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After completion of this lesson the reader will be able to:

Q) Explain the operating principle of a single-phase square wave inverter.

(i) Compare the performance of single-phase half-bridge and full-bridge inverters.

(iti) Do harmonic analysis of load voltage and load current output by a single-phase
inverter.

(iv)  Decide on voltage and current ratings of inverter switches.

Voltage source inverters (VSI) have been introduced in Lesson-33. A single-phase square wave
type voltage source inverter produces square shaped output voltage for a single-phase load. Such
inverters have very simple control logic and the power switches need to operate at much lower
frequencies compared to switches in some other types of inverters, discussed in later lessons. The
first generation inverters, using thyristor switches, were almost invariably square wave inverters
because thyristor switches could be switched on and off only a few hundred times in a second. In
contrast, the present day switches like IGBTs are much faster and used at switching frequencies
of several kilohertz. As pointed out in Lesson-26, single-phase inverters mostly use half bridge
or full bridge topologies. Power circuits of these topologies are redrawn in Figs. 34.1(a) and
34.1(b) for further discussions.
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Fig. 34.1(a): A 1-phase half bridge VSI Fig. 34.1(b): A 1-phase full-bridge VSI

In this lesson, both the above topologies are analyzed under the assumption of ideal circuit
conditions. Accordingly, it is assumed that the input dc voltage (Eqc) is constant and the switches
are lossless. In half bridge topology the input dc voltage is split in two equal parts through an
ideal and loss-less capacitive potential divider. The half bridge topology consists of one leg (one
pole) of switches whereas the full bridge topology has two such legs. Each leg of the inverter
consists of two series connected electronic switches shown within dotted lines in the figures.
Each of these switches consists of an IGBT type controlled switch across which an uncontrolled
diode is put in anti-parallel manner. These switches are capable of conducting bi-directional
current but they need to block only one polarity of voltage. The junction point of the switches in
each leg of the inverter serves as one output point for the load.

In half bridge topology the single-phase load is connected between the mid-point of the input dc

supply and the junction point of the two switches (in Fig. 34.1(a) these points are marked as ‘O’
and ‘A’ respectively). For ease of understanding, the switches Swl and Sw2 may be assumed to
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be controlled mechanical switches that open and close in response to the switch control signal. In
fact in lesson-33 (section 33.2) it has been shown that the actual electronic switches mimic the
function of the mechanical switches. Now, if the switches Swl and Sw2 are turned on alternately
with duty ratio of each switch kept equal to 0.5, the load voltage (Vao) will be square wave with
a peak-to-peak magnitude equal to input dc voltage (Eq). Fig. 34.2(a) shows a typical load
voltage waveform output by the half bridge inverter. Vao acquires a magnitude of +0.5 E4c when
Swl is on and the magnitude reverses to -0.5 Eqc when Sw2 is turned on. Fig. 24.2 also shows
the fundamental frequency component of the square wave voltage, its peak-to-peak magnitude

being equal to % E,. - The two switches of the inverter leg are turned on in a complementary

manner. For a general load, the switches should neither be simultaneously on nor be
simultaneously off. Simultaneous turn-on of both the switches will amount to short circuit across
the dc bus and will cause the switch currents to rise rapidly. For an inductive load, containing an
inductance in series, one of the switches must always conduct to maintain continuity of load
current. In Lesson-33 (section 33.2) a case of inductive load has been considered and it has been
shown that the load current may not change abruptly even though the switching frequency is
very high. Such a situation, as explained in lesson-33, demands that the switches must have bi-
directional current carrying capability.
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Fig. 34.2(a): Square wave load voltage output by half-bridge inverter

34.1 Harmonic Analysis of The Load Voltage And Load Current
Waveforms

The load voltage waveform shown in Fig. 34.2(a) can be mathematically described in terms of its
Fourier’s components as:

Vo= D %sin(nwt) ............................................. (34.1)
n=1,3,5,7,...,0

,where ‘n’ is the harmonic order and %ﬁ is the frequency (‘f’) of the square wave. ‘f’ also

happens to be the switching frequency of the inverter switches. As can be seen from the
expression of Eqn. 34.1, the square wave load voltage consists of all the odd harmonics and their
magnitudes are inversely proportional to their harmonic order. Accordingly, the fundamental
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frequency component has a peak magnitude ofg E, and the nth harmonic voltage (n being odd
T

integer) has a peak magnitude ofni Eg. - The magnitudes of very high order harmonic voltages
T

become negligibly small. In most applications, only the fundamental component in load voltage
is of practical use and the other higher order harmonics are undesirable distortions. Many of the
practical loads are inductive with inherent low pass filter type characteristics. The current
waveforms in such loads have less higher order harmonic distortion than the corresponding
distortion in the square-wave voltage waveform. A simple time domain analysis of the load
current for a series connected R-L load has been presented below to corroborate this fact. Later,
for comparison, frequency domain analysis of the same load current has also been done.

