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This paper proposes smple analytical expressions for RMS peak, and
average currents in three-phase DC/AC inverter operating under
different operating conditions. The results were validated by rigorous
simulation.

1- INTRODUCTION

The devices/magnetic components in a power elactraircuit are usually
dimensioned for worst operating conditions. The dumtion losses of a device
modelled during on-state as a voltage sourggirVseries with a resistog,rare given
by [1, 4-7],

P wa=V Il (1)

avg_cond on DC on’ RMS

Voc, 1~ oc

Fig. 1 Three-phase inverter supplying a rotatiragllo

Diodes develop switching losses, due to storedgeh@m semiconductors.
However, these losses are usually ignored, asréasivery diodes are generally
utilized in inverter circuits [7]. The turn onseand turn off g energies of typical
switches are usually approximated as a linear fonctn switch current [4-7].
Therefore, switching losses of a switch are given b

avg sw_ 1 -j-s(eon +eon) dt_ lDC( kon +k0ﬁ)
- T T T

(2)

Equations (1)-(2) reflects the significance of RMSerage and peak currents
in calculating the losses and hence dimensionitig-state devices, heat sinks and
magnetic components.

RMS and average currents generally computed throzmhputer aided-
analysis [7-9]. For example, in [9] computer aidedthod based on Fourier series
technique was used for calculating the RMS andamesicurrents of voltage source
inverters. Another computer aided analysis, basedhe relation between the line
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current, switch and diode currents, is describeldinThese techniques in general are
complicated, time consuming and unreliable [7-NM§reover, these methods are not
useful in highlighting the prominent parameters #iféect the RMS, average and peak
currents. Furthermore, these techniques have amasild errors, which reduce their
reliability [7-10]

This paper proposes simple analytical expressidiMS, peak, and average
currents in three-phase, DC/AC inverter shown o Ei These expressions underline
the parameters that affect the values of RMS, aeemd peak currents. Moreover,
they are applicable for autonomous inverter opemnaith different load levels/power
factors, which far as we know was not investigabedore [4-9]. Furthermore, the
obtained expressions are not limited on PWM modethey are extended to six-step
mode as well. This mode is preferred option fohhpgwer applications.

The procedure for deriving expression of RMS, paa#t average currents in
this paper is: firstly, operation modes are dividetb two types: PWM and square
wave. For each mode, the following currents arévddr RMS, average, and peak. he
per-phase equivalent circuit of the fundamental monents of inverter output voltage,
current and the load voltage is shown in Fig. 2 Tdlations between the voltages and
current shown in Fig. 2 are illustrated in the Phatagram, Fig. 3.

Fig. 2 Per-phase equivalent circuit of the fundataezomponents of the inverter
output voltage, current and load voltage

V.
Reference anl

Fig. 3 Phasor diagram of the inverter output vatagirrent and load voltage

2- PWM
1) RMScurrents: The switch RMS current is obtained by,

1T 1 0T 2
| =| =3 =" 'siZdadt (3)
g,RMS (TI lo Tij éj ]

The switch currentjinormally has a train of pulses with variable waltifherefore to
calculate the switch RMS current correctly, the RM#Bue should be estimated for
each pulse individually, after that squaring théselRMS value and taking the square
root of the sum of these squares gives the switels Rurrent. This appears to be
fairly complicated process. The problem can, howebe simplified by assuming
sufficiently high switching frequency. According tbat assumption, the switch and
diode RMS current are derived through double irtedghe inner one accounts for the
switching cycle, whereas the outer stands foritieedycle.



SIMPLE DESIGN PROCEDURE FOR HIGH-POWER THREE-PHASE ... 35

1 A+, RV
=h sig@=(iq(0) () 4)
Integrating switch current square over a switchiggle resembles averaging
over the switching cycle. The inverter output cotre-ig. 1, is assumed sinusoidal
during PWM operation [10].
The switch average current over a switching cyslaentical to the inverter AC line
current

(iq())=igaf ggin(t6) (5)

In voltage source inverter, a simple derivationldgethe switch duty ratio in

terms of the modulation function [5,6,10].
1+m(t) _1+Msinot
IPRELLREICLE) 6)

