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Chapter 4 SINE-TRIANGLE PWM
4.1 Introduction
Pulse width modulation control is the most widely used method of controlling the
modulation depth of inverters, including the multilevel family. A significant amount
of research has been published on the various ways of implementing PWM control
[4.1 - 4.3]. The focus here is on carrier-based sinusoidal PWM schemes for controlling
a flying-capacitor multilevel three-phase inverter.
The main aim of this investigation is to ascertain which of the large number of
possible implementations of multilevel sine-triangle PWM is the optimum for a
flying-capacitor inverter, using models of a practical implementation to help simulate
as accurately as possible the complete system’s performance. The aim is also to
develop a balancing control scheme applicable to all forms of PWM control. The fourcell, three-phase inverter adopted for the investigation by simulation is used to
compare the different forms of carrier placement strategy, and allows a direct
comparison with the SHE control scheme discussed in Chapter 3.
Another major aim is to identify the maximum energy factor for a PWM controlled
flying-capacitor inverter. In this case, the issue of peak capacitor voltage will be
related to switching frequency and so a modified form is proposed.
The first section explores the different forms of multilevel sine-triangle PWM and
bench-marks their performance under ideal system conditions. The balancing of the
cell-capacitor voltages is then addressed and a practical implementation developed.
The key performance indicators are investigated for different load parameters and
system energy factor, in order to establish a practical design guide for the selection of
the unit cell-capacitance. Also from a practical implementation perspective, the effect
of switching frequency, digital control timing and shoot-through avoidance dead-time
are the main issues addressed. The behaviour of the inverter with real switch models is
addressed in the final stages of this chapter with a view to comparison with
measurements on an experimental inverter. The different forms of carrier placement
implementations are then compared by simulation.

4.2 Multilevel Carrier PWM Schemes
There is a wide variety of subtly different ways of implementing PWM. Massoud et
al. have published a comprehensive review of the various known techniques [4.4]. In
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general, the majority of control schemes involve a triangular carrier signal which is
compared to a reference, normally a sinusoid, and the resultant digital signal used to
drive the switches accordingly. Schemes involving saw-tooth (asymmetric) carriers
are not normally employed in ac systems, but are the norm in switched mode power
supplies and other forms of chopper.
Fourier series analysis of the periodic voltage spectrum produced by a carrier based
PWM scheme reveals that it has the general form
v (t ) =

a00
2
∞

+ ∑ ⎡⎣ a0 n cos ( nω1t ) + b0 n sin ( nω1t ) ⎤⎦
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+ ∑ ⎡⎣ am 0 cos ( m (ωc t + θ c ) ) + bm 0 sin ( m (ωc t + θ c ) ) ⎤⎦

… (4.1.1)

m =1

⎤
∞ ∞ ⎡a
mn cos ( m ( ωc t + θ c ) + nω1t )
⎥
+ ∑∑ ⎢
m =1 n =1 ⎢ +bmn sin ( m ( ωc t + θ c ) + nω1t ) ⎥
⎣
⎦

