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Abstr act

kr this paper, a new approach to analyus ol the avera;_:e zurd rms currents in inve(er switching devices and the rms value of ti :

ripple component ofinverter input currt:nt is prcscnted. the proposed approach is based on the probability with which the invert.
suitching devices receive ON signals uhich can be ci:rained frorn thc average value ofthe phase-to-dc nridpoint voltages. As th,:
knowledge of the exact switching patieln is not required, this approach is especially useful for inverters in u4iich the exari
switrhing pattems can not be predetemrined. To show the gmeral applicability of the ploposed approach, the expressions for tht'
averBge and rms currents in switching devices and the mrs value oftne ripple component ofinput current ofthree-phase hysteresi,
cuff.iri.controlled and Pl\rlvf inverters are derived. ExpcrimenLal results are included to show the validity of the proposed method.

Keytords : inverter, ON signal probubility, device cuffents, irtput current ipple.

Abstrak

Sualrr Pendekatan Baru Untuk Analisis Arus-Arus Inverter

Daiam uiaLalah uu dipresrlusikan, Soatu p,crrJekaLrn baru untuk arralisis arus rata-rata dan rms pada komponen-Lonrplui.,'r
switching inverter dan nilai rrns riak arus masukan inverter. Pendekatan yang diusulkan berbasis pada peluang komponen.
kornponen switching inverter menerima sinyal ON yang didapatkan dari nilai rata-rata tegangan fasa keluaran. Karena pengetahua,,
detil tentang pola su"itclrrng iru'erter tidak dipellt*an, metods 1'ung diusulkan sangat cocok untuk analisis arus-arus pada inverte;
delgan pola switchirig yaug iidak bisa ditentukan. tlntuk menunjukkan luasnya daerah penerapan, persamaan-persamaan arus rata
rata dan mrs komponen switching dan nilai rms riak arus masukan dari inverter yang menggunakan pengendali arus jeniL

hysteresis dan yang menggunakan pengendali PWM dihrtu*an. Ilasil pengukuran disertakan wrtuk menunjukkan validitas rnetod.a
yang diLrsulkan

Kata Kunci : Invetter, peluu;tg sirtl::.1 gr , drtt.r'i.tnts hoinpt nen, nak snrs nrusul<an.

1 Introduction

In inverter design, it is very important to know the
al'erage and nns currents in the switching devices and
the rms value of the ripple component of the iuput
current. The inverter switching devices can not be
specified properly without knowing the average and rms
currents in inverter switching devices. Information on
the s*'itclung device currents is also useful for
conduction lcss analysis. Information on the rms value
of the ripple collponeut of inverter input currerrt is
important to speci$ the ripple current rating of the dc
filter capacitor.

In tire cases of P\Vl{ invelters har4ng swrtching
function that can be predetermined, several analysis
rnethods were proposedtl6l In u-3J, the PWM inverter
currerlts \rerv arulyzed based otr the Fuurier series ofthc
inverter switching function. The method, therefore, can
not be applied when the inverter switching functien can
not be predetermined as in the case of inverter har.ing

hysteresis or discrete-pulse current controllels
Moreover, accurate results can not be obtained withoui
taking into account a high number of harmonics with
the associated complex additions and multiplications. lu
[4-51, the average and nns currents irr the switching
devices of PWM inverters were analyzed based on the
duty factor of the inverter switching devices, thar is, the
ratio of the switching device ON timE interval to the
sum of tlte switching device ON and OFF time intervalc
of two consequtive ON and OFF signals. In sarnpling.
based PWM inverters, this duty factor varies following,
the voltage reference signal. In inverter having
hysteresis or discrete-pulse cun ent contreillers, however.
there are no voltage reference signal nor regularity iu
the switching pattern and, therefore, the duty factor
method can not be applied. At present, the switching
device currents in this type of inverter are usualli,
calculated in a rather oversimplified manner [7-8]. In
[6], an attempt to simpli! the analysis of PWM inverter
currents is reported. Empiricrtl formulae to colhpute thr
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a\iitaF,,-..'{C ,ills currents in sinusoidal PWM inverters
\.. rr,; Jcl",'r(.. from srmulation results. The empirical
nature of the uc , 'ved fonnulae makes it diflicult to apply
tiirtu r,r otliei lrr!clters having different controllers.