In H-bridge inverter, Fig. 1, a switch/diode in shi-diode combination
conducts only during half cycle of phase curremr €&ample, the switch in the top
switch-diode pair in phase a conducts during trstipe half cycle of phase a current,
whereas the diode in this pair conducts duringribgative half cycle of the current.
Substituting (5)-(6) into (3)

o (LMsinn) 1. 1/2
g RS [zlneé (L MS;L ) (| saii”(‘”t'e))zd‘”tJ (7)

Using the following two-trigonometry in (7),
sin? ({)z(l-co;z’)) (8)
sin(¢)cos( ) X +n(EN) (©)

The switch RMS current, kusis given by,
72 2

Iq,RMS: {ggj(mgMcos(e)JJ (10)

The values of the switch RMS current calculated13) and obtained from
simulation are shown in Fig. 4 for different powkctors. Table 1 shows the
parameters of the system under concern. Theseadatabtained from [7], to allow
direct comparison between the results from anally#xpressions derived here with
those given in [7] from simulation and test-rig.

TABLE |
PARAMETERS OF THE SYSTEM UNDER CONCERN

Full load power 7.5hp
Per-phase rated current 20.1A
Per-phase rated voltage 220V
Frequency 60Hz

A good corroboration between the simulated andutatied results is shown in
Fig. 4. Moreover, the results in Fig. 4 are neatgntical to those in Fig. 8-b in [7].
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Fig. 4 Per-unit RMS switch current versus modulatiaex for different values of
power factor (a) Calculated by (10) (b) Simulated

The diode RMS current can be calculated followimg $ame procedures used
for switch RMS current; however, switch duty cydkould be replaced by diode

counterpart. Fortunately diode duty ratio is redat@that of the switch [10].
()= § ZM0e0) (11)

In a similar fashion, diode RMS curregklisis given by,
1
2 2
ot 42

The values of the diode RMS current calculated 18) @nd obtained from
simulation are shown in Fig. 5 for different poviectors.

ld.RMS
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Again a good correlation between the simulated ealdulated results is
shown in Fig.5. The results in Fig.5 are approxahesimilar to those in Fig.8-c in [7].

"Reference [7]" established factor k as the proadiche power factor co8)
and modulation index M, and predicated that k higsificant influence on the RMS
and average currents. However, the relation betwieerRMS and average currents
and k was inaccurate in [7]. For example, equa(kil) in [7] states that the RMS
switch (transistor) current is linear function in Khis approximation introduced
significant errors in calculating the RMS curreassshown in Figs. 11-b and 11-d in
[7]. The cause of the error could not be explaimel¥]. Equations (10) and (12) here
in this paper show in a simple way the nonlinedatienship between RMS currents
and k, which explairE the mysterious of [7].
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Per-Unit diode RMS current (pu)

Modulation index

(a) Calculated results
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o
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Modulation index

(b) Simulated results
Fig. 5 Per-unit RMS diode current versus modulatnaiex for different values of
power factor (a) Calculated by (12) (b) Simulated

2) Average currents: A switch or a diode average current can be coatphy,
1 T
'i,av:[Tifo' ' .dt] (13)

i is either q or d
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Following the same procedure as in Section 4.aswitch and diode average
currents are given by,

1
lg.av= 50 1+§ Mcos(e)j (14)

g av® E;‘l(l-z Mcos(e)) (15)

Equations (14)-(15) show obviously the linear rielahip between the factor
k and the average currents. Although the lineatiaiship between k and the average
currents was predicted in [7]; however, the feature of this relationship was not
recognized.
The average currents calculated by (14) and (15 abtained from
simulations are shown in Fig. 6 and Fig. 7 respebfi
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(b) Simulated results
Fig. 6 Per-unit average switch current versus natehrl index for different values of
power factor (a) Calculated by (14) (b) Simulated

A good correlation is shown between the simulated ealculated results in
Fig. 6. Moreover, Fig. 6 is approximately identitalFig. 8-a in [7].
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Fig. 7 Per-unit average diode current versus madualandex for different values of
power factor (a) Calculated by (15) (b) Simulated

A good correspondence is shown between Fig.7 an8-Eiin [7].
3) Peak currents: The peak values of the switchdgodke currents are computed by,

Iq,peal<:|sa] (16)
|4 peak'sa1 (17)

3- SIX-STEP OPERATION

In medium-high power application, the inverter @iem is principally drafted from
PWM into square mode. This is to reduce/eliminatgtching losses and hence
boosting the efficiency. The inverter output voeiggr square wave operation is given

by,
o 4V
_ DC LAV
Van(t) = n:%5,7 3 (1+cos{ 3 J}sm(rmt) (18)

The harmonics in the voltage of square wave investeurs at j6+1,(18),
where j=1,2,3. Two cases are investigated here:
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A. When the square wave inverter is attached direttlythe line (filter-less
operation).

