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ABSTRACT

This thesis presents the design, analysis and implementation of three level
hysteresis current control for applying to single phase voltage source inverters in order
to improve output current and harmonic spectra of output current. The comparison of
the proposed current control technique and three types of current control techniques,
namely triangular carrier current control with stationary PI, fixed hysteresis band current
control, periodical sampling current control has been made. Study and analysis for the
principles and characteristics of four types of current control operations have been
performed. For both linear and overmodulation conditions, the control systems are
designed and implemented by using sinusoidal current waveform as reference signal in
order to compare the characteristics of harmonic spectra of current and voltage, ripple
and distortion of current based on percentage of total harmonic distortion of current,
THD;) at various switching frequency. Also, the efficiency of four types of current
control techniques is compared. Besides, the transient response for a step change in
current command is given. In this thesis, the simulation using PSpice for the four types
of current control techniques under such conditions is included. Additionally, in the
experiment, the single phase PWM voltage source inverter with IGBT power module is
used to compare with the simulation results. The experimental results seem to agree
fairly well with the simulation results. The results show that for the use of the three level

hysteresis current control, the performance of the system is better.
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] o v

1 dmFunisaFregeduil duvd Wuuusilsnsoinlddelusunsunesfinmes feana

o :” A o A ar o i 1) o
Vi livis3En1sAInIG a3 Look up Table iWadlddasnisseiuusssuiunnsnemdlil

o o e a =
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Voltage Switching)
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3.3 WMANANITAILANNILILE
a"'m?umﬂﬁﬂm:‘muﬂun?:u.ﬂﬁ’ummmﬁmmnﬂﬂﬂiﬁlﬁu 2 Uszinnnejq [16] A
nIWF 3.2 fe
1. famuANNsEuasaiuR Auuds 1Bx Bunefinefuuugiiidn (il 3.3)

2. FaATLIANNIEUALLL on-off (NN 3.4)

PWM Current Control Methods

On-Off Controllers Separated PWM Block
Linear Fuzzy Logic
Controllers and ANN
State Resonant Predictive
PI
Feedback Controllers and Deadbeat
. Delta On Line
Hysteresis
Modulation Optimized

< a '
NIAN 3.2 INARANITAVLANNTEUALLLIANNT

o = =3

TdwdleaufusaauANLLL on-off N1SAILANNTTUANEN FULAY 18N Bunefinafuuy
3
gUillmiuazusndounistaganszua eror iugdauresnisuagiannsfuaananiy lng

E
wuaAntiunislddeldufouresnisnaganuuugihile (R duude Wnuuuled

]
o = o <

f Fuuda WuwuLa TR suasi AUUAY 1ENLLY Optimal) afiAe ANDAIRTIS

1
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aiusnmw uananillassa¥wassnsaouaniamatiniugaszaindu v linnsmasaug

warssdunefinasiazinangaiuisani lailnedne

; Voltage
bt 4 B Ve s AC Side
Controller » PWM » Source >
= (Load)
i Inverter
s
Control Part Modulation Part

ar = ar

d o 1 = < = L3 [ _
AW 3.3 faaruAunszuasaiul AUURT 18N Bunefinefuuugiiile

. Voltage

iref 4 On-Off | e _| ACside
. Controller (Load)
i Inverter

Control + Modulation

< o
NINN 3.4 AIALANLLL on-off

3.4 msm‘uﬂ‘adn‘izl.l,ml,uuﬁluﬁﬂl,ﬁ’u (Linear Current Control)
-1 Y
3.4.1 Tﬂ-a‘ms'mwug'mmmmsmuqnnszLtmmmaamu
ﬁwa‘*’um?mmuns:umLLuuLﬂuﬁqLéuﬁmzuﬂndwmmmmmL‘nﬂﬂa‘:LLﬁ error WAy

daurnenisueganLsaiusanainiu TnsuwAniidumsldfeldurauaesnisuageauuy

= e = < o - <

quidla iy walled Fun@s ununled walaf Auude Wuuwuuaulsonaed dui)

[ | '
= = = b4 3 1 ol

.Ir d' = ai o d' = a
UUAD HAMUNAIATIAIN ﬂQ']NﬂﬂLﬂﬂﬁi‘Nﬂiﬂﬂﬂﬂﬂﬂuﬂuuu'ﬂu NgﬂtL'l.lUﬂ"P?ﬂ'JWﬂﬂ

k

aaa ¢

WMUNTANLAS U AT AR Had e [5-8] Tauanunsanazeanuuulnsaainanisauan
nanuauaznmageugiiflaresdunafinefuacvanliatndaszuazlngdre n1saiuny
Ay PR Yy = . .
nezuauLLRlFuA nsmauAuLLLA QU N ImEaINAENFaa N laAsd (Triangular Carrier
with Proportional Integral Gain) nsaauANuLLdlAsTiaile (Synchronous PI) AMsAILAN
mstlaunduauan (State Feedback) waznnsaruAnuuLiaaiiv (Deatbeat) lusu [16] 34
Wangnfinusiazinisnanafenisauquiiiuguiignasanisasuauuundaduiuiae

