the various inverter states may be minimum inverter 

~"'U~'~~.r is obtaiued if the transition from one inverter state to another is obtained 
In since the zero states are common to all it proves convenient to 

in one or other zero state. For the total zero time is 
between the two zero states. It is to all of the above restrictions 

6. The choice of which zero state to 
in State 0, i.e. with each inverter 

is obtained. The is then reversed in order to cOlnpllete 
far the most 

to its inherent harmonic auv<u"al~"" space vector modulation. 

6 shows the times from the start of each modulation at which the inverter 
TBon and the variations from one sector to another into cOIlsil::leratilon, 

DOS:Slble to tabulate these times as functions of both the active and zero state times. The results are 
tabulated in Table I. The time at which A is back to its initial state is: 

2 2 2 2 2 2 

6: for double SVM in Sector 1. 

SECTOR TAolI TRon Teon 

2 2 
2 

2 2 2 2 2 2 

{8 of 3:09:14 
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ADI - Vector Modulation 

3 

2 2 

2 
5 

2 2 2 2 2 
6 

2 2 2 2 2 2 

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

If the space vector modulation is used inside a 
exceeds the inverter may be demanded. This is true a delmandling 
traJllSlClDt, where an vector may be demanded. It is necessary to detect and 
l'Inr\rn:nri:~tp.llv limit such a vector in a space vector modulation There are 

U.."Ull.'J;; s1tral:egJles. Either the vector may be limited to the maximum circular locus of 
:ne:!{aJl~onallimit of the inverter IWiiIJi1IJ'UUV. 

This method is 
maximum circular locus 

vector is found to exceed that of the 

> 

where IS In this case a modified vector: 

+ 

is where: 

This the vector that is oriented in the saJme direction as the 
reference vector and remains within the circular locus 4. This ensures 
continuous modulation so that the average line remain sinusoidal at all times. the 
algori1thm does the calculation of a square root function and a division. In "r.l, ... ti,-" 

drolppiing, it may be necessary to limit the vector to a somewhat smaller circular 
widths do not become small. 

it is IJVO'''UJ.", to detect an unrealisable vector if: 

(9 of 3:09:14 
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ADI- Vector Modulation 

+ 

In this case the calculated times are rescaled as: 

""_--!:_-

to a realisable vector. The resultant vector is oriented in the same 
direction as the reference the U"''''5,vU'<&1 4. This 

mlcrClpn:>ce:SSllr environment but the 
can contain some low trequlenc:y 
vectors can be obtained. The effective 

7. 

vector for different UUI,'UJI"lS sltrateg11es. 

The space vector modulation process would seem to differ from the more conventional sinusoidal 
modulation schemes. the and cOlmputaLtiolnal have been to 

illustrate its to mi,crOIDfClCC:Ss()f irnplemlen1tation. it can be shown that space vector 
modulation is to ""'UP"'"'''' UUI''';;.''I .... UI modulation with a modified un ...... U .... Ll'U!!> 

waveform. The resultant HRIUU,"UUJ!!> rurlcnon, 8 and may be written: 

O~W < 'It" 
3 

1t".{ <1t 
3 2 

nll!~nf~r-\lVlI\'f>. ~,,,",, .... "'tnlused to define the remainder of the waveform. This function 
also normalised to V dc/2. The maximum value of this function is 1.0 

M= 1.15. 

of 3:09:14 
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ADI - Vector Modulation 

8: Nonnalised space vector function and its constituent COlIllDOn!ents: the desired 
furulame:ntaLi, Vsvm,l, and the added A Vsvm. 

As shown in function consists of a desired sinusoidal fundamental 
COlnpoommt, Vsvm,l, and a .-ii"tn1rti .. ,a UIWl);;LUW W~lvetOlm. A Vsvm, at three times the fundamental iT .. ,rn,,~ ... I"v 

so that: 

... t) + 

Fourier ""'UY:"". the hannonic series of the lUI.'UIJ~i:UUl);; function is: 

+l]w } 

The wavefonn contains corn])<>nents 
tte,quc~nc:y Since A Vlvm consists of 
terms that do not exist as 

hannonic 
of the load and the 

fictitious their effect is identical to the introduction of third hannonic 
"nlT'''''''~ common in sinusoidal modulation schemes. The act to flatten the of the 

the maximum to be achieved. 