Iu this pap€r, a new approach tc arralysis of tlie average
arrd rrns currents in inverter switching devices and the
rrns ralue of the ripple component of inverter input
current is proposed This approach is based on the
probability with which thc inverter switching devices
receive ON signals. By using tlie proposed approach,
analyses of inverter currents can be unified without the
need of knowing the exact switching function of the
inverter swrtching devices. Thus, the proposed approach
is especially useful for inverters in which the exact
switching functions can not be predetermined. To show
the general applicability of tliis method, the expressions
for tJre average and nns currents in switching devices
and the rms value of the ripple component of input
current of hysteresis currentrontrolled and PWM
inverters are derived. Application of the probability
rlethod results in simple expressions to calculate the
average and rms currents in inverter switching devices
and the rms value of the ripple component of inverter
input current.
'l'he 

experinreutal results on three-phase hysteresis
current-controlled and sinusoidal PWM inverters are
included to veri$ the validity of the proposed method.
The proposed method of analysis eliminates the time
consuming simulation to calculate the inverter currents.

2 Analysis of inverter currents

In this section, the concept of probabilities of inverter
s*itcNng devices receiving ON signals is introduced.
This concept is used to generalize the analysis of
average and rms currents of inverter switching devices
and the ripple cornponent of inverter input current. The
detailed application of the proposed method to three-
phase hysteresis current-controlled and PWM inverters
are discussed in the next sections.
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2.1 Probabilities of inverter switching devices
receiving ON signals

Fig. 1 shows the scheme of three-phase inverter which is
used in this investigation. In order to calculate the
inverter currents, the swiiching pattern or the instants
when the switching devices receive ON signals should
be known. In a sampling-based PWM inverter, the
switching pattern of the switching devices can usually be
predetermined. In a hysteresis current-controllcd
inverter, however, the switching instants of the
switching power devices are determined by comparing
the output and reference currents in a hysteresis
comparator. Fig. ? shows the simulated results of the
phase-to-dc midpr rt voltage yuo (which is similar 1o
the base drive signal of the transistor Tt) and the
associated output phase current. This figure shows that
the switching pattern of this rype of inverter is irregular
unlike the case of a sampling-based PWM inverter.
Thus, we can not determine in advance the exact
instants when the inverter switching devices receive ON
signals.

In this paper, a concept of probability to determine the
chances when a switching device receives ON sienals is

uuo. 0

-+
10A
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Figure 2 Simulated results of hysteresis current-controlled
inverter. (a) Phase-to-dc midpoint voltage. (b) Output
Dhase current

introduced to solve such a problem. Let us consider the
upper-arm transistor (Tl) and lower-arm transistor (T2)
of phase z of the inverter in Fig. l. When the average
value (average over a short period) of the phase-to-dc
midpoint voltage v,o, which is denoted by iuo, is zero,

then the probabilities of transistors Tl and T2 receiving
ON signals are the same, that is,

I
Pnox= PrzoN= 

2
Figure 1 Three-phase inverter
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where Pngyand Pnoy are the probabilities of transistors
Tl and T2 receiving ON signals, respectively.

\4'hen the average vahre of the phase-to-dc uriupoiut
voltage vro is E.y'2, which is the maximum value of

f,o, then the probabilities of transistors Tl and T2
receiving ON signals must be

Pnoy= | and P72sy= 0 (2)

If the above discussion is generalized, the probabilities
of transistors Tl and T2 receiving ON signals when the
average value of the output voltage is v, are given by

the probabilities of switching devices Tl, T3, and T5
receiving ON signals. .4s rvill be dcmonstratq:d latcr. the
probabilities of varioris statcs of in.,trter i'an be
determirred u,itltout the need of knuu,ing thc dr:tl,led
swithing pattern. On the other hand, the duty factors of
various states of inverter can not be determined simply
based on the duty factors of the inverter switching
devices.