Aﬂl b 73 = n; ] :’1
MsALANLLLA LY AN IMEEN AL N R laAshivinu
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tladsndniidenansenusialaseaiisaesnisasunuiianiniseanuuugluunlunig

ANLANNTEUAULILILAS N1TAARINATYIUENBATAINAINNTD IUNSANAARITUNIU

3.4.1.1 nsauANULLALeWalY (Conventional Pl Control)
vdanlanzunsuanan1sauANLLLRle (Proportional Integral, PI) UsmdfanIwi 3.5

Fearursadsiuannasleneil [17]

3o C6)GG) oy, Gl (3.1)
y( ) 1+C(S)G(S) ( ) 1+C(S)G(s)d( )
PI Controller d Plant
r o+ e gt y
- C(s) ’ G(s) >

—>{ &, > 1/T,—>|4+é)—>

(2) (A)

al o o
NN 3.5 (n) uaﬂﬂ'lmﬂ:ummﬂmwmuauLmuﬂ'aunﬂu

(1) waz (A) stuuuTeslassaianisAILANLLL|E
anaunisi (3.1) amnsadeulveuglaes

s)=T(s)r(s)+ S(s)d(s)

idla C(s) Aa neuaad Weiduaessioarurn (1w 3.5 (1) uaz ()



C(s)= K, +£ =K, ﬂ (3.2)
s sT,

] i v U
Wa T, =K, /K, Taef G(s) Wuine  nsuamaideidusesscuy dou T(s) Ao
niuamesNaifuaesdy uiueeds S(s) e neuaeifeiduaasduninsuniy K,
<4 ar = = s a a a = a a =4
Ao aRsaenu@dndon K, A snsaenodduiiingg 7, Ae araeanisduiiing » Ae
Rryrynusegs d Ae Atyryrusunay y Ae Aynunoaenenauas s Aa foulsantland 99

AmsunisRaaNd I usteiaazldneannis

Cls)Gls) .
T(S) = m ~1 (3.3)

Amsunsniaadynnsunauasly

1
S(S)=mz0 (3.4)

[
= o

- 9 k4 2/ o ' | < [ =
Rawladresiuanansaldldiuduanunnn atralsfimulutgiuaonungeaussouzay

as

9 3
AADBEIAY WENAIMNUNIINTLADTIBIFIAUANT lDATEINANTENUFBNINTHARNETY QY0

ar

A9BuazAINaINnTn NI RA U U LINIY

as =i < =i
3.4.2 MIAIANNTEUAWLLAYUIUNINSHURENAIENW AR (Triangular

o

Carrier Control with Stationary PI)

PI Controller Carrier  Comparator Inverter
iref+c e u, S | ACSside
A - (Load)
iS

MAN 3.6 UADAIABTINTNIBINITATLANNILUARLILATY (U DIN N AR

v o
fnuilanan
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13 1

nsaruanuuLilifunisasuAuuLLAland (Stationary PI or Ramp Compensation)
Fafife Waaaawe eror uuuilaairausein , TasazinluFaumeuiudoyanmmime
arumdieaiedyuindmiunisruandunefined adnd S Taduninimdnnis

al e - -3 « 9 1l 8 ] = = o’ «
a99f suuan Wuuuulminnld [15-17] witldeunnsnefa Anistlaunduaadnssuaiafing

v
Tradlufainuanalaanisadnd amiudiunisdauiinsnaessntagad lanuaziilufoan
&d‘ a;o' dr o = ﬁi‘ r:ll = | e IS li

error AAYNTAN 1uzdns1eneidedadaunaznisunuiigudiuiinasesiitla o

ANNTUGIIATRIUSIN u, avTipandiAaduldty I IMEANIRENLIANS

3.5 nsaruAnnszuawuuliiluidadu (Nonlinear Current Control)
Tuilaqiiumeiianizauaunszuauuyidudadusnnsauieeantiiily - nsaauny

wuLAamesiaa (Hysteresis Control) msmu&mmmmaﬁmeqtaﬂfu (Delta Modulation

Control) uazn1sasuANuLLeaulat aawalkid (On-line Optimized Control) [16] feduiu

= a rdv ' = = o=l " :"
TAneninusIazNa1 I IANIZNNIAILANNITUALLLER AR TTTANIM
351 MaAUANNSTLALULERIAasITa (Hysteresis Current Control)

Hysteresis

Comparator Inverter

P s AC Side
4’
; - (Load)