The first term is the dc offset. The second term is the reference fundamental
component and its harmonics, index n, and normally referred to as base-band
harmonics. The third term is the carrier harmonics, index m, and includes the phase
shift θc with respect to the fundamental. The fourth term is the sideband harmonics
produced by the modulation which will be concentrated around the carrier frequency
component and its harmonics. For completeness, the fundamental angle term would
also include a phase shift component, and this is required when using this equation for
analysis of a three-phase system.
In modern lower power inverters, the switching frequency is usually fixed and the
carriers are not synchronised to the reference sinusoid zero crossing. This avoids gear
changing in variable speed drives where the switching frequency is changed as the
inverter output sinusoid frequency varies. Multilevel inverters are aimed at higher
power applications and the semiconductor switch technology has inherent operating
speed limitations due to higher switching losses. Therefore, the inverter switching
frequencies must be relatively low, so that it is preferable to synchronise the triangular
carrier to the reference sinusoid to optimise performance. The following analysis
focuses predominantly on synchronous mode operation.
In two-level inverters, there is only one triangular carrier, and there is a set of
generally accepted guidelines for the selection of the frequency modulation index, mf,
which dictates the switching frequency of the inverter [4.5]. Firstly, mf must be an
integer otherwise sub-harmonics below the fundamental frequency will be present in
the output voltage which is undesirable, especially if at very low frequency in ac
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machines. Secondly, if mf is less than 21, then it should be an odd integer otherwise
the output waveform is asymmetric with even harmonics present. Thirdly, for threephase inverters, mf should be a multiple of 3 so that its fundamental is at a triplen
harmonic frequency of the fundamental and is cancelled out in the load. For larger mf
values, selecting an odd number is less of an issue and does not necessarily need to be
an integer.
In Chapter 1, it was shown that in multilevel inverters, the implementation options
available are increased, and the additional degrees of carrier positioning both spatial
and in time have led to a wide variety of different schemes. This means that the
existing rules are not necessarily applicable to all forms of multilevel carrier scheme.
Presently, there is no definitive answer as to what is the best scheme. Individual
applications may require different approaches, or more likely there are only small
differences between implementation.
There has been much work published on analytical approaches based on Fourier series
analysis for investigating different carrier-based PWM schemes, most notably Holmes
and Lipo [4.6]. It is not the intention of this investigation to confirm previous work,
but to use detailed simulation as a tool to investigate the characteristics and behaviour
of a flying-capacitor multilevel inverter when controlled by different forms of carrierbased PWM.
This section lays out the terminology used when discussing PWM implementations
and provides an initial appraisal of the different carrier placement schemes under ideal
inverter conditions.

4.2.1 Carrier Placement Strategies
Original three-level inverter PWM control used a unipolar modulation technique
where a single carrier was compared with a rectified sine wave reference to obtain the
positive and negative cycle firing signals. An alternative strategy was proposed by
Velaerts et al., which used a single carrier and distinct sinusoidal references [4.7]. The
sine-triangle PWM extension to more than two levels involves dividing the sine wave
reference into distinct bands where the number of bands equals the number of
complementary switch pairs in the inverter. The sinusoidal reference is then compared
with each triangular carrier and the sum of the comparator signals form the voltage
level command for the inverter. This carrier placement strategy is commonly referred
to as phase disposition (PD) since all the carriers are in phase, but disposed in
contiguous bands. Phase disposition was originally discussed by Carrara et al. [4.8],
and extended to include other disposed carrier placements.
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Alternatively, the carriers can encompass the whole reference range but are all out of
phase from each other. This scheme is commonly referred to as phase shift (PS)
multilevel PWM. This form of multilevel PWM has been preferred by the Toulouse
group to control the flying-capacitor inverter [4.9].
The simulation work concentrates solely on multilevel sine-triangle PWM schemes
where all the carriers are at the same frequency. However, Tolbert and Habetler have
proposed a PD scheme with non-equal mf carriers [4.10], and if applied to all other
forms of multilevel PWM would dramatically increase the implementation options
available.
4.2.1.1 Phase Disposed PWM
Figure 4.2.1 illustrates the carrier positioning with respect to the sine wave reference
and the resultant output voltage level for phase disposition (PD) PWM. Natural
sampling refers to the fact that the reference is a pure sine wave without any distortion
due to digital sampling. As can be seen, there is symmetry between the positive and
negative half cycles because the mf value is even. This means the phase spectrum
contains only odd harmonics of the fundamental spread around the carrier frequency
component. The carrier position in the case shown in the figure is sometimes referred
to as W-type carriers [4.11], because the carrier at the quarter period has a peak like
the middle of the letter W. Alternatively, carriers phase shifted by 180° are deemed
M-type for obvious reasons. The influence of this placement is only significant at
lower switching frequencies, but is worthy of consideration when designing a practical
inverter.

Figure 4.2.1: Modulation waveforms for PD PWM, natural sampling, ma = 0.9,
mf = 15
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Figure 4.2.2 shows the phase and line voltage spectra for PD PWM scheme under the
above conditions. As can be there are no even harmonics present and all the triplen
harmonics are removed in the line voltage spectrum. The PD scheme results in a
significant harmonic at the carrier frequency in the phase voltage, which is cancelled
in the line-to-line voltage.