B. An appropriate AC-line filter is incorporated witlguare wave inverter; therefore
the AC-line current is approximately sinusoidal.

3.1-Six-step, filter-less operation

1) RMS currents: When the inverter operates witHfiter in the output side, the
output current is given by,

. ~ . ® T . T
sl o 5iNn (0-0) + n-%? I Saﬁln(WDt-Ej (19)

gy [y

Where the current amplitudg,,at n harmonic is related to DC-link voltage
Ve, sub-transient loadlginductance by,

ny
- Mpe L
i = DC (14004 ™
san 3n2ng[ C°{3D (20)

Low order harmonics contributed significantly inetlinverter output input
current, which increases the size and the coshefadded filter. The square of the
switch RMS current could be computed by,

Izdwt

q RMS 2. 27: (21)
The integration limits in (21) are frof to =, which are the boundaries of the

switch conduction period in the six-step mgrie.the angle, where the switch starts to
conduct. It could be calculated by equating (19dm and replacingt by .

isazfsafin (B-e) + n_;207 I Saﬁln( npB -—j =0 (22)

Equation (22) could be solved using numerical tepes such as Newton
Raphson. Substituting (19) into (21), simplifyingdaintegrating, the square of the
switch RMS current is given by,
72

2 e 2 (e0) Lonato) rsnolpo) [+ 5, 53] () Loin(a)]

(23)

.2 'saﬂsal[ cos{( n+3p-0) +cos(0) |- 3 sarl'sal[ o(( n-3p+0) -cos(0)

n=5,72n(n+1) 25 72t(n-1)
The RMS values of the switch current calculated28) and obtained from the
simulation are illustrated in Fig. 8.
Figure 8 shows good correlation between the cakedland simulated results.
The diode in the switch-diode pair conducts frote @ .The square of the diode RMS
current is obtained by,

1B
2 2
'd,RMS‘*é Jlot (24)
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Fig. 8: Per-unit RMS switch current versus load powsolid) calculated by (23), and
(dashed) simulated.

Substituting (19) into (24), simplifying and integing the square of diode
RMS current is

~2 -2
2 _lsan o 10 in2(6- S Vsang, 1
Id,RMS_ZI:B ; (sin2(6) +sin2(p 9))} + n=25,7 = ’[B+ - sm(2rﬁ)}

(25)

® lgad © Tgah
+n:z&_>,72ia(ni)l[cos(( n+Jp-6) +cos(e)] - n§5’7;a(nsj)l[-cos(( n-])[3+9)-cos(e)]

The RMS values of the diode current obtained frataided simulation and
calculated by (25) are given in Fig. 9.
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Fig. 9: Per-unit RMS diode current versus load poglid) calculated by (25), and
(dashed) simulated

In general, there is a good agreement between rialytieal and simulated
results in Fig. 9. The switches carry more curthian the diodes particular at high
power factors, Figs. 8-9.

2) Average currents: The switch average curreniddoe calculated by,
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1B
lg,av o ;Jrl shlot (26)
Substituting (19) into (26), the switch averagerent is given by,
i w | _
Iq‘a\,:%](cos(ﬁ-e)+cos(e))+n:%|7“2%'(sm( ) (27)
The diode average current could be computed by,
1k
Id’avzzol Slot (28)
Substituting (19) into (28), the diode average eniris given by,
i © T ean
a7 Z—il(cos([}-e)-cos(e)) + n=%,7..2%%m( ) (29)

The average switch and diode currents calculated2dy and (29) and

obtained from the simulation are shown in Figs.10dspectively.
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Fig. 10 Per-unit average switch current versus [masler,(solid) calculated by (27),
and (dashed) simulated
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Fig. 11 Per-unit average diode current versus pmader,(solid) calculated by (29),
and (dashed) simulated
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The anaytical results correboates with the simdlaiees, Figs. 10-11. In
prodcuing Figs. 8-11, only the fifth and seventimianics are considered in equations
(23), (25), (27) and (29) and in the simulation.