] o
i 3.7 ufenlaetunsuaeanizaruANnssuduLLEaImefida

3 A (] 1 os i ] =
nsaruaNnsssanuuiiflunisatuanfieguuiug urequilaunduilaidudady

U
o a

. - - X d
waznisulBeufsuuundame Fiasanind 3.7 lnedyiuainds S azifinduiile

14 v
alal o

&ruound error e, AuTRLIIAEAAETITA N1sAILANNIEUARLLURIIILLIL 2 TTALUAY 3

o A o o =l L ' = ] = e
seau [1] (’Nﬂﬂ']:fmﬁﬂ’]ﬁ‘ﬂ’N’]W]J'EI\‘}ﬂ'I?ﬂ'JUF}N'QzlJﬂ’li‘u"lu’lﬂﬂ'l']ﬂ\'i'ﬂﬂ'l\‘lﬂﬁ@ﬂﬂlﬁﬂﬂﬂ 4)
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- Aim ol Sl . o il s P g o
dnFuanudainden ldazidnwnisi i winisrsuauuuuiiiiiunisacupnguiluh
1 L
SoulrustraunsuanaiinsnidalduFaunanalsensdasaliil [2] A
[ %3 r-—% c-' =Y L d vlz 1o
1. ANHOIENNIAIATIIANBUNESRDSNNAITNa L TUATRRNILIL
2. nusan1saeuulaalnaanisdime e
3. ANNNTNAALAUBIABANIIENNAUAFN LAB
= O R e v aaa & o e
4. fgnssnuzn e AnNaLAgnAARALN AURTAIALAE AT AT AT

4. Wlumsmrupuidresanisairsuasinluldau

3.6 asuaiin
mﬂ'iqmqﬂnmiﬂs‘:mwmefaﬁtﬁnﬂﬁ*ﬂﬁndﬁ’uﬁﬂﬁtﬁrﬂuﬂquma‘u@ﬁn (Harmonic
Pollution) TuszuyIWii &?'aa?ﬂﬁmvﬁﬁqlﬁt.ﬁmm?'u@ﬁnﬁrzmi'uu'mnnqil'ﬁaquﬂﬂnsniﬂ?zmﬂ
&3nda [18] (lidrazuaunalufiany ﬁﬁﬁlﬁLﬁmmffuﬂﬁnﬁqgu) gnfuatiniinanngunsnl
Uszmlidudadu (Nonlinear) siveniseaglussun i Aounefines undenglniiuas
sruuumasansnfindnses  (Uninterruptible  Power  Supply, UPS)  AMNMNIEI989
AeuneSinestumngA NIy asastanszus Bunefines lalasreunefineiua:
\vaeNLLLENdN A m'w]mﬁflﬁﬁfamﬂuuumﬁqtﬁmmffmﬁnﬁ’aﬁu
Ifnszusaduiisldeniuegyniull  Tnesluasdigaduresussiuuaznszuadiu
gUln (Sinusoidal Wave) Fauandlunn 3.8 gﬂﬂﬁummLmﬁuuﬂ:nmmlumwﬁ 3.8 4

2 o

anmsndsuiuaunisusneanaiuysaemsaan tddil
W)=V, sin(wt)
¥5a W)=V, sin(27 ft) (3.5)
i(t)=1,sin(wt - )

3D i(t)=1,sin(2z ft - 0) (3.6)
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Wa v(r) Ao munsresusaaulung ¢ 1o

R

AB TUIAGIGAYTOAILBATDIUTIFY

i - =
I) AD TUIATBINTELUANLIRN ¢ .Lﬂ’]

~
—_—

I, P8 IMIAIGAVTEAILBATBINTENA
= d' as
[ AR ANUDTBIULTIAULATNTELA
0 A8 TWIATBIYNANTEUARINNAIUTIAY

A9 1A

~

dmFunastidnnseiing pednassussiuuasnszualisniudoaiugled (19] viu

araflugUmduuuudmany (Square Wave) slauanelunind 3.9 Tagupauaausssiilunim

UG
1

[} ¥ 1] 1
7 3.9 Sarsodsuiiluaunisuasaunanulsilasuniuman taaadl

()= ! v, [sin(a)t) + %sin(3a)t)+ -;—sin(Sa)t) F %sin(7a)t) + % sin(9t )+ }
/1

¥i3n W)= L v, il sin(nat) T)
g ey

1 A 1 ) o ] 13 1] 1
AINNNT 3.9 uazaunish (3.7) # aznudusesuniisafuuundwaanasszneulyl
pasgtatuuuylm@mTauauazandsn@dmaunnig  wssieuansliivingledu

rt:i'l-'l n‘ ' o d' o o = f-'l' ] ¥
uwwulmifaunauaranuiaieiy dadunsuiuasfadugladuuuusie s
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nInn 3.9 gﬂﬂﬂuﬂmummmmuammu
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o = 4 o wo aa
i 3.10 Wugdeduuuuseauuwiafisainglaauuuulnidiuom 2 ga Nllaud
' [ i [ |
AN 3 IN1F9UNUAD