TheSVM 
are detennined from the 
be impilerrlentied 

(11 of 3:09:14 
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9: vector modulation aliltoriitlun 

The exact Implem€:ntllticln of this function differs between processors this the 
", .. ,~ .... "'t .. accurate PWM resolution without processor 

intervention. The when a suitable 
processor for the current control and modulation of ac drives. if this feature is 
not available in the chosen processors, additional hardware is necessary (n~ ... h<''''Q 

FPGA or to the same function. In either case it is essential that once the times 
the control there should be no processor overhead in the jitellenlticln of 

the PWM sequences. 

of 3:09:15 
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AD! _ B". O"",!,ing furm. of SVM 

CI~~~ 
• (wp<H<l!' /11[0',"" lion 
. PrJXlu.," , P<lI .......... 

Tee h n 0 tog; es I A P p '&~!i 2~t, Q J 
• 1MJo n r,al WPP',t 

ok' .. ,L... .. OM' " 

II " "'0' L~ntrol liomo 
II I.\otor 0::00trol l'M1, 
II \,,., Off" o"«to,, 
II lub.~'lb. t~ th •• N .... ,I",., 

Bus Clamping forms of SVM 

3,1 Introduction 

The 'pace vector modulariOll ,Ir.ltegy pre,ented in the prtvioLJS ,e.otioo, may be viewed a, the cla"icol 
apPW,""h, However, mOllY different variation, ofthi, techniqu", ~,.. J>O"ible. In the clo .. ic~1 approach the 
total '''0 ,tate time i, divided equally between the two inverter zoro Slales, However, <ince tbe effeo! of 
both zero ,tale, i, identical, thore i, a degree offioedom in how eacb ,..-0 . tat< is u.",d in every 
m<>dulation cycle. It i, thi. degreo of fieedom that can be exploite d 10 give alternative funns of the spac" 
vector modulalion pulse s<quenc"" 

3,2 Bus clamped space vector modulation 

In efforl'lo redoc<: the em'clive inverter switchlfii fiequency, various modulation 'trategie, have been 
proposed thaI use only ooe ~-"ro ,tate in eoeb , wilehing period. TI,e.e technique •• olthough often reported 
under different tille" .... denoted g"""rically a' bu> clamped IIKldulatioll .ohem ... All or llle method, 
maintain one inverter pole clamped 10 either the positive or negative de link fur a number of modulation 
cycle, while the other two pote, are ,witched u'ing 'pace vector techniq""', Alter=tive oppw,""he, exi.t 
depending OIl the "mount of time eacb inverter pole remains clamped and to which of the de link mil' it is 
connected. However, three main ola"ifl<alion, may be identified, 30° cliilllped, 600 clamped and t 20° 
clamped, dependin>:: on the ,i", of the c(l<Itig,""u, d~mped bloch of the oorre. pooding modulaling 

fullC""'" 

COIl,ider the c"",, whore the de. ired vohage veclor lies in &eClor I. Thi, vector is ,ynthe,i,ed in 
conventional 'P""" vel10r modul"tion u. ing the lwo adjacent active stale, lIld hom zoro >lale" However, 
il i, equally possible 10 i enerate the requiTed VOltage u,;ng lhe two '""tive ,tate. and only one zero . tate, 
Coo,ider firSt lhe ca,e where Stale 8 or [II I] ;, uoed in <>dd numbered secton, A. 0 ,..,ult, this 'cbeme i. 
termed odd 6U' clampe<l spa.e vertor lIIod~lalion, The sector, inverter >tate , ..,..,d on<! damped inverter 
device ore tob!liated in Table 1 for operalion with this Ilralegy, Clearly, for operatioo in Sector 1, inverter 
pole A doe, not ,wileb and it. upper ,wileh rem';n. on, conneoling the pole 10 the positive dc rail over the 
enhr< 6<Y period 

AnKle t se:to~_ States us~d O .... p De\llco 

, [111],[ I lOUt 00] UpperSwileb A 
o ~ "'..-.t -:: '3 

• 2. T' [(~~) II () I 0].[110] Lower Switoh C 
-:0;", t.":-
3 • 3 

-

f-: I ::::::[:;::=F:::;~,;;;:-" 3 iw",t.":1< 

~-------4. 
",:o;w",I.":3 

tl":/,'iqWI~OOWSlo.,sktop'ADI%2o.-%200us%2OClamp;r;g%20forms%20);)fOJI02OS\IM%2o.-%2Och3,htm (1 0( 7) [4126101 3:10:5/5 PM] 
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Cpp<r Switch C 

Tabk 1: Inv.rt<r """" u,cd .nd cI:'mpeJ <Ie"ice r", upe, .. iun with txld ~y clamp.d 'Pac. ".ete>r 
llto<lu latinn 

