ESTIMATION OF DEVICE CURRENT IN PWM INVERTERS
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Abstract — Tlhis paper gives an analytical expression ol
the average and rms currents of switching devices in volt-
age-fed PWM inverters. It is shown that the device cur-
rents are represented by a function of the power factor of
the load and the normalized output voltage of the inverter.
The validity of the derived formulas is confirmed with
simulation and experiment. showing that the modulation
method has a minor effect on the characteristics of the
device current,

1. INTRODUCTION

Design of a power converter requires determining
proper current ratings of power semiconductor devices
including maximum rms, average, and peak current with
adequate safety margins for right selection of the compo-
nents [1]. The device current is also important 1n evaluat-
ing conduction loss. The conduction loss afflects the effi-
ciency of converters and the effect is more significant in
higher capacity converters that have lower switching {re-
quency and higher on-state current. Recent development
ol high capacity and high speed power semiconductors,
and as a conscquence the increasing use of high capacity
power converters have made the conduction loss to be
more impaortant design parameter than ever. More impor-
tantly, a reasonable estimation of overall loss ol a con-
verter including the conduction loss is indispensable for
proper desien of cooling system. Therefore, the accurate
calculation of device currents should be an important des-
ign step for the development of efficient and reliable con-
verter system [ 1, 2, 41,

To establish device current models in PWM inverters.
a computer-aided analysis based on Fourier analysis was
carried out in [1]. and the analysis based on the simulation
results was made in [2]. In particular, in [2], by examining
the simulation results it has been found that il the produet
of the modulation index and the power factor is the same,
then the magnitude of each switching device current also
remains the same. Simple approximate formulas for the
device currents were derived as a function of the modula-
tion index-power factor product. But no analytical proof
and/or comment were given.

This paper gives an analytical approach to the deriva-
tion of the formulas for device currents in PWM inverters,
Some basic observations are made first, and the analytical
closed-form expressions for the device currents are de-
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rived. Then the theoretical current values calculated with
the derived formulas are compared with the results of
simulation and experiments.

2. BASIC CONSIDERATIONS

Fig. 1 shows a leg of an inverter circuit composed of
two active switches and two diodes. At any instant, the
phase current 7 flows through one of four devices of asso-
ciated phase leg. Which device carries the current depends
on the polarity ol the pole voltage, v, and the direction of
the phase current, as summarized in Table [. During the
positive half period of the phase current, ¢, and D), . and
during the negative half period, (), and D, conduct, al-
ternatively. In usual steady-state inverter operation, two
active switches operate in a conjugate manner so that the
instantaneous currenis flowing through the devices show
svmmetry with 180° phase diffcrence, as shown in Fig. 2.

It is readily observed that if the current flows in the di-
rection the pole voltage dictates. positive or negative, it
flows through an active switch. (J, or J,. And when the
current [Tow is in an opposite direction to the pole vollage,
a diode, D, or D, . will conduct. Therefore. when either
onc of the active switches conducts, the inverter leg deliv-
ers power to the load. And when cither one of the diodes
conducts, the leg draws power from the load.

The negative instantaneous power flow. when aver-

Fig. I Voltage-fed inverter and one leg
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Table |. Device currents and the polarity of the current and
voltage

Phase Pole Device currents
Current voltage o, 0, D, D,
v 0 / 0 0 0
[0
v 0 0 0 0 i
v 0 0 0 -1 0
[0
v 0 0 -1 0 0
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Fie. 2 Typical waveforms of switching device currents
in a three-phase PWM inverter

aged, reflects the amount of reactive power between the
inverter and load. Therclore, as the rcactive power in-
creases the diode current that contributes the power flow
in the negative direction also increascs while the active
switch current decreases. and vice versa, for given volt-
ampere. This shows a closc dependency of the device cur-
rents on the power factor of the load.

In examining the characteristics of the device currents
in steady state. it is sufficient to consider only a half cycle
becausc of symmetry. Thus the positive half cycle of the
output current will be considered in the following and sub-
sequent analysis. For positive output current, the instanta-
neous pole voltage v will have a positive voltage level
(V, /2) when O, conducts and a negative voltage level

(=V, /2) when D, conducts. When the power factor
angle is 90°, the positive peak of the phase current occurs
at the instant where the positive and the negative voltage
levels hold lor the same duration, so that the phase current
is divided in (), and D, . cvenly in time. When the power
factor is unity, on the other hand, at the positive peak cur-
rent the duration of the positive level is much longer than
that of the negative level, yiclding higher active switch
current than the diode current. This again confirms the
dependency of the device currents on the power factor of
the load.

The inverter output voltage also affects the duration of
the voltage levels. For given power factor angle and load
current level, the duty ratio of the active switch (diode)
increases (decreases) as the output voltage increases.
Therefore. it can be deduced that the effect of the power
factor and the output voltage level in combination will
play a key role in determining the device current level.
Following section gives an analytical description of the
cffect.