2.2 Average and RIIIS currents oJ inverter switching
devices

The output current of inverter in Fig. l, r, for example,
will flow through transistor Tl when the transistor
receives an ON signal and the current i, is positive.
When the crrrent is positive but the transistor Tl
receives an OFF signal (i.e., transislor T2 receires an
ON signal), the current will flow through the lower
diode D2. The currents that flow through transistor Tl
and diode D2, therefore, can be obtained as

1 l

^  I  l i u o
r no t t= t -T  

E r / 2
(3)

(4)
I I iuo

Pnop
2  2  E d 1 2

Similarly, the probabilities of inverter switching devices
in the other two phases receiving ON signals can be
determined based on the average value ofthe associated
phase-todc midpoint voltages, that is,

Pnoy= 1 * 1- t'o .
2  2 E d / 2

Prcoy= !-! v*
2  2  Ed  /2

Proy= !*! n*o
2  2 E d / 2

Prrctt= 
! -! t"o

2  2 E d / 2

It should be noted that although eqns. (3)-(8) have
similar form to the duty factor equations as those used in
[4-51, the meaning of eqns. (3)-(8) are difierent to the
duty factor equations. Eqns. (3)-(8) reiirlt in the
probabilities of the inverter switching devices receiving
ON signals at any instant of time. On the other hand,
the duty factor equations result in the ratio of the
inverter switching devices ON time interval to the sum
of ON and OFF time intervals of two consequtive ON
and OFF signals. The probabilities of the inverter
switching devices receive ON signals can be obtained
based on the average value of the phase-todc midpoint
voltages even if the exact switching pattern is unknovm
as in the case of hysteresis current-contmlled inverters.
Moreover, these probability functions can also be used to
detennine the probabilities ofvarious states of inverter.
As an example, we can determine the probability of an
inverter state in which the switching devices Tl, T3,
and T5 simultaneously receiving ON signals based on

Squared values of transistor and diode currents, which
are important for rms value calculation, are obtained as

i v = P n 6 y . i u

ip2= P72.s1,y. iu

tT1 . ru -

t l
PrrcN. i ;de

(e)
( t0)

(5)

(6)

(1)

(8)

1 '

l T t  =  f T t o N . l ,

1 a

tD2  =  rT2ON. l !

I  ro+ l
Ir ' t .ou= 

i  ) ,  
P",oN . i  ud?

The above equations are valid only when the current iu
is positive.

Assuming that the switching frequency is high, the
inverter output current can be regarded as sinusoidal,
and the phase u current for example, can be written as

i ,=  J ;  I ls in(o-@) ( r3)

where I and A are the rms value and the power factor
angle of the fundamental output current. The angled is
equal to a# in which c4 and / are the fundamental
angular frequency and tirne, respectively. The average
and rms currents that flow through transistor 'I'l and
diode D2 can be obtained as

( 1 1 )

(r2)

I  an+l
ID2.ou= 

i  l ,  
Pr2oN . i  udq

(14)

(15)

(16)

(17)

I  Pot- l
2tr rl

L  r r* l- - ' l
2 r  J )

f -t D2,rw 
-



I t tlil:, ,a :!!t')i 't!,.'nl o! inverler i.nput current

In g,'.nenrl. '1.. '  '  " ' . i t irrnsi: ip ai:rng the output currents,
inpUt,  i : r : .  . . : ' .  :  r  :  : r r i i ,  , , i i : i  : i i r igs {J f  i t r r . i : l t tsr  ca I  bC
wrll larr ag !,: i i*v :

i  r  . , r , .  i l 8 )

i , . . f r , r , .  r ,  ar rd. f*  are s\ ' . i ' , : l r ing statcs cf  phase u,  v ,
,,..d w, r$sp€ctivcl"\. 