Figure 4.2.2: Voltage spectra for PD PWM, natural sampling, ma = 0.9, mf = 15

When the value of mf is even, then there is asymmetry in the phase voltage and so the
voltage spectra contain both odd and even harmonics as shown in Figure 4.2.3. The
triplen harmonics are cancelled in the line voltage, but the harmonic at the carrier
frequency is not cancelled. If the same carriers are used in all phases, rather than being
synchronised to each phase reference, then the harmonic at the carrier frequency is
cancelled in the line voltage, but the triplen harmonics are not, as seen in Figure 4.2.4.
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Figure 4.2.3: Voltage spectra for PD PWM, natural sampling, ma = 0.9, mf = 14

Figure 4.2.4: Voltage spectra for PD PWM, natural sampling with synchronous
carriers, ma = 0.9, mf = 14

Therefore at low frequency modulation indexes, it is better to select a value which is
an odd integer and multiple of 3. Figure 4.2.5 shows a waterfall plot of the low order
harmonic for mf values ranging up to 30. As can be seen, the carrier frequency
component is cancelled, and the benefits of selecting mf with odd multiples of 3 are
not clear cut especially as the index increases.
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Figure 4.2.5: Low order harmonics versus frequency modulation index, mf

At higher switching frequencies, the PD scheme results in the spectral signature
shown in Figure 4.2.6, with the highest peak in the phase voltage occurring at the
carrier frequency, which is cancelled in the line voltage. All the triplen harmonics are
cancelled throughout the spectrum. The significant sidebands around the carrier are
odd harmonics of the fundamental as expected from the symmetric phase voltage
waveform. The sidebands around the twice the carrier frequency, and consequent
carrier multiples, are also odd harmonics of the fundamental.
Another important feature of the PD modulation phase voltage spectrum is the wide
spread of sidebands around the carrier frequency harmonic. This means that any
filtering between the inverter and the load will need to have a much lower cut-off
frequency that the inverter switching frequency.
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Figure 4.2.6: Voltage spectra for PD PWM, natural sampling, ma = 0.9, mf = 63

With large mf values, the requirement for an odd integer at a multiple of 3 is not
important. Figure 4.2.7 shows the voltage spectral for the case when mf = 62. As can
be seen the triplen harmonics, together with the harmonic at the carrier frequency, are
all cancelled in the line voltage spectrum. In this case, the sideband harmonics around
the carrier frequency are even harmonics, but at the even multiples of the carrier
frequency, such as around the 124th harmonic they are odd harmonics. The value of mf
does not need to be an integer either and almost identical performance is seen, since
the significant harmonics are concentrated around the carrier frequency and multiples
of that frequency.
These results show that the PD PWM obeys the same rules governing mf selection
which applies to the conventional sine-triangle PWM scheme.

Figure 4.2.7: Voltage spectra for PD PWM, natural sampling, ma = 0.9, mf = 62
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4.2.1.2 Opposition Disposition PWM Schemes
There are alternative schemes proposed in the literature [4.7, 4.12, and 4.13] which
involve inversion or phase-shifting by 180° of some of the banded carriers in the PD
scheme. Phase opposition disposition (POD) inverts the carriers below the zero
reference line. Alternative phase opposition disposition (APOD) alternates the carrier
phase-shift. Figures 4.2.8 and 4.2.9 illustrate the carrier positioning with respect to the
sine wave reference and the resultant output firing commands for the two schemes. In
this case, where mf is odd, both schemes have asymmetry between the positive and
negative half cycles and the spectrum only contains odd and even harmonics of the
fundamental frequency.