Typical inverter ,wi"hing siglla]s for ""oration with th i, "rate~y",e depicted in Figure I tiM- the c",c nf 
lh. referell« vector Iyin~ in Sectnr 1 Obviuu,ly. when ol"nliun lransitiuns to Sector 2, lh. mtxlula110<l 
cycle begin' wilh lh. other zero stat< [()()()j. Therefore, it i, nece~,",y"' toggle"n 'hree inverter ,tate, 
, imul"ncnu,ly wh", clll~e 1>. lran,itiun inlu anulher ,",otor. 

s· , 
s; 
s' o 

• 

" , 

[~ : 1] 

T , 
2 

[ 11 C] 

, 
• • • • 

T 
'"' 2 

• 

[10')] : [110]1 [~ : 1] 

, . : • • • • T T 
, 

0; > , ~ ,-
1 2 

Figl,r. 1: [nvcrter ,witching .i\,'llab Ii" operatio" in Sector I wilh uJJ 60' d.mpeJ SVM_ 

A variation on thi' ttch"ique re,ul" when the:<.<:", ,tate llll] i, u,eJ ill eyen numbereJ ,ec\<,,-, nli, 
medoud is torm.d <wlI6oo d.mp<d '1"« nctor modul.!i"", Operation ofthc i"verter wi,h ,hi. ,eheme 
i, <Ie,eribcJ lully by Table Z III whid\ [ur .xampl., inv",or pol. A is now clompcd to the posiTive de rail 
l1urin~ orem'i,,,, in Sect'"- (, 

Tobl. 2: In","er STate, or><! clomped deyice till- opem'''''' ti" even (,()O el.mped SVM_ 

fiI~:I! ICI ,WIN OOWSIDesktop/ A Dt%2 0- ',,21] B '"" ~02IJCi" m" r>g'H afomls %2W'HOSVM ',,20-%20ch3, h 1m (2 of 7) [4!2BIO 1 3: 1U:-'>6 PM] 
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A third f""" of6O" bu.< dllJIlpcd SVM is a cOOlbination of the .bovo two motlJodo, T~.toad of insisting that 
only ooe of the zero Slate> be u.ed to 'ynthesise the voltage in .ny particular cycle, thi' tecJmiqllC chooses 
whicb ZITO st.te to use based on the position oftl~ refere""o voct.,,- within tho sedo<, Ifthe TCfere""o 
vector is located in Sector 1 and lies bch',oon 0 l!IId" /6, !he odd clomped terhnique i. chosen, However, 
when the voc1or lie. between" /6 and " /3, the even clamped scheme '" used. Here, this techm""o " 
termed .plit clamped m.d~l.tiOR. Tho tochnjquc cl3ITIp, invortct pole. A. B .nd C to the positivo de rail 
in the 600 reg;"'" obout vcdo", [100], [OlOj, ond [001] respectively and ;0 tn, neg.tive rail about [Oil], 
[101 J, and [110] re'pectively, A more complete picture of opeTatlon with ,hi . scheme may he ott.iocd by 
combini~g the i~forrnatio~ ofT.hlcs I and 2. 

An insigblful way of comp.ring the thTCc different 60' hLlS dllJIlpcd . p.ce vector modulation method. i. to 
look at the corro'ponding modulating function., The modul oting function for odd 6{) ' clamped sp"". 
"ector modulation may k writton: 

V", •.• ""(lJ,,, l) -

] 

-JrM.CM ("' .. I - ~1-1 
-r3MCo~ ("'.1 + il + 1 
-] 

0:,!Co{",,}- ;] 

~3M:c,.{w .. t~il q 

"JMCQ>("'~t ;] 

\l13MC.){' 1t I ;-j 
] 

. -'3 . C". t 
J 

(l] 

Tho exprc" ion foc the .plit chunped <cherne i. obtained by eX\r!ICting the relevant parts of (I) and (2). The 
modulatin¥ filtlctiolll5 for the thTee 6{) ' t .. " clamped moduloti"" . chomo. "'" shown i~ Figure 2 for M ­
G,g. AitIlORgiI, ul obvkn"ly slJIn .. idol in ob.pc, til. distorti.n i. ",.de up entirely uftripl •• 
harmoni •• ,. tlult these modllhltlon fulCtIons d. produc. tbe d<!sirod dnu,oldol Un<>-to-~"" vuUagc 
wRvefurm. It , Iloukl k noIcd that the form ofthe,e n>o>dulating function> C.n v.ry quite drllJTlO.tic:ally .... 
the llIOWl.tion index i, ch.nged, l1,i, pheOOitlcnon i. inu'tr.ted in Figure 3 in which the . plit dompcd 
modulating wavefonn i, ,hown for three different modulation deptn., M - 0, 1, M - O,S and M - 1.15, 
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AD! _ ~ ... C;'mj~"ll fOILn" of SV~l 

;1- w.' 
(~) 0 

\ '" 
, 

·L 
, , , , , 

J\ , 
~ w.' 