W(t) =V, sin(wt)+ ¥, sin(3ct)

k

ANy
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o~

a} ]
MWN 3.10 JUARMULLEBALLIY
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daun i 3.11 Wupdeduwuusasuwaniiaangladuwuylaiaiuam 2 4a AlANND

Anafiu 3 wiwmilaunini 3.10 Nnsanii usliyuasnemInnInd 3.10 Ae

wW(t) =V, sin(wt) -V, sin(3wt) (3.9)

7 F
f‘f\/_vyl e
1 x@\,__/

AN

o 4
2% 3.1 UPRUNLLEBALNAN

| ] ] v
anngiladuRtafinaraunanisaaglddnlddaglatumaniuaziipdivaetinls 1ty
« i = =4 ] = a el
wuylnd wuuRmasy wuseauuwideuuuseaunan faiaangladuuuulniisun
UWATANNTANTJRNUINNINNTINTY

sundw ¥, sinor) luannisii (3.5) wia (4/7)V, sin(wr) Tuannis? (3.7) uie

m

v, sin(wr) luannsh (3.8) uax (3.9) Wugtaduaainiyagiu (Fundamental Wave) dau
guaduBuRRANDAe AN AR U LAY A g TN n i Taefin =2 3, 4,..
| - A . i dl
viu (4/7)V, (1/3)sin(3er) Wuaunish (3.7) wisa ¥, sin(3er) Tannisi (3.8) uaz (3.9) 0
Hponiulu 3 wifl'nmmmﬁ:gag'mﬁ'utﬂugﬂﬂﬁum{uaﬁn Taafansuansuaiingy 3
[ :’; I's a A ot = dld -d' ] d‘ 4'
Faiuanfuaiinfe 1uIATeusIswtanszua ANt sella nadnnyagiu sl
doutlsrnavreusasunsanssuasingia aniuszunlniinnderesdsunalnaaanud
yaguie 50 Hz Aadaesuseiuanfuelinuiensruaaninalinde 100 Hz, 150 Hz,

200 Hz...
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36.1 aynsuWies
AJ = 3 J =l o [ D ﬂ‘ ] (R [ ¥ = ] o e :
mi‘m:@ﬁmmqgﬂﬂﬂuumﬁ‘u'aunfaumwmﬂﬂﬂu@gmqLm:mi‘muﬂuﬂﬂ:'ﬂumuuu

T RnwviFaruaunndeaud g masnsnedunelataldeynsuyFasd

v(t) =a,+ i[an 005[%) +b, Sin(%ﬂ (3.10)

e v(r) Ae Wedduaesgtmauseniule
|
a, Ao ANRREIBIV(r)
n A9 WwIRwANLIN e (Suduanfueiin)
a, #a&usvAvsresaynsuyied
b, AsdurlsrAnsreseynsuyGes

T A8 Aunangesgladu

wranameulua ey

W0)=a, +3[C, cos(u(2ft - 4,))] (3.11)

n=1

e a a
LA f AR AU

C =.a’+b’
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' S @ & a &
3.7 AUasiiuAAINNEALNEUTINTDINT LA (Percentage of Total
Harmonic Distortion of Current, THD,(%))
AlafidusnulaieusuteinszuaviaiGandn THD,(%) WuRa dgddaldlunig
1 a’l’ = A=’ll dl T Ad' ] [ dl
1NTANRAWeNTe9glARUd N TELARIANANLANATNAINBIAL T NaLIRINT T UAR

1l § - v . é
ANDYAFIY [9] TevAsznauauRaituIenssua i, mildainaunisi (3.12)

idis(r)zis(t)_isl(t)zzish(t) (3.12)

h#1

amiulumaneaddn rms aunsadeula

1/2
1 4 =[I.52 _1:21]]/2 :(Zﬁh] 419

h#1

v
ar  as '

paduAn THD, (%) seenszuaansnsarivualéiiy

THD,(%) =100 %

51

(3.14)