3. DERIVATION OF DEVICE CURRENT MODEL

For analytical purpose. suppose a naturally sampled
pulse-width modulation with sinusoidal reference modu-
lating signal, commonly known as sinusoidal PWM
(SPWM). The inverter pole voltage locally averaged over
every switching period, v, follows the reference signal to
yield an approximately sinusoidal waveform as shown in
Fig. 3. Assuming sufficiently high switching frequency,
the phase current is considered to be very close to a sinu-
soid, lagging behind the associated pole voltage by the
angle ¢ . Let @, be the angular switching period (or the
period of carrier wave). Then the pole voltage and the
phase current at the k-th switching period can be expressed
approximately as

v, = VAvSil'l(kO\u)
i, = iSiMka — )

(M

< |l

Y
i

Fig. 3 Local averaged pole voltage and phase current
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Fig. 4 Polc voliage and device current wavetforms over a
switching cycle for positive output current

As indicated in Fig. 3. & is measured from the zero
crossing of the pole voltage and varies from [ to NV over a
cvele where N is the number of switching per cycle, or the
frequency modulation index.,

Fig. 4 shows the carrier wave and the modulating rel-
erence signal, v, . at the -th switching period, with the
wavetorm of the pole voltage. The active switch current
and diode current. 7, and /,, indicated in Fig.1. arc also
shown assuming positive output current. For simplicity.
the output current js assumed to be constant over the inter-
val.

The proportionality between the magnitude of the ref-
erence and the local average of the pole voltage is given
by

1)
voE 2)

i

’ [N ENIvE
The duration of the active switch conduction 1s related to
the reference voltage level as
1% v, f)
h N
0,)A — AR M + _ _ M ) (_'))
‘ 2) 17 il

e

Accordingly, the duration of the diode conduction is

/ _ _f I T S T
0/)[: - H\u 0(_)1\' - ~ " . (4)

carrier

Over the positive half period of the curvent, & varies

from k, to N/2+k, where k, =~ /6, . Thus the av-
erage of the active switch current is given by
=\ 2k,
[(_) e T Zo(llv Iy
k=h,
5
ko244, -
{ v,
-— > |1e——|n0,
a5 4
o [XUERIWEN

Substituting (1) and (2) into (3) results in

Ao\ 24k -

I.
=— I+2—sink(,
4 = IJ.

Isin(k0., — )0,

thans

If the number of switching over a cycle, A is sulfi-
ciently large, then the above equation can be approximated

to an integration by replacing 6, with 0 and k6, with

@ . as

1

A
L ;j ; b+ _7—-—'%11701'5111 O —pYd) . (6)
T L N -

'me normalized output voltage is defined as
n=——- (7)

which is usually referred to the voltage modulation index
in SPWM. Then (6) reduces to

1 -

] -
‘[(_),l\v _,_w [+ ‘q/”COS(/)/ (8)

- [t

By normalizing with respect to the lindamental rms phase
current.

:)_

Type ]
/(_)_u\(_(./m = /‘/J:)L = \/’) —=— M CO5( (9)
or
Loy v pu = 0.2254+0.177 mcosp. (10)

I'he above expression shows that the normalized average
active switch current is a [irst order cquation of the pro-
duct of the normalized phase voltage and power factor.
The product corresponds to the active component ol the
inverter output voltage that is in-phase with the outpul
current,

The rms current of an active switch can be obtained in
a similar way. The square of the rms current is equated as
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and is approximated to

L5 = 4L J-T-W 1+2 L ino |7 sin“ (0 —p)d0  (
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that gives

N C
Loy =14 F o= mcosgp (13)
o 8 __'J./T

or in anormalized form,

r

[
Ly = \/__+—-- “IICQS @
(ot pa 4 3/7 (I4)

= \/525 +0.212mcosp

Because ol symmetry, the half-wave current waveform
is the sum of the active switch current and the diode cur-
rent. Therefore. following relationships hold:

[ -
[/){I\L: ' /[)_mu;__/ (15)
) T
: : N |
//) rity + /{T).r/u\ = _.7 [ (]6)
that result in
o= L cospi (17)
Dane = ; - g/”(.ob(/)
! _ —ﬁmcosgn
ane pn \/5;7 g (18)
—=0225-0.177mcosgp
and
-1 | )
1/)//11\ =/.< T eosg (19)
) S 3T

N
Iy, N o AN X7
1Y ories g 4 3/7_ /) (20)

= \/0.25 —0.212nmcosg

LEquarions (10), (14). (18) and (20) constitute an ap-
proximate current model of an inverter leg. As no con-
straint on the number of legs has been made, the model is
valid for both single- and three-phase inverters. Although
the above model is derived lor SPWM, it is expected that
it applies to other pulse-width modulation methods. This is

because the qualitative characteristics of the device current
discussed in section 2 — the dependency on the power
factor and output voltage level — is generally valid no
matter what modulation method is used. Following section
gives a comparison between the device current character-
istics of different modulation methods with simulation.