(t: ; 0 

I~V -, 
l- I -'\ , ., /,- , til" t 

(C) 0 

'" ,/ 
, , 

"' 
, " 5-.: 2-.:-

.. , ; , 
~-ig"re 2, J.:ff,cl,v<' mod\llottn& f"nctton, of 600 btl' d1lmped ,pac. vedor modulation with \\ - 0,9 (a) 

Oill damped (h) LVCIl clamped \ c) Splil damped. 

(t: ; 

h - - ,~ 
-

rb-
w 

0 , , , , , , , , , , , , , , , , , , 
1"-:, 

, 
J--' 

, , , , 
W , , , , --;..., , , 

V , , , , , , , , , , , , , , , , , , , , , 

~ / 
" ;', : '/" I ,.,~::: , , 

, , 

3 3 3 

." ---' 

"~'a t 
• 

.. . 

Figu,'~ J, V.rialioo uf mo<lllialin& fUJOCltOn of split clolllp. d 'P,ce Ycctor mnduiatinn fn' (,J M - O. I (hJ 
).1 - 0,5 .nd (e) M - US, 

A" ,item.tive di"""liIK'uu., mudulaliull 'l'"t'gy ,e,~lts wb"n the clampcd 600 block' oftl .. mndulatjnl' 
wovefurms ofFigur.) a .... "h rcpl",cd with two 30° illtOf".I , Cha"""ri,tic mo<lllialing wavefurm' roc 
M - 0-'- 0.9 anu j, 15 ore shown in Figur" 4, 

r~ e:II!cV"WINOOWS~s.topIADI'l",2{).'~200us%2OCi<wTviog%2Oi'orms%~.20SVM%21}-'1,2Och3,htm (4 01 7) [4/26/ 01 3:10:&6 PM] 
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(a) 0 

)1 
./' '---'; 

" ,(,J. t 

0) or---+-. -c,- , ,.r: ,. 
'\LJ""--- 'I' , , ' : I ' , , '---':; , ' 

::: ~ 
, ' , /: : 
, , " ' 

.~ 
. " 

(c) o~ '\' 'Y'· , ' , 
\: : : 
"----~0_ ' 

• 

3 3 3 3 

Fi~ur. 4: Choroct<:ristic modulating functions for 30" clamped 'p""e veeror mudulation wit~ (a) M - 0,5 
(b)M - 0.9(e)M - l.lS, 

This ""heme is a voriatioo oftl .. odd and even 60" clamped 'tr~tegi",. In formuloting the .plit clampc'il 
,,,hom •. tl .. modulating function i, made up of alternate 300 segment. of tho ba,ie odd >lid even champed 
waveforms. If tho order in whio~ t~e two ba,i" .tr.>togi<:> lito mod is n:vcrsed, tit" re,ult i. ~ mudul~tion 

metbod In whio~ f{)Ur bu, clamping int",,'~ls of 30· appear. Therefore, operation Ul sector I follows the 
o;'e'Il cl.mped formulation in the reii(}(] 0 to 71; 16 ond t~en revert, ttl t~e odd d.mped >C~cm<: from" /6 t~ 

11 /3, 

It is po'Slble to ha'. a modul~tin~ functioo where the total 120' clamping interval i. applied as one block, 
Consequently, each inverter pole i, ci;unred to eit~cr the p",iltivo or neg.tive de rail for two adja<>"'Ilt 

sect"". Two di,tioct po .. ib;Jitk, "xi.t: neiative 120" bu, ciampini:; in which the .tate [1 1 IJ i. ne\-er u.>ed 
and po,iti_" 120' bus ciampino: wbere the state [000] is 1><HT applied A oumpkto "'pre,ent.tion of the 
op<mtion of both "hem<:' i. ~iven in Table 3, The eorrespoodini modulating fllnctioM for both 
technique. are 'tlustrated in Figun: 5 foc a modulation depth ofM - 0,9 . 

.. -~-:c~c:: 
Nell"U>e 120· Bu, Clamping 

,-",we'!" Switoh B 

r'~ "-'-Positive 1200 Bu. Clampin~ 

I S.ctm -~;:;;;;~' ;;~~~TS;;ctor;--

L~:T·~ Upper Switch A ______ ~:2 ____ 11 __ 
2.1 Upper SwilCh B 3,4 

4_, --;--- UpperSwltch C 5,6 I 

Clamped Dcvlc. 