- ' ' l ie 
value of switching state of a

pri&s€ is unlly (z':ro) if ,lrr r.rltpr:r'-ann srritching dcvice
.rj tliltt piiiiss ls li:,.ti\';i,rl;-,': L;i..{ {OFT) signal Table I
iltows lh€ suuirniiry of lhe relalicuslrip arlrolig the
lnveller rrrl, irt { i i i iei lt. outp;rf currellts, and the states of
sl{it('hin g devr('8.5.

f'rgrrr ulu (ltt) artd T'able l, the inverter lnput cun'ent
can otrly be ialculiilcd if rve know the prrrbabililics or
the duty factor of eiglrt l)ossrblc sthles as shown in T'able
L in this citsd, horr"e'",er, i.1'e can not determilte the dutj'
faclors ol cight pussible states of Table I based on the
duly facturs uf cach suitciiing devices only. In order tc
calculatc ille duty factors of each possible statcs in Table
l, we need to Lnow thc detailed relationships anlong lhe
ON and Ol'F srgruls or the exact sr,litching patterns of
all inr"erli:r srvit..hi!!g dcr ices, 

'I'his 
task is very diffrcult

(i l  nr,l rrr,1,.issit, lcr ul:etr the tl iree pltases of it)velter are
conti'ollerl independcntly as in the case of hysteresis
crlrrerl!{xxl(lolleJ irrverters. By using the proposed
probabrlrt.y (orr(:ept, horverer, the probabilitics of each
possiblc srare in Table I can be calculated without the
need of knou'ing the detailed switching patterns of
interter s*'itching devices. The proposed probability
llethod .:air slill be applied even if the three phases of
inverler ale controlled independeltly

Frorrl equ. (lt l) au.l 
' Iable 

l, the rrrearr sqratd valuc of
inverler iriput crirrent can be calculated as

! 2 ,  - \ t , , ;  l ,  y i ; . i  ( P r  I  P ) i ' z ,  +  ( P 6 + P ) i l  ( 1 9 )

.. lrcr. //1 is tlie piobability of state uurnber t as showrr rir
Tiible l. 

'I'he 
average valrre of the above result over one

firndarrreural peri<ld of the output current can be
calculatcd :rs

t  I  Y t "
t ; .  - .  

;J .  t ;d0 (20)

',\:,stiluirig {ru l.isses rrt irrr'erter, the input porver and
;irlllitr( UU\''er of the inl'erter are equal, that is,

t '-,Jt". - ,/ j  t ' , ,/, l ,or.f, (21)

'Llhcrc I x is the rms value of the fundamental component
ut the output line-to-line voltages. Therefore, the dc
coiirponenr of the irrr'erter irrput current can be obtained
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J5r ',, j
I o ,= '  

-  
"  I 1  cos {=  - : - k I  1  cos  Q

E d 2J?.

wlt , : fg

r .  -  l ' r ,
r  -  - - - - - . - ' .

D  ! 1' .  1 t . .

I 998

(22)

(23)

in whicti l/,, is lhc .lnplitude of the fuiidarnental
cornpouenl of the ouiput line-tc.neutral voltages.
Fitr.rl lv, tt ie nns valrre of uie ripple L'ctrupoltent of
inverter lnput currcnt cau bc caleulated as

(21)

Table I Relatiorr amirrg the irrverter inprd current, <iutput
ourrents, and state of switching devrces

3 l l1 ' t lercs is  tu i ' r 'c r t t -cr , r r l io lkd i r rvcr ters

A crrrrent-controlled inverter is cc,mmonly used in high-
perlbnrnnce ac motor drives and power supplies. In
these applications hysteresis controller is commonly
used as the current controller because of its sirnplicig to
realize, fast response, aud capability of linriting current.
ln hysteresis current-controlled inverters, the ON and
OFF signals for the switching devices are determined
based on comparison between the refercnce and actual
output currents using a hysteresis comparator. Thus, the
exact s$'ilcliing iirstants of each s$'itching dcr icc carr
not l)9 predeternlined. In thrs section, the analysis
method uhich has been developed in the prer.ious
section is applied to three-phase hysteresis current-
controlled inverters.