3.9 aq
n’i’ J = dag as] ' ﬂil
unidunenaaflang e NugueedN1TALANNITUA TEN1TAILANNITUALLILAN]
vl e [ g -d‘ = =l o L
Tafinsdauaziaudu JaunalianisaruaunszuainainvaegUuuuiia imanzan
amfunininlidsegnddaudisnaiu lasainnisarupunssuauiazuuuaziifasuaz
dadanunnsneiu Watr i ldmunzaniaginldiniminaulis Taeaunen
_= = = [ = ﬂ} = 1 { i | 5
Aasan dannilidlauazanfueiiniiialu Teamnsanazgldanadn THD,(%) uenainil
a‘-‘lI o 1=l a a < = o o zg o
Wan1sineuldd dss@ndnnfazanasdnson udiwresuiddeiiinauenisaiunu

nrsuduwuLdaimesida 3 szau InaldtnluuFounsuiunisasuaunssuauuudeyniod
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wivzaNmasNAai laaed (TC-Pl) wuuleuanddnassdaai (HB) wazuuuiilednas
v ]
wsnlae (Ps) luunsallaniflunisnanatsnisiiaszsiuazeanuuumainnisasuay
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n7ALANNTTLALLLEARRTITA 3 szAuiiauaiidanndnatianisALANNsUS

- a4 = da , o a - o
wuvauwatedsznishe Hanssausnandivialuanazsdadunazionaiuegiadu anunso
AALAUBIFADNITIANTBINTTULAS B 19FUNAULFANdY nsFunisrassginsniaing
ANAUNBINIAINATATATF LN T ENTSUALNENATUSIAUFIULINWTR A UALUA TN ATINTNTDY
NTTUALDIANAYINANSRTINITaIRTanaana 2 i1 AetwRaliifiaAa g ladianly

= ar o é’ 1 = = L3

wWinuiisuiunisasugnnszuauuuaw) luuniiasilunisndinfansiiassiuazesnuuy
' :I ]
n1sAauANNszua 4 wuuldun nsmnANnszLALUURTY IR IMEA MR A DALY
] v
N17ATLANNIZUALLLIDLIIATAASTTTAAIN N1TATLANNTEUALLLATARAADA WINLAY
WAZNITATLANNITUAULLEAIARSTTA 3 szAUNdIaue Tanseanuuuliinisdaiasnis
o 1 A dz o Ail g s‘a ! dl
nausaallsunsy PSpice  1WaR93a8UNTINNNIUAGNABITEY9ATUAzINLAd199a5H

= 14 17 o dA | = &
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4.2 MANNTAILANNTEUE
as = ' aa a o o -
Aan1ratuANnszualiunuImetaunluasastidnnselindinge iudounilalunng
Fneseaunszualui AuLdl 1Bx Bunefines Julszgnifldetinaninednlunisfuinsey
namafwmigatuaziduunadsangiiiinszuaadu Innfiamlszasdne nnsliiasinmiy

&ryoyradland [20] Burefimefuuuunasansussiuniinsatununszuaiidss Tamiatinaun

2 A & =i

luszuufisesaruannszuafuatauazinsaauaueanelauings draunesines

= L3

] ] v
ANREIndge i lknszuanidngssuuaunsadiusnesldatemnimiawauaziva lu
szuunsiudauLLURTYI sz uLIelaNalnas N1TATLANATUNITNHARBLANBINIY

TaunfinuarAusILFyUTaINITanANITIAIRuNTEany AR Hdaud Ay atinannn

o

AmFuassousige ANz iR uLALATUEL TUAMNINIBINITAILANNTEUA B9

(Y3

AMNINIBNA Ty I N TEua Uiy 3 TAdufiAe 1.) AnNDadAdI89NITHRYEALLIL

e a < - = v ao 2 aa

W AULAL Bu 2.) almvesdyayrunsruaiignaiae 3.) IEn1suegian T99En1TAILAN
DERIONE I gy

NPLUALLL CCVSI (Current Controlled Voltage Source Inverter) fifluanaanilsdailun

] v
Tuussuanslunini 4.1 35017 CCVSI drestan1srauANiaalWinga 4 Aramusuy U
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anmouzarusiaanisgUdtysyrunsrualsd 1y nsatuRuuaafiniianin n1statasn
UsTnaunIfIuasIasFeanszua 2 HAN19 UNAnHuzaIuieInissld gy unszua
& a y e 0w v . o = =

AAENAINMY 1Y Nameiudmdnoasnszuansanulfudsednu deflasarnsasuaniin

dl b ] d‘ [# =

wuusuuhsiesnssldyainszuauuusne e lilunnssaitenszuaaninatinlussuy
nseluaalidudadu nnd 4.2 wansdyinnssudsedeanunszuaateiiinainnng
ALANAIEAENS CCVSI WINlAdINssuassaasinIzmunssuadnads Wufe ssuuaInisn

o v ] v =
AUANNTZLALDN AN m‘lmmumm‘:mmqm

—wwv ”’M—?—
+
Vdc Y

6
3
PWM reference 3
control 43 IF ef current |[@——
block calculation

d =y (3 [ i J o’
2NN 4.1 UAATARZINTNT BB LN ASAB T UL LUNAIRBILTIA AL ANNTILA

CCVSI

d = £
NINN 4.2 ﬁﬂ&l EUEUN TULABNBIATNTEUANT
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s =l o = =l
43 NITAUANNTEUAULUNUYUIUNINSHINLRAENAIERNLAAIN
(Triangular Carrier with Proportional Integral Gain, TC-PI)