Lower Swit,o, C 

-I 
Lower Switd A 

'fob" 3, Tnvcrter operati"" Wit:, I""iti;-e and neg"'ive 12lf damped inkr,.,,]; 
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• 

-"i--. 
(t: ~, 0 

• , 

, , 
'~-

2. 
3 

, , . 
3 

Fij!ll re 5: Modul~ting fLJll<tion, fo< 120" clamped spo"" voctoc modulotion with M - 0.9 (. ) Positivc 
clamp<d.OO (b) Ncgo/i.e clomped. 

Modulanng functioo, foc bulh the po,itive and nogaliv. 120" bu, clamped scheme, an: : 

1 

-":JO,po<:.,-,,,t) - ·,/3MCo, ('-'1t I ~) I 1 

·./'lMC", (~:1 t -~) + 1 

3.3 Comparison of various SVM techniques 

O'sw t's 2;-,' 
• 3 

21< L I< 
-'sw t's -3 • :;: 

" - iw 1 '';,,-3 • 
(4) 

I. All of the bus clamping ",home. reduce the effective inverter switching frequency. In all of these 
, chemo" each inver.,r pol. is 1l(It , witcocd during """",tion in two sectors, A, a results the 
effective ,witching freqllOncy i, two thirds (h.t of the COilven{i<Kl~1 .pproache •. 

2. Such a reductioo In the ,witching frcquonc), produoe, a corresponding reduction in the ,witching 
10,"", of {he inverter, The reduction in tho t<>lal ,witcll1ng los> i, also a function of tho molo< 
cum:nt and con""quently of the power foctoc of the load Tho lorgo, t reduclion i, ""hie,'ed when 
u,ing the 60" bus ch.mped "",!<gy WOCTO a reduction to 40"10 is achievod at unity power foctor. 
Thi , high nodUC-boo is preserved iftb< 60" non_,witching hlocb con be m~int';nod in ph".", with 
tho load cum:nt UntO.-tun.tely, thi' may pro •• excessively difficultlo implement in p",ctice 50 
that the switching losse, inL.,..""" w,th power f",,{ot. HoweYer, even aI a power factor of zero, the 
60° hu> clamped scheme has only 660/. of the ,witching 10=. of the moTO c<Jlwen\ioo.1 ' P""" 
vector modul.tion ""hem",. The switching 1""0' are reduced to .bout 53'\', at unity poweT f.ctoc 
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with the 120" bus cl:unpillll schem<s, Simil., to the 600 strategy thi, inc"' ... , to 660/, at zero 

power f""tOf. Tn addltioo, the 3()" bu., cl.mped .,trab:gy provide •• n:duc1ioo in the .witching 10'''''' 
to 66'7< regardle," of power factor. 

3. The total inverter power 1"" c"",iSlS of conductioo 10".' as wen 0' the switchinlj: lo,ie,';. Tile 
conduction 10'..,' can boo the domin.nt component af the total power la",. The conduction la",,", 
are due to the finib: OI1-,tate voltage drop ofthe inverter power devices, which c"" generally he 
divid.d into a con,tant ~nd • cwrent dependent tCfTl1. It con boo . hawn that the portion of the 
cooduction I"" duc to the coo,tont oo-stab: voltoge i, not affected by the choke of modulatioo 
method. In additiOl1_ the portion duc to the cwrent dependent on_>tatc 10,"," i> only . ligMy 
affected, so thot the bu, clamped modulatioo ",heme, pre"'nt no .ilO"ificont advantage in relation 
to the tolal invcrter c<l!l<ioctioo I"".,,, 

4. The inverter 10'" reduction ofthe bus clomping schemes i, obt.ined only al the expense of 
incrc.sed harm(){\ic distortion of the load current'. A f.ittr comparis"" of the ditfercnl . witching 
strategie, ""wid be made 011 the b.,i, of identic>1 ,witchinlll08"". 11", improv.d harmooic 
perfarmance of the t.u.. clamped ",hemes is illustrated by comparing the In'" Mnnonic cwrent. of 
the diff. r.nt modulotioo ",heme, as a fuoctioo of the modulation index. For the .. me calculatioo 
time, the conventional SVM ",heme produces the low.st rm, ripple current However, if the 
, witching frequeocy ofthe 00. ch.mped ""heme, is iocr . ... d by 5()"!" the bus clamped ""herne. 
produc. the lowest ripple for Mo-{). 7, Indeed, compromise modulation techniqoc. have heen 
reported in which the >witching !ltrategy tran.,ition, to a bu, clamped approach at higher rnOOiJlMion 
depths. 