3.1 hobabilities of 'nverter switching devices
receiving ON signals

Though three independent hysteresis comparators are
usually employed to control the three output phase
currents, interaction between phases *'ill occur when the
netr(ral of load is isti lated. T'his interaclion orcurs

No T'l T2 T3 T4 t 3 I6

1 OFF O N OFF ON O F F O N 0

z ON OFF OFF O N OFF O N lu

? ON O F F OFF O N ON OFF

4 OFF OI.J O F F O N O N O F F

5 OFF O N O N OFF O N OFF

o O F F O N O N O F F O F F O N

7 O N OFF ON OFF OFF O N

6 O N OFF ON O F F ON O F F 0
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because the sum of the three phase currents must always
be zero. The effects of isolated neutral in the operation
of hysteresis current-controlled inverters has been well
explained and modeled by McMurray[9] and therefore,
only the result is presented here.

When the neutral of load is isolate4 current control in
any phase can be done by controlling currents in the
other two phases and therefore, one of the current
controllers become redundant. The co,ntroller which is
redundant is the one which is associated with the phase
voltage having the greatest amplitude.The average value
of the phase-todc midpoint voltages of the inverter
become as shown in Fig. 3. It should be noted that
although the average value of phase-todc midpoint
voltages are nonsinusoidal, the average value of phase-
to-neutral voltages are still sinusoidal. The expression
for this voltage waveform, 6ro for example, can be
written as

1f i rs in la+1;- t  i fo<d<i
l  l f+<o<+
rfit<sin(a-i) - t rf )so < tc

3 5

___1_>
E"o

Ea/2

#;f,

E.l
u u o = i *

(25)
.f i t<' i"(a+f)+r

- l

J:tsin(a-f)* l

r-f rsin(d+f)
0

t - f  ts in(d-?)
-f tsinle+;)
I
-f tsinla-;l

t f x<0<{
i t  +<0<+
t f  ! <0<2n

t fUses i
t f  i s0<+
r t !<0<n e7)
t fx  <0  < !
' f+<e<+
i f  +s  0s2r

The maximum value of k is 21.6 . fne expressions for
v,o and 6,no are similar to eqn. (25) but with the phase

displacements of 2n /3and 4n l3 , respectively.

Based on the average value of phase-to-dc midpoint
voltages of the inverter, the probabilities of inverter
switching devices receiving ON signals can be
determined. Probabilities of transistors Tl and T2
receiving ON signals can be obtained by substituting
eqn.(25) into eqns. (3)-(4) and the results are

D -r TloN -

f t s in lg+ f )  i fOsds f
r i f  ises.+

f t< sinla * i) tf !<o sr (26)
f rr i"1e+€)+ L t fxs0<+
o i f  +se <+

f t . io le-?)+r  i f+  <o3zt t

(28)

(2e)

Similarly, the probabilities of the other transiston
receiving ON signals can be obtained based on the
average value of the phase-todc midpoint voltage of the
associated phases.

1.0

0
-1 .0

1 .0

0

-1 .0

1 .0

0

-1 .0

rr\o, =#lr.io*ri ]
and for the rms current is

Irl,r-, = I t +.*#cos(f +2/) +lcos(f +(

fruo
Ea/2

when 0 < 0< !, na

Flgure 3 Waveforms of rverago ralue of tho qiput phaec
vdtages of hysteresis cunent-controlled inv€rtor.