34.1.1 Time Domain Analysis

The time domain analysis of the steady state current waveform for a R-L load has been presented
here. Under steady state the load current waveform in a particular output cycle will repeat in
successive cycles and hence only one square wave period has been considered. Let t=0 be the
instant when the positive half cycle of the square wave starts and let 1o be the load current at this
instant. The negative half cycle of square wave starts at t=0.5T and extends up to T. The circuit
equation valid during the positive half cycle of voltage can be written as below:

Ri+ L% =0.5E,,, forO<t<O05T ..o, (34.2)
Similarly the equation for the negative half cycle can be written as
Ri + L% =—05E,,,for05T <t<T ..ocoiiiiiiiiiii e, (34.3)

, Where T (=1/f) is the time period of the square wave.

The instantaneous current ‘i’ during the first half of square wave may be obtained by solving
Eqn.(34.2) and putting the initial value of current as lo.

-t —t
) . 0.5E
Accordingly, i(t) = Tdc(l—e D)+ 1,e 4 for0<t<05T ...coevvinnnnne (34.4)
, Where t= L/R is the time constant of the R-L load.

The current at the end of the positive half cycle becomes the starting current for the negative half
cycle.

-T -T
Thus the next half cycle starts with an initial current = %(14 AT)+ l,e AT. The

circuit equation for the next half cycle may now be written as
T T
~(t-) . L
. 0.5E,, 0.5E, /9 /o
|(t):—T(l—e o)+ T(l—e D)+ 146 Tle T for05T<t<T

Simplifying the above equation one gets:
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Under steady state, the instantaneous magnitude of inductive load current at the end of a periodic
cycle must equal the current at the start of the cycle. Thus putting t=T in Eqgn. (34.5), one gets the

expression for Iy as,

T T T
SE E
I0=_—05RdC (L+e 4)+I0e 4+—F§°e AT

-T -T -T
or, I{le %]=0'5%(19 %H%[e Ar 1}

T
_05E;  Eg 1 08By (1-e 72} (34.6)

R R T/ |7 R T
lve /27 l+e /27

Substituting the above expression for Iy in Eqn. (34.4) one gets,

or, I,

T -t
. 0.5E, |1+e /27 —2¢ 4
0="7 T

1+e /27

fOr0<t<05T wovveereceernenn (34.7)

It may be noted from Eqn. (34.7) that the load current at the end of the positive half cycle of
square wave (at t=0.5T) simply turns out to be —lo. This is expected from the symmetry of the
load voltage waveform. Load current expression for the negative half cycle of square wave can
similarly be calculated by substituting for Ip in Egn. (34.5). Accordingly,

L
—(t——
( 2/
O.5Edc+Edce v

O=""%""% [ T J
lve /27

i T
T _(t_/W
_/ 2
05Ey |1+e /27 —2e 4

or, i(t)=—
l+e /27

,for05T<t<T

,for05T <t< T (34.8)
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The current expressions given by Eqns. (34.7) and (34.8) have been plotted in Figs. 34.2(b) to
34.2(e) for different time constants of the R-L load. The current waveforms have been

. . E .
normalized against a base current of 0.5 F‘;C . The square wave voltage waveform, normalized

against a base voltage of 0.5E_ has also been plotted together with the current waveforms. It can

be seen that the load current waveform repeats at fundamental frequency and the higher order
harmonic distortions reduce as the load becomes more inductive. For L/R ratio of 2, the 3" order
harmonic distortion in the load current together with its fundamental component has been shown
in Fig. 34.2(e). In this case, it can be seen that the relative harmonic distortion in load current
waveform is much lower than that of the voltage waveform shown in Fig. 34.2(a). The basis for
calculating the magnitude of different harmonic components of load current waveform has been
shown in the next subsection that deals with frequency domain analysis.
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Fig. 34.2(h): Normalized load voltage and  Fig. 34.2{c): Normalized load voltage and
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Fig. 34.2({d): MNormalized load voltage and ird harmonic components of
load current for L/R = 2T load current for L/R = 2T

34.1.2 Frequency Domain Analysis

The square shape load voltage may be taken as superposition of different harmonic voltages
described by Eqn. 34.1. The load current may similarly be taken as superposition of harmonic
currents produced by the different harmonic voltages. The load current may be expressed in
terms of these harmonic currents. To illustrate this the series connected R-L load has once again
been considered here. First the expressions for different harmonic components of load current are
calculated in terms of load parameters: R and L/R (or t) and inverter parameters: dc link voltage
(Eqc) and time period of square wave (T).
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For the fundamental harmonic frequency the load impedance (Z;) and load power factor angle
(1) can be calculated to be