5. At 'imilar I.vels of total inverttr swilching 10"" .. , the dominant harmooic current carnpo)lC)lt;.; of 
the bu. d amping . cherne, arc Ioc.ted .1 fi-eqUCllCie. approximo.t.ly 50"" higher than those of 
'tandard 'pace v.ctor moduloti"", Con.<equently, the aoo;blt noi"" level ernanotin8 from drive, 
opcnttin8 with a bu. damped modulotion ""heme rnay be signifICantly 1.,.. than when operab:d 
with conventiooal .<poce v.ctor modulation. 

6, One inbtrent disadvantage oftbt 120" str"tegi.s when compared to either the 30" or 6/1" . ch. rne. , 
is that the modulotmg w",donn> lITe no loog.' symmetric.1 about •• ro. Thi, i, due to the eff.ctive 
additioo of a c"",tont dc off""t to eoch modulating function, This 'ymmetry about ;{.Cra can be 
oc>imblc in redocing the effect, of ony oft,el Of quantization in the 'cWol computatioo of the 
modulatioo pro:: .... A, a re,,-,It some unde.irable imb"]""". can be intwduced to the pha.,e 
current. "hctl thi> method .. adopted. 

7. Also, ,ince .ach modul'tion cyd. of the btl> d.mped ,t""tegy i. defincd by faur, rather than six. 
,witching im;t:an"', it, implementation c.n be slightly , impler. However, the complexity of 
, . I. cting the 3ppro\lriate inv. rter 'tote, based 00 the locotioo ofthe reference vector m.y, in certain 
implementalion" ootweigh thi' adv.nt.ge. This added comput.tion,1 burden i. pmi<ularly true of 

the 3~" ciampini scheme. 

8, DIle attnlctive feature of all the . p.ce vectoc modul.tion .,tnltegie. presented here is thai the 
i)1.,tantoncau, line CUITctlt;.; at the ,tart of each cycle ",fleet the av.rag. value over the P",t cycle, 
Th;' prove, extremely advant.g."", in the developm. nt of digital current control scheme' for .c 
drive, In conventional analogue current controll=, the motor line cnrrenLs arc often law_p.", 
filteted with a cnt-off at .pproximately half the inverter .,witchmg frequency in order to ",movo the 
ripple current co"..,onent. Such filtering introduce • • n unavoidable phase .hill into the current 
control loop, and reduc.s the .ystem stability limits. How.v. r, in a digitol.nvirooment, there i. no 
need to filter tbt current, provided they ore sampled at the beginning of e.ch period. C"".equcnlly 
there i. no pha.e 'hift ond Ihc controller 8lim may be incr=<ed giving impro\'.d dynamic 
perforllWlC •. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

T YP(!S of Ul1lnterrlLptablc Power Supplies ?agelof6 

Tech Note #T1 - The Different Types of UPS Systems 

A?C 

Introduction To The UPS 

This Technical Note explains the different types of UPS systems and their 
charactel'"istics. 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·llne type UPS These two terms are. as commonly understood. not correctly 
appiled to many UPS systems OIl the market today. Many misunderstandings about UPS 
systems are cleared up v-..t1en the different types of UPS topologies are properly 
identified 

Classical UPS Definitions 

UPS systems are Intended to improve the quality of AC power in order to provide 
uninterrupted operation of AC powered equipment To accomplish this functon, a UPS 
takes in normal quality utility AC power and provides two enhancements 

• Power Quality Improvement 
• A Redundant {Back Up) Power Source 

Power quality defects \/kiich may be improved by the UPS include surges, noise, or 
sags A UPS system provides redundant p01N9r 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 sou(c~ __ The blocJ:;_~la9.ri3J~1 of the general UPS is Scho~~~:::::::~ 
I The General fJ~_s -- II 

"".", I SLl' PR>S'OQ f l ll< 

i 

" 
.~rr. 