¥ J6F
K L

Vcontro.l'
< 5

[

= o
AINN 4.3 Uﬂ‘ﬂﬂiﬂf]zuﬂi‘uﬂ'ﬂqﬂq?ﬂQUﬂNﬂiZLLaLLUU TC-PI

Vdr: G_

1w 4.3 wudealasunsunisarugunszuauuudy i nmzaumdausaile

o o o & d a o o o a a
AN mlum?mu@uaﬂﬂm:mmﬂumi‘mur@guLLuumqunmmqm*ﬂ TraANDATIATIA

5 1 e H ! 1 J
TuegiuAINNTRIF Y U N IMTA MR A nudeAlaBTUNTNAT error SEMINaNTELA

819897 UNTY LLMNﬂmmwmwmﬂaudwwwmr-’huuu%uﬁﬂﬁ*m%aﬁmmu

(Proportional Integral, PI) ummummmwmma’mulﬂu V

control

TduRauiauiudynyio

WMEAMWAEN ¥, Fauaanadanintenad e K, uar K, duszidusniwuanis

tri

ReLALeiInEIATAN error RNNAZARA B9 K, uaz K, imunzan [1] aamsamlé
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Meavidan  Wide Measurement Bandwidth
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Accurately Sampling 5 MS/s
Harmonic Analysis
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U E3N
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Input 100 A Peak Max

Frequency: DC to 100 kHz. (@ 3 db)
Output 10 mV/A, 100 mV/A CAT Il
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NARADH  Multi Meter (Hewlett Packard)

U 973A

seaziden  True RMS 20 kHz Accuracy = 0.1%
Vac or Vdc : 0 to 1000 Volts.

lac or Idc : 0 to 10 Amperes.

NRRAAUN Band Differential Probe
U 700924
Muaudsn 100 MHz
A Probe Lets You Make Wide-Band

Differential Input Measurements
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PERFORMANCE COMPARISON OF HYSTERESIS CURRENT CONTROL
FOR SINGLE PHASE FULL BRIDGE VOLTAGE SOURCE INVERTERS

O. Saramart

V. Kinnares

Dept. of Electrical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology, Ladkrabang, Bangkok, Thailand

Abstract

This paper presents the performance comparison of
hysteresis current control for a single phase full bridge
voltage source inverter. Three types of modulation
techniques for hysteresis current control are proposed,
namely fixed hysteresis band (HB), periodical sampling
(PS) and triangular carrier with proportional-integral
gain (TC-PI). In this paper, the simulation and
experimental results are compared and evaluated in order
to verify the circuit operation in terms of ripple,
harmonic spectra and %THD; of output current
waveform. Besides, the transient response of the
proposed hysteresis current control schemes for a step
change in current command has been made.

Keywords

Hysteresis current control, voltage source inverter

1 INTRODUCTION

A variety of current control methods have been
investigated and reported in the literature [1]. Among the
various current control PWM techniques, hysteresis
current control, shown in Figure 1, is focus on used
method because of its simplicity of implementation, fast-
response current loop and inherent-peak current limiting
capability [1-3]. However, the waveform quality of the
current generated by using a current-controlled voltage
source inverter (CCVSI) depends basically on the
switching frequency of the PWM modulator and
modulation technique used [4]. In preceding researches
[1-4], the operation of hysteresis current control for
voltage source inverter is analysed in the linear condition
but only a few papers analysis comparison of the results
in the overmodulation and stepping current command
conditions. A single phase voltage source inverter which
has hysteresis current control is benefit to many things
such as switch mode converters and active filters etc.

In this paper, three different types of modulation
techniques for hysteresis current control analysed by
simulations and experiments are: hysteresis band (HB),
periodical sampling (PS) and triangular carrier with
proportional-integral gain (TC-PI) in order to improve

the quality of output current waveform for appropriate
application. These three types of modulation techniques
have been tested with sinusoidal current waveform
(SCW).

The organization of this paper is as follows. For both
linear and overmodulation operations, this paper initially
focuses on the comparison in terms of the ripple and
harmonic spectra of the current waveforms generated by
the current control methods for the same switching
frequency. Then, the comparison, analysis and
evaluation of characteristics of output current waveforms
for the effects of changing switching frequency and
modulation techniques based on quality index of output
current of inverter with percentage of total harmonic
distortion of current (%THD,;) have been performed.
Finally, the transient response of the proposed hysteresis
current control schemes for a step change in current
command has been made.
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Figure 1: Block diagram of conventional hysteresis
current control

2 PRINCIPLE AND THEORY OF
HYSTERESIS CURRENT CONTROL

In this section, the principle and theory of three different
types of modulation techniques for hysteresis current
control are analysed: hysteresis band (HB), periodical
sampling (PS) and triangular carrier with proportional-
integral gain (TC-PI). The block diagram of operation of
HB technique is shown in Figure 2.
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Figure 2: Block diagram of hysteresis band (HB)

The HB technique operates by comparing current error
signal (i.e. the difference between the output feedback
current (if) and the reference current (i;)) against fixed
hysteresis bands. When the error signal exceeds the
upper hysteresis band, the inverter output is switched to
—Vy4. and when the error signal falls below the lower
hysteresis band, the inverter output switches to +V. [5].
The process is illustrated in figure 3.