Figure 4.2.8: Modulation waveforms for POD PWM, natural sampling, ma = 0.9,
mf = 15

Figure 4.2.9: Modulation waveforms for APOD PWM, natural sampling, ma =
0.9, mf = 15
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To ensure that the phase voltage spectrum has only odd harmonics, then mf must be an
even integer for these two schemes. Figure 4.2.10 shows the modulation waveforms
for the POD scheme when mf = 12. This is because the phase voltage waveform is
composed of individual pulses which are symmetric over a whole cycle, even though
there is asymmetry in the positive and negative halves of the whole waveform. To
achieve true symmetry, the carriers need to be all phase shifted by 90o as shown in
Figure 4.2.11. This results in a W-type carrier when mf is even. An M-type carrier also
gives good results at low even values mf.

Figure 4.2.10: Modulation waveforms for POD, natural sampling, ma = 0.9, mf =
12

Figure 4.2.11: True symmetry POD, natural sampling, ma = 0.9, mf = 12
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Therefore at low mf values, the rules for POD and APOD are that mf needs to an even
integer and a multiple of 3 for a three-phase system. For different numbers of inverter
levels, the APOD and POD schemes are directly scalable in terms of carrier
placement. However, when the POD scheme is applied to an odd cell number inverter,
the centre carrier phase can be either in phase with the upper or lower carrier.
Therefore, in the three-cell case, APOD and POD implementations are identical.
At higher frequencies the mf value and placement are less important. Figure 4.2.12
shows the voltage spectra for the natural sampling POD scheme with mf = 60. It shows
a similar envelope of harmonics to the PD scheme. The important differences is that
there is no significant harmonic at the carrier frequency, but there are two main odd
harmonic sidebands instead. This means that POD PWM has an inherently higher line
voltage THD than PD PWM, since these carrier sidebands are no cancelled in the line
voltage. From the line voltage THD perspective and the fact that the lower sidebands
are spread widely below the carrier, it would appear that POD PWM does not offer
any benefits over PD PWM.

Figure 4.2.12: Voltage spectra for POD PWM, natural sampling, ma = 0.9, mf =
60
Figure 4.2.13 shows the harmonic spectra of the phase and line voltages for natural
sampling APOD PWM with the same modulation indexes as before. Here the spectral
envelope shows a marked difference compared to PD and POD, with the sidebands
grouped more tightly around the carrier and each multiple of the carrier frequency.
The significant sidebands are all odd harmonics of the fundamental and triplen
harmonic cancellation is plain to see in the line voltage spectrum. APOD PWM also
has an inherently inferior line voltage THD due to the lack of carrier component in
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phase voltage. The reduced spreading of the lower sideband components at low
frequency does however offer the potential of improved performance over PD PWM
in systems with output filtering.

Figure 4.2.13: Voltage spectra for APOD PWM, natural sampling, ma = 0.9, mf =
60
4.2.1.3 Phase Shifting PWM Schemes
Another multi-carrier PWM scheme does not involve disposed carriers, but phaseshifting of full modulation amplitude carriers. Each carrier is phase-shifted by an
angle equal to 360° divided by the number of inverter cells. Figure 4.2.14 illustrates
the carrier and reference relative positions and output firing commands for the phase
shift (PS) scheme. The modulation frequency index has to be mf divided by the
number of inverter cells to operate at the same switching frequency as an equivalent
disposed scheme. Therefore, the example modulation waveforms are equivalent to PD
with mf = 12. The equivalent value of mf for PS PWM has to be an even integer to
avoid even harmonics being present in the output voltage.
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Figure 4.2.14: Modulation waveforms for PS PWM, natural sampling, ma = 0.9,
mf = 3

An alternative form of PS has also been described by Agelidis and Calais [4.12],
where half the carriers are disposed to each side of the reference. In order to compare
equivalent switching frequencies, each carrier mf is twice the index used for PS.
Figure 4.2.15 illustrates the carrier and reference relative positions and output firing
commands for this hybrid phase shift (HPS) scheme. As can be seen, HPS also
requires even equivalent mf values so that only odd harmonics are present in the
output. It is worth noting that if all the carriers were shifted by 90o, then the resultant
modulation waveforms would be identical to the PS scheme, and at high switching
frequencies the two schemes give identical results. Therefore the only benefit of HPS
is in implementation, where a digital logic controller can use the same carrier during
the positive and negative half cycles, thus halving the number of counters compared to
a PS scheme.
The output voltage harmonic spectra for the PS scheme is shown in Figure 4.2.16 for
the case when the equivalent mf = 60. The spectral components are grouped tightly
around the carrier and each multiple of the carrier frequency and the signature is very
similar to the APOD scheme and so the line voltage THD is inherently higher than PD
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Figure 4.2.15: Modulation waveforms for HPS PWM, natural sampling, ma = 0.9,
mf = 6