3.2 Average and RIIIS currents of hverter witching
devices

The probabilities of transistors receiving ON signals as
given by eqns. (26)-(27) can b€ used to determine the
average and rms values of currents in inverter switching
devices. If the hysteresis band is very small compared to
the amplitude of reference current, the inverter ou$ut
curent can be regarded as sinusoidal. Substituting eqns.
(26><27) into eqns. (14)-(17) and performing the
integration, the average and rms currents of transislor
Tl and diode D2 can be obtained. The resulting
expression for the average value of current in transistor
Tl is

D̂ T20N -

Irl,r^, = It
r-Q zJ-ttr -3 ^ ,
2n 

+ 
6E srn29 (30)
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$i!.r. \:::,: '; f ne r*sulting expression for the

, \ . , .? ,  . f ;  t  t ! ' .  
- : "  !  : ,  d;x ic l - ) l  :s

i t , ) . , .  - t . r , - r ,  4 , keu r r r l  ( 31 )
t / j  {  -

iuid 1,. 'tr'r. ;m5;jrre.lt iS

r D2.,*,-',ialr,' oi-i..*1* *{ \"*r7* o
(32)

when 0 s ds {-, 
anu

,  ,  id16l=! D : . r r r r ,  =  

" \ z n -  
u ; w z Q

=f osin@+[)"f osin@-[)

P3 = Pya1yx P756,p

(3s)

P1 = Pn16yx P76p11

r - l -

=Lt - f  os in {d+f , ) l x }ks in (d-  
u )  

(37)

Substituting eqns. 1-15)-(37) into eqn. (34) and assurning
that the inverter output currents are sinusoidal the
following equation is obtained

tj = ztlsin2 1d- Ol " * ksin(d+f), { r sinto - 
i)

+zr f  s , '2  @-+-  o t ,$ ts in (d+f )  , l r - * r . . ( r - "? ]

*zt l  "nzs-!- ,o.$r"ar,?, ' [ r -  *r"^t  t )  (38)

The average value of the above equation over the
interval A ofFig. 3 can be calculated as

't ? fz,t /3 n
I 'd,ou =i  

J*, ,  i ;ae

= +"i[, - coszfk{s-2cosz/y-e:ff1r-i*.rorl (39)

Because of the symmetrical operation of the inverter, the
results for other sixty degrees periods are the same.
Finally, the rms value of the ripple component of
inverter input current can be obtained by substituting
eqn. (39) into eqn. (24) and the result is

io = i,, l-[u+*T. *"',r11:{g t *"..rrl (10)
I

4 PWM inverters

A PWM inverter is commonly used in ac drives and
UPS. A lot of PWIr4 techniques were proposed iir the
literature. In this section, the inverter current analysis
method which has been developed in the previous
section is applied to three-phase PWM inverters.

4.1 hobsbilities of inverter stvitching devices
receiving ON signals

Regardless of the employed PWM technique, the main
purpose of the PWM technique is to control the
pulsewidth of the inverter output voltage so that the

=f usin@+L)"[r- f o,' '(r-#] (36)

(3 3)

w l r c n  0 < g s i

A,ssurriiug i.he symmetrical operation of tie inverter, the
results for othe{ transistors and diodes are the same.

3.3 lnput currert ripple

As suted eadier, the ON and OFF signals for the
inverter switching devices are determined simply based
on the direct con-rparison between the actual and
reference currents. Because the controllers in the three
plrases of the inverter are working independently, the
duty facton of each state in Table I can not be
predeternrined even if the duty factors of each inverter
switching device are known. Thus, the duty factor
nrethod can not be applied to this analysis. By using the
proposed probability concept, however, we can
determine the probabilities of each state in Table I based
on the probabilities of inverter switching devices
receiving ON signals. The results can be used to
detemrine ihe inverter input current ripple as we will
show in the following.

In the interval A of Fig. 3, the transistor Tl. is idle and
locks thc lirre of phzrse u into the positive bus of dc
supply. During this interval, tlte inverter output cunents
are controlled by transistors in phases v and w. Thus,
the possible states during the interval A are state
numbers 2, 3,7, and 8 of Table 1. The probabilities of
the other states are zero. Therefore, the mean square
value of the inverter input current can be obtained as

t i  -  Pzi l  + \ i f ,  + P7i2, (34)

beci.ius-- the probabilities of transistors T3, T4, T5, and
T6 receiving ON signals are known then the
prrrbabilities of state numbers 2, 3, and 7 can be
calculated, that is,

P2= P7as5'>.: Plsa;x,
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average value of the output voltage is equal to the
desired pattern or reference signal. In the case of
sinusoidal PWM inverters, the average value of the
phase-to-dc midpoint voltage will be sinusoidal as
shown in Fig. 4. The phase u voltage, for example, can
be written as

and the resulting expressions for cliode D2 are

l ' t  f  *  I
l D 2 . u u - - 4 l l - + k c o s /  I

rrJ2 L + -l

. t t

ID2 , r ^ r= I r

(46)

(41)
dro

t r  J ,  =  / ( s l nd

The maximum value of k is unity.