(27l
Z,= \/RZ +(47f2|-%2) and ¢; = tan 1(T”—R) ................. (34.9)

The load impedance and load power factor angle for the n™ harmonic component (Z, and ¢y
respectively) will similarly be given by,

Z,= \/RZ ; (4ﬂ2n2'-%2) and ¢, = tan‘l(Z’TzF:"‘j .............. (34.10)

The fundamental and n'™ harmonic component of load current, (ligaq): and (load)n respectively, can
be found to be

2E,. . 2E,. .
(lhoad)1 = —2sin(wt — ®,) and (lioag)n = —=sin(nwt — ®, ) ......... (34.11)
nZ, nrZ,

The algebraic summation of the individual harmonic components of current will result in the
following expression for load current.

2E,. .
loas = D, —chsm(nwt—q)n) ..................................... (34.12)

n=135.7,..00 T &

From Eqns. 34.10 and 34.12 it may be seen that the contribution to load current from very higher
order harmonics become negligible and hence the infinite series based expression for load
current may be terminated beyond certain values of harmonic order ‘n’. For L/R ratio = 2T, the
individual harmonic components of load current normalized against a base current of

0.5E
T“C have been calculated below:

sin(wt —tan™ 47) = 0.1sin(wt —1.491)

4
(lload)l,normalized: —
z\1+1672

() =&
load)3,normalized = — ——
3r\1+14472

(T) =— 4
load)5,normalized = — ——
5741+ 40072

4 . ] .
771+ 7847°

4

(lload)ll,normalized =
11714193672

sin(3wt —tan*127) = 0.011sin(3wt —1.544)

sin(5wt — tan~* 2077) = 0.004sin(5wt —1.555)

sin(L1wt — tan~* 44) = 0.0008sin(11wt —1.564)
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It may be concluded that for L/R = 2T, the contribution to load current from 13" and higher
order harmonics are less than 1% of the fundamental component and hence they may be
neglected without any significant loss of accuracy.

Fig. 34.2(f) shows the load volta%e and algebraic summation of the first five dominant harmonics
(fundamental, 3", 5™, 7" and 11™) in the load current, the expressions for which have been given
above. In Fig. 34.2(g) the load current waveforms of Fig. 34.2(e) and 34.2(f) have been
superimposed for comparison. It may be seen that the load current waveform of Fig. 34.2(f)
calculated using truncated series of the frequency domain analysis very nearly matches with the
exact waveform of Fig. 34.2(e), calculated using time domain analysis.
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Fig. 34.2{f): Normalized load voltage and Fig. 34.2{(2): Superimposed normalized load
load current for L/R. = 2T current waveforms for L'IR =2T

34.2 Analysis Of The Single-Phase Full Bridge Inverter

Single-phase half bridge inverter has already been described above. The single-phase full bridge
circuit (Fig. 34.1(b)) can be thought of as two half bridge circuits sharing the same dc bus. The
full bridge circuit will have two pole-voltages (Vao and Vgo), which are similar to the pole
voltage Vao of the half bridge circuit. Both Vao and Vo of the full bridge circuit are square
waves but they will, in general, have some phase difference. Fig. 34.3 shows these pole voltages
staggered in time by ‘t’ seconds. It may be more convenient to talk in terms of the phase
displacement angle ‘@’ defined as below:

®= (27z)% RAIANS. .. ovoeeeeeoe oo (34.13)

, Where “t” is the time by which the two pole voltages are staggered and ‘T’ is the time period of
the square wave pole voltages.

The pole voltage Vao of the full bridge inverter may again be written as in Eqn. 34.1, used
earlier for the half bridge inverter. Taking the phase shift angle “®’ into account, the pole-B
voltage may be written as

Vego= . 2B gin NWE—D) oot e e, (34.14)

n=13,5,7,...,0
Difference of Vao and Vgo gives the line voltage Vag. In full bridge inverter the single phase
load is connected between points ‘A’ and ‘B’ and the voltage of interest is the load voltage Vag.
Taking difference of the voltage expressions given by Eqgns. 34.1 and 34.14, one gets

2E . i
Vg = D, —E[sinnwt—sinn(Wt—®)].....cccoooiiiiiii (34.15)
n=1357,..00 N7
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Fig. 34.3: Pole and line voltages output by 1-ph. full bridge inverter

The fundamental component of Vg may be written as

2E . i 4E .
Vygs = —%[sinwt —sin(wt — @)] = —= cos(wt—g)sm2 ........................... (34.16)
’ V4 Vs 2 2
The n™ harmonic component in Vag may similarly be written as
2E . . 4E .
Vg = —[sin nwt —sinn(wt — ®)] = —% cos n(wt—g)smE ................... (34.17)
’ nz nz 2 2

From Egn. 34.16, the rms magnitude of the fundamental component of load voltage may be
written as

O
(Vagadms = 09 SIN—> ovvvrvvrivrivrisrsssssrssrss s (34.18)

The rms magnitude of load voltage can be changed from zero to a peak magnitude of 0.9E..