Current Error Signal

: Huysleresis Band
: B width
|-
L
\/ ' \ l Time

44— .
i o :
Ve ; i '
B
>
Time
% Inverter Switched
Ve

Output Voltage

Figure 3: Modulation control of conventional
hysteresis band

At any point time, the rate of change of output feedback
current is given by:

a_ar_Vy-g . _ AL (1)
dt Al L .V,—E

where V; =1V ., depending on inverter switching state.

A complete switching cycle goes from 00—, > T .
For the period 0 —>1t;, Vi =+Vy, Al=+B, At=1,
and therefore:
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+BL
l'.f = = (2)
bdc —&
For the period ¢, =7, V;=-V,4, Al=-8,
At =T —t; and therefore:
o =81
Prdp B e — (3)
Vg —¢

The total switching frequency ( f;) is then obtained by
combining Equation (2) and (3), to give:

2 2
PR i @)
T BLV,

The maximum switching frequency occurs when
backemf £ =0 and given by:

Va
fmax = B_Z (5)

The variation in switching frequency depends on V.,

B and L.
[T I W
)
x| ’
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Figure 4: Block diagram of periodical sampling (PS)

Hysteresis Comparator

The PS technique, shown in figure 4, is very simple to
implement. The basic principle of PS is similar to HB:
only the hysteresis current control, as a comparator,
connected with a D flip-flop is needed. The main
advantage of this technique is that the minimum time
between switching transitions is limited to the period of
the sampling clock. However, the actual switching
frequency is not clearly defined [4]. The D flip-flop with
the sampling clock has been used to limit the switching
frequency.

The actual current generated by hysteresis current
control is forced to track the reference current within the
hysteresis bands with the frequency of highest lockout
time: the maximum switching frequency. If the lockout
time is reduced permitting the higher switching
frequency, the current can be more closely confined
within the bands. On the other hand, if the lockout is not



employed at all, the current can be confined within the
hysteresis bands. This will result in a very high
switching frequency [1]. The maximum switching
frequency would be given as

i

S (TS 5
.fma.r 2(!00/(011! time) ( )

Figure 5 shows the block diagram of triangular carrier
with proportional-integral gain (TC-PI) which compares
the output current error with a fixed amplitude and
frequency triangular wave, i.e., the triangular carrier.
The switching frequency is fixed, depending upon the
triangular carrier frequency (w.). From the block

diagram, the error is processed through a proportional-
integral (PI) gain before comparing with the triangular
carrier. This technique is more complex than HB and PS.
The values for k, and k; defined as Equation (7) and

(8) determine the transient response and steady state
error of the TC-PI technique. In addition, they give a
good dynamic performance under several operating
conditions [4].

by e )
2V,
kizwc'kp (3)

Figure 5: Block diagram of triangular carrier with
proportional-integral gain (TC-PI)

3 SIMULATION AND EXPERIMENTAL
RESULTS

The proposed three types of modulation techniques have
been tested with sinusoidal current waveform (SCW) for
both simulation and experimental investigation. Figures
6 through 8 show the output current signal and error
signal generated by HB, PS and TC-PI, respectively. As
shown in Figures 6-8, the output current generated by
TC-PI has the lowest ripple compared with HB and PS.
In PS, the output current has the highest distortion,
followed by HB and TC-PI, consequently.
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Figure 6: Output current signal and error signal
generated by hysteresis band (HB)

Figure 7: Output current signal and error signal
generated by periodical sampling (PS)

-1 v
20ms. 25ms 3oms I5ns Aoms

Figure 8: Output current signal and error
signal generated triangular carrier
with proportional-integral gain (TC-PI)

3.1 Linear Operation

In order to investigate the effective linear operation, the
single phase full bridge inverter having dc link voltage
V4=310 V, and RL load with R=32 (2 and L=50 mH is
used. The fundamental frequency=50 Hz.
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(a) Simulation result
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Figure 9: Output current spectra of HB in linear
operation at f;=2 kHz
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Figure 10: Output current spectra of PS in linear
operation at £;=2 kHz
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(b) Experimental result

Figure 11: Output current spectra of TC-PI in linear
operation at f;=2 kHz
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Figure 12: A comparison of percentage of THD ;

between HB, PS and TC-Pl in
linear operation

Figures 9, 10 and 11 illustrate the output current spectra
(in the range of 0.lkHz - 10 kHz i.e. excluding
fundamental component) of HB, PS and TC-PI,
respectively. The results show that output current spectra
of PS contains odd and even harmonics. Also, they are
not clearly related to the switching frequency. The
spectra of HB and PS are similarity but the magnitude of
harmonics of HB are lower than PS. The spectra of TC-
Pl is the best which are concentrated in sidebands around
2, 4 and 6 kHz, etc., corresponding to the triangular
carrier frequency.