I 
:; 

I 1RA'JSH R 

I T ~" 

-...... IATli'1.'i ,,",,",,"," 8,,11[<:'< """'''·1'" - , 

.I~ I~ JD,~. 
L 

, 

_JI 1 ' 1 '--- 'I/A C 
-. "."-- _ .. -

The general UPS may be operated as either a standby type UPS or an on-line type 
UPS. The main difference is wIldl power path is dlosen to be the primary power path 
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In the diagrams, the solid po"","r path is H1e primary pov.-er path, and the dashed po"","r 
path is the backup po"","r path, For standby UPS operation the transfer slNitch is set to 
choose the filtered AC input as H1e primary po"","r source, and slNitches to H1e battery I 
inverter as the backup source In case of the failure of the primary source (AC)_ For on 
line operation, the transfer slNitm is set to choose H1e battery I mverter as the primary 
source, and sl'.oitches to the input AC as the backup source in case of the failure of the 
primary source (battery I inverter), T~1IS distinctiOrl between on line and standby UPS 
operation is very simple but it gives rise to some important differences in operation 
One interesting difference bet"","en standby and on Ime operation of the generat UPS is 
t~1e operation during an input AC po"","r failure, In the case of standby UPS operation, 
the transfer slNitch must operate to S'Mtch over to the battery I inverter backup pO\'.oer 
source, However, in the case of on line operation, failure of the input AC does not cause 
activation of the transfer s1Nitch, because the input AC is NOT the primary source, but is 
rather the backup source, Therefore during an input AC po'NBr failure, on line operation 
results in no transfer time_ 

In the figures below, the solid line is the primary po\loler path, and the dotted line is the 
backup I \IoIer path 

< 

I The General UPS: Standby Mode 
'I - ,--

5O.HG. 
"~I'I<'s5:" ' lTE~ 

" 
_I~ 

-'-, "I -,-, , 
,AilE~ , 

CH"RaR ~"m~ IolVI'OT;" 

l ___ ~ ___ -§- --1%}-

B.OJ'E~ 
CHARGER RAHRY 

NANSIU ,= " 

I--t='-
-

The on line mode of operation exhibits a transfer time l'.t1en the pO\'.oer from the primary 
battery charger I battery I inverter pov.-er path fails, This can occur l'.t1en any of the 
blocks in this pov.-er path fail The pO\Ner can also drop out briefly, causing a transfer, if 
the inverter is subjected to sudden manges In the load, or if the inverter experiences an 
internal control "glitch" Actual on line UPS systems do exhibit a transfer time, and in 
actual installations may transfer as frequently as standby type UPS systems ~1O\'RVer 

,! 

II 
Ii 

I 
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00 lirte UPS traosfers are oat related to AC Input power failures as they are io a staodby 
UPS 

The size of the battery charger is greatly affected by the choice of staodby vs on line 
operation of the geoeral UPS. Whert used io the on lioe mode, the battery charger must 
be large eoough to handle all of the output pOIoYef io order to preveot the battery from 
discharging. When used io the standby mode, the battery oeed only supply the 
comparatively small battery rechargiog pO'Ner 

The heat generated by the UPS is much larger \o\Iheo the general UPS is operated in the 
on-lioe mode, The flow of pOIoYef through the battery charger artd inverter causes a 
pO'MO!r loss of 25 to 30 percent This p01N9r loss generates heat l'.t1ich shorteos the 
lifetime of the electrical compooents io the UPS aod drastically reduces the life of the 
battery (the oegative effect on battery life is elimioated if the batteries are io a separate 
cabioetj \Nhen operated io the staodby mode, the power loss of the filter aod surge 
suppresser are ao losigrtificant 1 to 2 perceot. Over the lifetime of the UPS. the cost of 
the extra wasted electricity required \o\Ihen the UPS is operated 10 the oo-lioe mode I'I-ill 
be a slgoificaot fractiort of the origirtal cost of the UPS Itself. 

The ooly UPS systems that exhibit the classical oo-lioe UPS topology are high power 
desigos of over 10kVA Examples of units I'.t1lch follow the classical staodby ap~oach 
ioclude the APC Back-UPS, aod TrippeLite models. 

The Other UPS Topologies 

The vast majority of UPS systems available today are oat of the classical staodby or 00-
lioe type. These UPS systems use a variety of differertt approaches loIklich include: 

• Oo-lirte Without Bypass 
• Staodby Oo-Line Hybrid 
• Standby-Ferro 
• Lioe-Ioteractive 

Maoy of these UPS types are improperly classified as either a staodby or oo-lioe desigo. 
Such improper classificatiort leads to mistakeo beliefs on the part of users regarding the 
levels of protection provided by the UPS 

The On-Line Without Bypass Topology 

to operate in the ort-line mode but the erttire 

" 

, 
" 