Figure 4.2.16: Voltage spectra for PS PWM, natural sampling, ma = 0.9, mf = 15

4.2.1.4 Alternative Carrier Placement PWM Schemes
The disposed schemes described in the previous sections use 180° phase shifting in
the carriers, whilst the PS scheme in the particular case shifts by 90° which is set by
the number of inverter cells. An alternative set of carrier schemes are possible by
applying a 90° phase shift to the inner band carriers. Figure 4.2.17 illustrates the
modulation waveforms when this phase shift is applied to the PD case (SPD). In this
case mf must be odd to ensure that there are no even harmonic components present in
the output voltage.
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Figure 4.2.17: Modulation waveforms for SPD PWM, natural Sampling, ma = 0.9,
mf = 15

Figure 4.2.18 shows the output voltage spectra of the SPD PWM scheme. The
characteristic is very similar to PD PWM, with a significant harmonic at the carrier
frequency being present in the phase voltage spectrum but cancelled in the line
voltage spectrum. This carrier frequency cancellation leads to a reasonable low line
voltage THD, although it is not as good as standard PD PWM.

Figure 4.2.18: Voltage spectra for SPD PWM, natural sampling, ma = 0.9, mf = 60

Figure 4.2.19 illustrates the result of the phase-shifting of the inner carriers in the
POD scheme (SPOD) in the modulation waveforms. In this case mf must be even to
ensure that there are no even harmonics present in the output voltages.
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Figure 4.2.19: Modulation waveforms for SPOD PWM, natural Sampling, ma =
0.9, mf = 12

Figure 4.2.20 shows the resultant output voltage spectra of this carrier scheme. The
spectral signature is very similar to POD with the two sidebands around the carrier
frequency which are still present in the line voltage spectrum.

Figure 4.2.20: Voltage spectra for SPOD PWM, natural sampling, ma = 0.9, mf =
60

Finally, all the carriers can be phase-shifted from each other like the PS scheme, but
disposed into separate bands. Figure 4.2.21 shows the modulation waveforms for this
disposed PS scheme (DPS). For this particular carrier placement strategy, there are
always odd and even harmonics present in the output voltage spectra regardless of
whether mf is odd or even.
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Figure 4.2.21: Modulation waveforms for DPS PWM, natural Sampling, ma = 0.9,
mf = 15
The output voltage spectra for DPS PWM, Figure 4.2.22, show clearly the odd and
even harmonics in the sidebands around the carrier frequency. Note that the sidebands
around even multiples of the carrier frequency contain only even harmonics since mf is
even in this case. The harmonic distortion in the line voltage is the highest of all the
possible carrier replacement schemes reviewed.

Figure 4.2.22: Voltage spectra for DPS PWM, natural sampling, ma = 0.9, mf = 60

4.2.2 Extending the Modulation Depth
In sine-triangle PWM, the maximum modulation depth is unity when the peak of the
reference is equal to the peak of the carrier, or in the case of the disposed methods, the
upper carrier. Overmodulation techniques to increase the output voltage have been
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investigated in depth by Hava et al. [4.14, 4.15]. Low distortion voltage output
modulation with ma > 1 can be achieved, however, by using third harmonic injection
in the reference waveform for sine-triangle PWM [4.16, 4.17]. The choice of injected
frequency means that it is a common mode signal and cancels like a triplen harmonic
in the line voltage, and so not affecting performance. The technique in standard 3level, three-phase inverters normally uses an injected signal with the 1/6th of the
amplitude of the reference which can be shown to increase the theoretical range of the
modulation depth to 1.155. Alternative amplitudes of 1/4th of the reference can also be
shown to operate affectively.
This modulation strategy is illustrated for PD PWM in Figure 4.2.23. The third
harmonic injection method can of course be applied to all forms of carrier PWM to
increase ma above unity. The effect on the total harmonic distortion is only noticeable
in the phase voltage where the third harmonic appears. The spectra for mf = 60 is
shown in Figure 4.2.24 for comparison with the previously presented ideal spectra.
The third harmonic component is clearly visible in the phase voltage spectrum. There
are several significant harmonic components present at lower frequencies compared to
PD PWM, but the overall harmonic distortion level is on a par with PD PWM.