The peak load voltage magnitude corresponds to @ = 180 degrees and the load voltage will be
zero for @ = 0°. For ® = 180 degrees, the load voltage waveform is once again square wave of
time period T and instantaneous magnitude E.

As the phase shift angle changes from zero to 180° the width of voltage pulse in the load voltage
waveform increases. Thus the fundamental voltage magnitude is controlled by pulse-width
modulation.

Also, from Eqns. 34.17 and 34.1 it may be seen that the line voltage distortion due to higher
order harmonics for pulse width modulated waveform (except for ® = 180°) is less than the
corresponding distortion in the square wave pole voltage. In fact, for some values of phase shift
angle (®) many of the harmonic voltage magnitudes will drastically reduce or may even get
eliminated from the load voltage. For example, for & = 60° the load voltage will be free from 3™
and multiples of third harmonic.
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34.3 Voltage And Current Ratings Of Inverter Switches

Switches in each leg of the inverter operate in a complementary manner. When upper switch of a
leg is on the lower switch will need to block the entire dc bus voltage and vice versa. Thus the
switches must be rated to block the worst-case instantaneous magnitude of dc bus voltage. In
practical inverters the switch voltage ratings are taken to be somewhat higher than the worst-case
dc voltage to account for stray voltages produced across stray inductances, the turn-on transient
voltage of a power diode etc. For a well laid out circuit a 50% margin over the dc-bus voltage
may be the optimum switch voltage rating. Each switch of the inverter carries load current during
half of the current cycle. Hence the switches must be rated to withstand the peak magnitude of
instantaneous load current. The semiconductor switches have very small thermal time constant
and they cannot withstand overheating for more than a few milli seconds. Thus even though the
load current passes through the switches only in alternate half cycles, the thermal limit may be
reached during half cycle of current itself. It may be pointed out that each inverter switch
consists of a controlled switch in anti-parallel with a diode. The distribution of current between
the diode and the controlled switch will depend on the load power factor at the operating
frequency. In general both diode as well as the controlled switch should be rated to carry the
peak load current.

34.4 Applications Of Square Wave Inverter

The square wave voltage-source inverter discussed in this lesson finds application in many low
cost ac motor drives, uninterruptible power supply units and in circuits utilizing electrical
resonance between an inductor and a capacitor. Some examples of circuits utilizing resonance
phenomenon are induction heating units and electronic ballasts for fluorescent lamps.

Quiz Problems

1. A single-phase full bridge inverter with square wave pole voltages is connected to a dc
input voltage of 600 volts. What maximum rms load voltage can be output by the
inverter? How much will be the corresponding rms magnitude of 3 harmonic voltage

(a) Approximately 270 volts of fundamental and 30 volts of 3™ harmonic voltage
(b) Approx. 480 volts fundamental and 160 volts of 3™ harmonic voltage

(c) Approx. 540 volts fundamental and 180 volts of 3" harmonic voltage

(d) Approx. 270 volts fundamental and 90 volts of 3" harmonic voltage

2. How does the output power handling capacity of a single-phase half bridge inverter
compare with that of a single-phase full bridge inverter when they are connected to same
dc bus voltage and the peak current capability of the inverter switches is also same. Also
compare their costs.

(a) The half bridge inverter can output double power but cost also doubles.
(b) The half bridge inverter can output only half the power but cost is less.
(c) The half bridge inverter can output only half the power but cost is nearly same
(d) The output power capability is same but half bridge inverter costs less.

3. A single-phase full bridge inverter is connected to a purely resistive load. Each inverter
switch consists of an IGBT in anti-parallel with a diode. For this load how does the diode
conduction loss compare with the IGBT conduction loss?
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(a) Diode and IGBT will have nearly same conduction loss
(b) Diode conduction loss will be nearly half of the IGBT loss
(c) Diode will have no conduction loss

(d) IGBT will have no conduction loss

4. Using frequency domain analysis estimate the ratio of 5™ and 7" harmonic currents in a
purely inductive load that is connected to the output of a single phase half bridge inverter
with square wave pole voltages.

(a) 5™ harmonic current will be nearly double of the 7" harmonic current

(b) 5™ harmonic current will be 40% more than the 7" harmonic current

(c) 5™ harmonic current will be zero while 7™ harmonic current will be present
(d) Both 5™ and 7" harmonic currents will be zero

(Answers to the quiz problems: 1-d, 2-b, 3-c, 4-a)
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