I
! 
I 

When ao oo-line type UPS does not have a bypass, the UPS does not provide a backup 
po1N9r source In case of the failure or glitch of the primary source (inverter). Therefore, 
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one impO!1ant characteristic of a UPS, namely redundancy, is not achieved by this UPS 
type, This UPS does not exhibit a transfer time during a power failure and is for that 
reason frequently portrayed as an on-line UPS, Large UPS systems for min'computers 
and mainframes are never of this type. but the lack of the back up power path (often 
referred to as a "bypass") is not frequently recogniz:ed in the less experienced PC 
Illarketplace and therefore this type of UPS is sometimes sold The standby/on-line 
hybrid design is a derivation of this design 

The Standby On-Line Hybrid Topology 

The standby/on-line hybrid UPS is a modification of the "on-line without bypass" design 
In this case. the battery charger and battery connections are modified, and a standby 
DC/DC rt dd d ='" er IS a " ~ 

~ ~ 
~ 

The Standby On-Line Hybrid UPS 
. .'." "'--- II L.~ 

t,c;:; n-

\ 

" , 
COMWfR INW~'", , 

, 

:J- -iZ , 
~f..U [I( 1-10 ! , !\\nrw JC-'CHC - LAC 

" 

-~ -- t:::'i - DC "~§m: 
i! --~~ 

The standby converter from the battery is switched on when an AC power failure IS 
detocted_ just like in a standby UPS, The battery charger IS small, just like in a standby 
type UPS This UPS will exhibit no transfer time during an AC power failure However 
like the "on-line without bypass" type of UPS, this unit has an inverter whicrls a 
possiblo single pOint failure for \'/hlch there is no backup pol'.€r path, The most 
misunderstood part about this topology is the belief that the primary power path IS 
always "on-line" w1len in fact, the power path from tho battory to the output is only hal f 
"on-line" (the inverter), while the other half (tho dc-de converter) is operated in the 
standby mode, Note that in this design, unlike either the classical standby or on-line 
designs, there IS no backup power path provided In the case of the failure of the ~:"'''Imary 
pOl'.€r 
path This topology is used in UPS systems such as the Unison Unipow6( and Exide 
Personal Powerware. 

The Standby-Ferro Topology 

This design depencs on a special transformer that has three \,,;ndings (power 
connections). The primary [Xlwer 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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"- - D 
In the StHndby-Ferro design. the inverter is in the standby mode, and is energized 'When 
the Input power fails and the transfer s'Witdl is opened The trHnsformer hilS a special 
"Ferro-resonant" capability lNhich provides limited regulatiOfl and output waveform 
"shaping" The isolCltion from AC palNer trHnsients provided by the ferro trmlsformer is 
ilS good C( better than any filter available, but the ferro transformer itself creates severe 
output voltage distortiOil and transients lNhich can be worse than a poar AC connection 
isee APC Tectmical Note T12), Even though it is Inherently a standby UPS, the 
StfM1dby-Ferro generates a great deal of heat because the Ferro-resonant troosforrner is 
inherently inefficient The best known example of this type of UPS IS the BEST Ferrups 

Standby-Ferro UPS systems are frequently represented as on-line units, e¥en thO!.lgh 
they have a transfer switch, the in¥erter operates in the standby mode and they exhibit 
il transfer characteristic during an AC pOlNer 
fall lXe, 

The Line-Interactive Topology 

In this design, the bat\ery-to-ac pOlNer converter (Inverter) is alvvays connected to the 
output of the UPS Battery dlilrglng is provided by operil\ing the inverter in reverse 
during times lNhen the input AC power is normal When the input power fails the transfer 
s"";tdl opens and the power flow 'IS from battery to the UPS output The fact that the 
inverter is always connected to the output pro~ides additional filtering Hnd reduced 
s>Mtdling transients loIIhen compared 'With the standby type UPS 

o 
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The inverter also provides regulation. operating 10 correct brov.'Tlout conditions which 
'MJuld otherwise force the UPS to switch to battery operation. This allows the UPS to 
operate at sites with very poor pO"l'.'er The inverter can be designed such that it's failure 
will still permit power flow from the AC input to the output, v.tlich eliminates the potential 
of single point failure and effectively provides for two independent power paths This 
topology is inherently very efficient v.tlich leads to high reliability v.tlile at the same lime 
providing superior power protection 
The APC Smart-UPS is of Ihis type Other line interactive designs, like the Detec 
PowerRite and BEST Fortress, are Similar except that the inverter is not running 
backwards during charging, This has the disadvantage that the inverter IS in the standby 
mode before a power failure 

Conclusion On The UPS 

The commonly used terms "on-line" and "standby" do no! correctly 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 approaches 
Nevertheless, the basic quality of deSign and construction is more dominant than 
topology in determining the ultimate performance achieved in the cuslomeii!Ppllcation 

L_ Conclusion On TheyPS -~ ~-II 
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