4. ASSESMENT OF THE DEVICE CURRENT
MODEL

The device current model similar to that given above
has been derived in [2] by analyzing the simulation results
for various power factor and modulation index conditions.
The formulas for average active switch current and the
diode current derived in [2] are exactly the same as those
given in (10) and (18). For rms currents, however, (2]
suggests the formulas

! ~0.5+0.1824 K @en

O s

/ = 025-0.1824K —0.0333K>  (22)

D .rnis. pu
where K =mcose . Fig. 5 shows the plots of the nor-
malized current formulas with the plots of (21) and (22)
shown by thin lines. It can be observed that although the
formulas for rms currents from [2] are somewhat different
from those of this paper, the errors between them are not
significant, bounded within only a few percent in maxi-
mum over the range,
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Fig. 3 Device currents versus normalized
actlive output vollage
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Another comparison has been made betwceen the devi-
ce current characteristics of’ the sinusoidal PWM and the
space-vector PWM. one ol the most widely accepted
modulation techniques in recent three-phase inverter ap-
plications [3]. As the modulation index is not given ex-
phicitly in SVPWM. the comparison with SPWM is made
in terms ol the normalized output voltage.

The simulation has been carried out for R-1. load with
the power factor varving from 0 to 1. and for the modula-
tion mdex from 0 to [, g, 6 shows the simulation results
for SPWM and SVPWM. alony with the theoretical char-
acteristics based on the derived formulas. The experimen-
tal results for SPWM can be found in [2]. which shows a
good agreement with simulation results. For SVPWM,
similar cxperiments are carricd out to support the simula-
tion, and the results are depicied in Fig. 7. Although only
threc cases of load power (actor are shown because of
practical constraints of experimental setup, they have
shown to be very close Lo the associated simulation results
and the theoretical expectation as well.

The simulation assumes a [inite carrier frequency
(N =13), and (hus the simulation results account for the
effect of the switching ripple m actual current waveforms.
The SVPWM [eatures more effective use of zero-vectors
in synthesizing the output voltage [4] and as a result, less
ripple n its output current waveform. It shows somewhat
higher average active switch current and lower average
diode current than SPWM for given active voltage level as
can be observed in Fig. 6(a). As for rms current, however,

05

04

03

02

Normalized average cuirent [pu]

01
—o— SVPWM
—— Theoretical

0 1 1 L
0 0.2 04 06 0.8 1
ncos 22

{a)

Fig. 6(b) shows that two PWM methods appear to have
egsentially the same current level through an active switch
over the enurce range. This 1s a consequence of the smaller
ripple current in SVPWM in combination with the larger
average current, The smaller ripple current also decreases
the rms diode current and causes the difference belween
the ms diode currents of two modulation methods in Fig.
6(b) larger than the difference between the average diode
currents in Fig. 6(a).

All the curves in Fig. 6 obtained from the simulation
appear nearly straight lines and can be approximated to
linear cquations as shown in Table 2. The differences be-
tween the formulas for SPWM and SVPWM do not seem
to be significant in a practical viewpoint. and the device
current characteristics of SVPWM are considered to be
generally the same as those of SPWM, as expected in sec-
tion 2.

Table 2. Lincar approximations of device current
characteristics for SPWM and SVPWM

SPWM SVPWM
Lo g 0.23+0.17mcose | 0.23+0.18mcosgp
e | 023-0.17mcosp | 0.23-0.19mcosp
Loy | 0304017 mcosp | 0.50+0.18mcosp
Ly 1030-027mcose | 0.50- 0.29mcosp
038

Normahzed RMS current [pu

02 r

—a— SPWM
—0— SVPWM
— Theoretical
O 1 1 — ]
0 0.2 0.4 08 0.8 1
MCos g
(b)

Fig. 6 Comparison of device current characteristics of SPWM and SVPWM
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Fig. 7 Experimental results of device currents under SVPWM

5. CONCLUSION

This paper presents an analytical model of average and
rms device currents of PWM inverters. The model is de-
rived for SPWM under the assumption of sufficiently high
carrier frequency. to appear as a set ol simple function of
the normalized output voltage and the power factor of the
load. These two parameters in the derived formulas always
appear as a product that corresponds to the active compo-
nent of the inverter output voltage.

The simulation and experiment are carried out to con-
firm the validity of the model. And by examining the cf-
leet of the modulation method on the device current char-
acteristics, it is shown that the model bascd on the SPWM
applies to other PWM methods such as SVPWM with an
accuracy good cnough for practical purpose. Therefore,
the device current model presented in this paper is consid-
ered to be useful in determining the device ratings and
estimating the power loss of an inverter, fast and accu-
rately, which greatly lacilitates the design procedure of

any kind of PWM inverter system. Further investigation 1s
necessary 1o extend the model to the overmodulation ran-
ge and to the case of Jow switching frequency.
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