Comparing Fig. 6 and Fig. 10 shows that the swiatearies more currents in six-
step mode than in PWM. This may be attributed & hlrmonics in case of square
wave mode.

3.2-Six-step operation with filter

An efficient filter [1,5-6] is generally required) case of the inverter operation in six-
step mode. This is to remove/reduce the unwantechdrdacs and comply with
harmonic standards [2,3]. Under these considergtitime inverter output voltage
would be likely sinusoidal and the harmonic compasaén the inverter output current
equation (19) are to be set to zero.

For the inverter operation in square wave with augxde filter the conduction
periods of the switches and diodes are differamfthe case in Section Ill. A-1. For
example, the switch conducts framto &, while the diode conducts from 0 ¢a
1) RMS currents: The switch and diode RMS curréoitswing the same procedure as
in Section Ill. A-1 are given respectively by,

N[

2

IQ,RMS{ Isal[(“‘e)";(smz(e))ﬂ (30)

4

N

ld,RMS (31)

i%I‘l[e-;(sinz(e))u

The expressions of the switch and diode RMS cusrgiven in (30)-(31) are
identical to those given in [10] for single-phasectifier. However, in [10] the
expressions for switch RMS and diode currents gty have -/+ signs before
sin(2) term, which is opposite to (30)-(31). This isriaited to the reversal direction
of current from rectification mode in [10] to in&on mode here.

The values of the switch RMS current calculated2§) and obtained from
simulation are shown in Fig. 12 for different poviectors.

Again a good correlation is shown between the satedl and analytical results
in Fig. 11. The RMS current increases with the pofaetor, which is attributed to the
increase of the transistor conduction period.

The values of the diode RMS current calculated 3) @nd obtained from
simulation are shown in Fig. 13 for different poviectors.
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Fig.12 Per-unit RMS transistor current versus matioh index for different values of

power factor (a) Calculated by (30) (b) Simulated
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Fig.13 Per-unit RMS diode current versus modulatnaiex for different values of

Figure 12 indicates that for unit power factor @pien the current is mainly

ro power factor.

carried by the switch; the diode conduction anglereases as the power factor
decreases, until it reaches the maximum valug4bt ze

Comparing Figs. 10-11 with Figs. 12-13 shows ththttirrg input filter to the

square wave inverter has the advantage of redsaiidgrs
2) Average currentsThe average values of the switch and diode currebtained
following the same procedure in 5.b.1 are given by,

! [Tsa1(1+cos(9))]

| =
g,av- on

i ['Asal(l'cos(e))]

| =
d,av on

tate currents.

(32)

(33)
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Equations (32) and (33) indicate that as the loaep factor improves the
conduction period of the diode decreases untilitimishes for unity power factor
operation. Equations (32) and (33) show obvioudhe trelation between the
semiconductors average currents and the powelhinegie.
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Fig. 14 Per-unit Average transistor current versoslulation index for different values
of power factor (a) Calculated by (32) (b) Simutate

The values of the switch and diode average curresitulated by (30) and
(31) and obtained from simulation are shown in Fj4) and (15) respectively.
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Fig. 15 Per-unit Average diode current versus matihut index for different values of
power factor (a) Calculated by (33) (b) Simulated

3) Peak currentsThe peak values of the switch and the diode ctsifen the inverter
operation in six-step mode with a filter could laécalated by,

Iq,peakzisa] (34)
Id,peak:fsafin (0) (35)

4- CONCLUSION

The following conclusions are drawn:

1. The RMS and average currents of the switches amdiediin three-phase inverter
usually are determined by computer aided methotiesd methods are usually
unreliable, time consuming and inefficient.

2. In "ref. [7]" the RMS and average currents were potad by sophisticated
numerical technique; however significant errorseyaroduced.

3. Novel and robust analytical expressions are prapdee calculating the RMS,
average and peak currents of three-phase invé@ittese expressions are applicable
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to different operating conditions. Moreover, theldeess the inverter operation in
six-step mode with/without any added filter.

4. The graphs show good correlation between the acalyturrents expressions and
simulation results.

5. The proposed expressions highlight the factors dffatt RMS, peak and average
currents in a simple and clear manner.

6. The proposed expressions solved the mysterioug]irA[sustained DC component
in the phase current results from a short circaitufe of one of the switching
elements of the H-bridge attached to this phase.
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