Substituting eqn. (41) into eqns.
probabilities of transistors Tl and T2
signals can be obtained as

Pr toN  = | * | t " i " o

P r r n ^ ,  = L - L t r i r 1
2 2

Similarly, the probabilities of' the other transistors
receiving ON signals can be obtained based on the
average value of the phase-to-dc midpoint voltage of the
associated phases.

Figure { Waveforms of average value of the output phase
voltages of sinusoidal pWM inverter.

1.2 Average and RMS cuftents of switching devices
Substituting eqns. (42)-(43) into eqns. (14)-(17) and
performing the integral operation, the expressions for
average and rms currents in Tl and D2 are obtained.
The resulting expressions for transistor Tl are

Irt.ou =#lr-.trcoro 
] (44)

(45)

Assuming the symmetrical opcration of thc inverter, the
results for other transistors atrd diodcs are the same as
those obtained above. Extension of this anall,sis to the
case of nonsinusoidal refcrcncc signals is
straightfonvard. The proposed rncthod can also be
applied to the cases rvhen .the pWM signals are
generated in random fashion as used in Il l ].

4.3 Input Cutent Ripple

Regardless of the emplo,yed pWM tcchnique, a well
{esigned PWM inverter should conform the pulse
consistency rule as introduced in l l{)l The rule says that
the pulses of the output l ine-to-l i le \ lollage should have
the same polariry througllan entire half-period of the
output fundamental period. All the pulses should be
positive for the positive half-periocl and should be
negative for the negatir,'e half-period of the output line_
to-line voltage. In the inten,al B of Fig. 4, for example,
the pulses of line-to-line voltages \,-u\, \,u1v . and r,v,.
should be positive. This rneans tlrat in this interval,
transistor T3 of inverter in Fig. I rvil l  rcceive ON signal
only when transistor T5 receives ON signal and, both
transistors T3 and T5 u'ill receive ON signals only when
transistor Tl receives ON signal. The relationships
among the probabil it ies of transistors Tl. T3, and T5
receiving ON signals are shown in Fig. 5. Thus, the
possible states during the interval B of Fig. 4 are stare
numbers l, 2,3, and 8 of Table l. As it is shown in
Table l, the inverter input current during state nutnbers
I and 8 is zero.

(41)

(3)-(4), the
receiving ON

(42)

(43)

Pr,or' i

Figure 5 Relationships among the probabilities of the transistors
T1 , T3, and T5 receiving ON signals.

+-+kcoss

|+!r  cos6
+ Jlf

I r l . r ^ r = l l



P:= Itr,cu -Prso*

f;
= 11t sin(fi - l1)

2 6 '

Pt = Prsox *Prxrru

t 5

In state num:iers 2 and 3, the inverter input current is
equal to iu and -i", respectively. The probabilities ofstate
numbers 2 rnc I can be czlculatcd as
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5 Experimental results

In order to verify the validitl' of the proposed analysis
nrethod, a three-phase inverler with the scheme as
shown in Fig. I was constructed. Each leg of inverter
was implemented by using a bipolar power transistor
module. To avoid a short-circuit through the upper and
lower transistors, a dead time of L2ps u'as used in the
control circuit. In this experiment. only static R-L loads
were used. The experirnental conditions are shown in
Tablc 2.

Table 2 Experimental conditions.