Figure 4.2.23: 1/6th Third harmonic injection PD PWM, natural sampling, ma =
1.155, mf = 15
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Figure 4.2.24: Voltage spectra of PD + 3rd PWM ,natural sampling, ma = 0.9, mf =
60

4.2.3 Reference Sampling Methods
The previous analysis of the carrier placement options assumed that the reference was
naturally sampled and continuously varying when compared to the carriers. In reality
a digital implementation is unlikely to update the reference on every clock edge and so
the reference will be sampled at a slower rate. Bowes described the commonest
methods which ensure that the reference is updated at the triangular carrier corners
[4.18]. Symmetrical sampling is the term applied to reference update at trough of the
carrier, and asymmetric sampling is used to describe reference update at both peaks
and troughs in the carrier waveform. It is easy to envisage implementation in a digital
system using carrier up-down counters with terminal count signals to enable clocking
of the reference. The carrier period between samples thus supplies sufficient time to
either compute the reference directly or access the value from a look-up table.
These two modes of sampling, and the resultant output signals, are shown in Figures
4.2.25 and 4.2.26. In the symmetric case there are both odd and even harmonics in the
output voltage regardless of the fact that mf is odd. In the asymmetric case only odd
harmonics are present when mf is odd.

143

Figure 4.2.25: PD PWM symmetric sampling waveforms, ma = 0.9, mf = 15

Figure 4.2.26: PD PWM asymmetric sampling waveforms, ma = 0.9, mf = 15

Figure 4.2.27 compares the line spectra for natural, symmetric and asymmetric
sampling in the PD PWM scheme case with a high mf value. The sampled reference
does not affect the cancellation of the carrier component in the three-phase line
voltage. These are more pronounced additional even harmonics in the symmetric case,
especially noticeable in the sidebands of the carrier frequency. The asymmetric
sampling line voltage spectrum and THD are very similar to the natural sampling case,
and this is the preferred implementation in digital systems.
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Figure 4.2.27: PD PWM line voltage spectra, natural sampling (top), symmetric
sampling (middle), asymmetric sampling (bottom), ma = 0.9, mf = 60

4.2.4 Comparison of Multilevel PWM Schemes
The performance of all the carrier placement schemes outlined in this section can be
judged by comparing the harmonic distortion of output voltages. Table 4.2.1
summarises output voltage quality using the standard distortion factors for the case of
asymmetric sampling, ma = 1 and mf = 60. From these results, the PD scheme
produces an output voltage with the lowest harmonic distortion and is therefore likely
to be the best PWM scheme for ac motor applications. The line voltage DF1 value is
also much lower indicating that the phase current will have lower harmonic distortion.
Where second order LC filtering is present on the output of the inverter in power
systems, then the PS and DPS schemes appear to offer advantages because of the
much lower DF2 value. This is distortion factor weights the harmonic components by
a square of the harmonic number and so gives an indication of the harmonic distortion
of the filtered output voltage. It is also of interest to note that the APOD, PS and HPS
schemes result in very similar line voltage THD levels, since the arrangement of the
carriers in these schemes result in almost identical output voltage spectral signatures.
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Scheme

Phase Voltage

Line Voltage

THD (%)

DF1 (%)

DF2 (%)

THD (%)

DF1 (%)

DF2 (%)