The comparison of HB, PS and TC-PI in terms of
percentage of total harmonic distortion of current
(%THD;) versus switching frequency are shown in
Figure 12. The best method is TC-PI followed by HB
and PS.

3.2 Overmodulation Operation

In operation for voltage reference control such as in
SPWM technique is well defined. The peak of the
control voltages is allowed to exceed the peak of the
triangular waveform. For the current control technique,
the overmodulation operation is generated with a high
reference current and low output feedback current or low
dc link voltage. As a result, the output current can not be
tracked the reference current.

Three types of modulation techniques tested in
overmodulation operation have been performed on the
dc link voltage V4= 310 V, R=80 2 and L=50 mH.
The fundamental frequency is set to 50 Hz.
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Figure 13: Output current spectra of HB
in overmodulation operation
at fi=2 kHz
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Figure 14: Output current spectra of PS in
overmodulation operation
at f,=2 kHz
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Figure 15: Output current spectra of TC-PI in
overmodulation operation
at f;=2kHz
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Figure 16: A comparison of percentage of THD ;

between HB, PS and TC-PI in
overmodulation operation

For overmodulation operation, the output current spectra
(in the range of 0.1 kHz-10 kHz i.. excluding
fundamental component) of HB, followed by PS and
TC-PI are illustrated in Figure 13-15 and the comparison
of three types of modulation techniques in terms of
percentage of total harmonic distortion of current
(%THD;) versus switching frequency is shown in Figure
16. As it can be seen for all of three techniques that the
lower order harmonics have a higher magnitude as well
as the higher order harmonics have a lower magnitude
resulted in larger %THD; when compared to the linear
operation. The TC-PI gives the largest of %THD,
because the distribution of output current spectra is quite
wide, followed by HB and PS.

3.3 Transient Response of a Step
Change in Current Command
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Figure 17: Transient response of HB for a step change in
current command
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Figure 18: Transient response of PS for a step change in
current command
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Figure 19: Transient response of TC-PI for a step change
in current command

Figures 17-19 show the experimental transient response
of the current control schemes for a step change in
amplitude of the reference signal (from 5 Apear to 8
Apek)- The experimental results of the current control
schemes have demonstrated the effectiveness of the
proposed current control schemes in tracking the
amplitude and phase of the reference current. It can be
seen that HB is the best under this condition because of
its independent hysteresis current control, closely
followed by PS since it is controlled by sampling clock.
Finally, TC-PI is clearly worst caused by proportional-
integral gain.

4 COMPARATIVE PERFORMANCE
EVALUATION

Table 1: Summary of performance evaluation
between HB, PS and TC-PI

Operation Best Reasonable Worst
Linear operation TC HB PS
Oven‘nodt.llahan PS HB TC

operation

Transient Response for
a Step Change in HB PS TC
Current Command

In summary, the performance comparison of three
modulation techniques are shown in Table 1. The results
show that the triangular carrier with proportional-integral
gain is the best technique in the linear operation
followed by the hysteresis band and periodical sampling,
respectively. On the contrary, in the overmodulation
operation, the best technique is the periodical sampling
followed by the hysteresis band and triangular carrier
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with proportional-integral gain. In the applications that
must generate stepping currents the hysteresis band
technique is the best but the triangular carrier with
proportional-integral gain is not recommended.

5 CONCLUSION

This paper has described the comparative performance
evaluation of HB, PS and TC-PI techniques for the
single phase full bridge voltage source inverter in terms
of output current ripple, output current spectra, %THD;
and transient response for a step change in current
command. The results have proved the advantage and
disadvantage of each technique for appropriate
application. The experimental results validate the
simulated performance.
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Abstract

This paper describes a performance evaluation of three level
hysteresis current control for a single phase voltage source inverter. The
comparison of the proposed current control and fixed hysteresis band
current control has been made. In this research, the simulation and
experimental results are compared in terms of characteristics of
harmonic spectra and percentage of total harmonic distortion of current
(THD; (%)). Also, the transient response for a step change in current
cqr_nmand is given. The results show that for the use of the three level

hysteresis currént control, the performance of system is better.
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