Load Ed(v, R(A L(mH) f, (Hz)

A 1 5 0 2.25 50

B 150 0.5 I 50

To measure fhe average and rrns currents in inverter
switching devices, the current that florving through one
pair of transistor and diode, for exaurple Tl and Dl, is
measured simultaneously ivith lhe associated output
phase current, that is, iu . The measurement rvas done
by using a Hall current sensor and the waveforms are
recorded by using a digital storage oscilloscope. The
data in the oscilloscope is read arrd analyzed by a
personal computer lo compute the average and nns
currents in transistor and diode. When both device and
output phase currents are positive, then the device
current is assumed be the transistor current and, when
both the currents are negative to then the device current
is equal to the diode current.

Figs. 6 and 7 shorv the calculated and experimental
results of the average and rms currents in transistor and
diode of three-phase hysteresis current-controlled
inverter and sinusoidal PWM inverter, respectively.
Switching frequenry of 1.5 kHz and hysteresis band of
0.25 A were used in the sinusoidal PWM and ltysteresis
current-controlled inverteres, respectively. Good
correlation between the experirnental and calculated
results can be appreciated from (hcse figures.

Measurements of the ripple cornponent of inverter inpul
current were done bi' using a digital nrultirneter which
has a capabilit-v of rneasuring lhe nns value of the ac
component of a given signal. Figs. 8 and 9 shows the
calculated and experirnental results for the hysteresis
current-conlrolled and sinusoidal PWM inverters,
respectively. The figures shorv that the calculated results
compare favorably with the e.xperinrental ones.

6 Conclusion

A new approach to analysis of average and rms currents
in inverter s*'itching devices and rms value-of ripple

(48)

(4e)

The probabilities of state numbers 4, 5, 6, and 7 are zero
during the interval B. Thus, the mean square value of
the inverter input current can be calculated as

r j= r r i l+Pr i l (50)

Substrtuting eqns. (48)-(49) into eqn. (50) and by
assuming that the inverter input currents are sinusoidal,
the following equation is obtained

' j  - ,11,  " -pr- .11$ r ,n, ,  -  i ,  - , i l r ,  " -ur . | - * , )*  t .are * i t  (51)

The average value ofthe above result over the interval B
ofFig. 4 can be calculated as

t ?' d , a D

=*, 1t-'1*,ro)

=f osinto-f )

1 1r/2 ^
= : -  |  - l ; d 0

Ta=ItW (53)

(52)

Because the symmetrical operation of the inverter, the
results over other sixry degrees periods are the same.
Finally, the ripple component of the inverter inpul
current is calculated by substituting eqn. (52) into eqn.
(2.1) and the result is

It should be noted that except the assumptions that the
average value of the line-to-line output voltages is
sinusoidal and the pulse consistency rule is conformed,
no further assumptions are used in the derivation of eqn.
(52). Thus, as long as these two assumptions are
justified, the result as given by eqn. (53) is valid for any
PWM inverters. It is also interesting to note that the
switching frequenry has no in{luence on the rms value
of the ripple component of inverter input current. Thus,
\l'e can not reduce this current ripple by increasing the
switching frequenry.
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contponent of inverter input cunent has been presented
and verified by experimental results. The proposed
method is based on the probabilities of inverter
switchirrg devices receiving ON signals which can be
obtained fionr the average value of phase-to-dc midpoint
voltages. As long as the switching frequency is high, the
proposed method can be applied to other types of
inverters, which is left for future investigation. The
proposed analytrcal method eliminates the time
consuming simulation to evaluate the inverter currents

- Calallaled

lDrras

;-. J  a u

i  Dou

Load cunent [A]

iToo

'Dau

(b)

Figure 6 Average and rms currents in the switching devices of
hysteresis cuneni-controlled inverler. (a) Load A.
(b) Ld B.

r r  rms

iDr^"

;^- t  d a

iDoo

Experimental

Cala/lat€d
xTrrn,

iDr^"

t-oad cun€nt W

Figure 7 Average and rms currents in the switching devices of
sinusoidal PWM inverters. (a) Load A. (b) Load B.

Figure 8 Ripple component of hysteresis cunenl+ontrolled
inverter input current.
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