PD

26.95

0.36

0.10

17.07

0.17

0.09

POD

26.90

0.36

0.08

21.54

0.28

0.08

APOD

26.92

0.36

0.10

25.53

0.36

0.11

PS

27.54

0.40

0.08

26.66

0.40

0.04

HPS

27.09

0.37

0.12

25.75

0.37

0.13

SPD

26.95

0.36

0.08

20.77

0.27

0.07

SPOD

26.92

0.37

0.15

23.03

0.32

0.12

DPS

26.93

0.36

0.05

21.89

0.31

0.03

Table 4.2.1: Voltage harmonic distortion for different carrier schemes, ma = 1.0,
mf = 60

To complete the comparative assessment of the different carrier schemes, the
harmonic distortion variation with modulation index is analysed. The schemes PD,
SPD and APOD are chosen for comparison. Figure 4.2.28 shows the variation in THD
over the whole modulation range of the three schemes, and Figure 4.2.29 the variation
in DF1 for the same variation in modulation index. It is clear that the PD scheme is
superior over the whole modulation depth range. It is also worth noting that the SPD
scheme has identical carrier placement to PD in the inner band and so performance is
identical below ma = 0.5. This is inline with findings from other researchers in the
field. The later sections of this chapter dealing with individual control issues and
inverter component sizing will only use the PD by way of analysis. The issue of
optimum carrier scheme will be assessed again in conjunction with simulation of a
complete realistic inverter system model towards the end of the chapter.
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Figure 4.2.28: THD versus modulation index, ma for different carrier schemes

Figure 4.2.29: DF1 versus modulation index, ma for different carrier schemes

4.3 Cell-Capacitor Balancing Scheme
In previous chapters, it has been shown that the flying-capacitor inverter cell-capacitor
voltages can be regulated to balanced levels by ensuring that each capacitor sees zero
average current over time. This section firstly explores cell-capacitor voltage
balancing using a cyclic sequence of switching state patterns. A novel balancing
digital logic block is then presented which can be used in conjunction with any form
of fixed frequency PWM control.
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4.3.1 Optimum Pattern Balancing Control
System balancing can be performed open-loop by cycling between all switching states
in consecutive fundamental periods. This assumes that the current is the same at
particular instant in every cycle. This strategy was successful in the low switching
frequency SHE mode of operation, aided by the fact that there is a natural balancing
mechanism inherent to the inverter. In SHE control, a stored switching sequence is
used to cycle between states on consecutive, repeating N cycles where N is the number
of inverter cells. This approach can be used together with a carrier based PWM
control.
The inverter was simulated with the optimum balancing switching pattern, PATTERN
#1, and with PD PWM control. The load parameters were R = 30 Ω and L = 97.4 mH,
with no zero e.m.f. The unit cell capacitance was 1 mF and the dc link voltage 400 V,
which gives a 1 kW load with a displacement power factor of 0.7 and energy factor, ξ
= 25 s-1. The desired fundamental is 50 Hz and the PWM switching frequency 3 kHz
(mf = 60).
Figure 4.3.1 shows the system waveforms produced by simulation. As can be seen, the
system is balanced with the mean voltages at 98.9%, 98.9% and 103.1%, but there is
noticeable ripple on the cell-capacitor voltages, with the maximum breakdown voltage
being 153.7% of the unit cell voltage.
The output waveform spectra, Figure 4.3.2, show that there is a high concentration of
components at low frequency made up of sub- and inter-harmonics, as well as
harmonics of the fundamental. There are also additional sidebands generated around
the carrier frequency component by the interaction of the harmonics components in
the capacitor voltages. The relatively poor harmonic quality of the output power is
reflected in the relatively high THD of the current waveform. It is interesting,
however, to note that the phase and line voltage THD values are lower than the ideal
case showing that the balancing pattern and resultant capacitor voltage waveform have
a beneficial effect on reducing overall harmonic content.
Improvements can clearly be made by storing a more detailed switching pattern
optimised for best performance as before. This approach is not a practical option in
the case of higher frequency PWM, and so an alternative strategy must be developed.
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Figure 4.3.1: System waveforms for pattern balancing PD PWM, ma = 1, mf = 60
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Figure 4.3.2: System spectra for pattern balancing PD PWM, ma = 1, mf = 60

4.3.2 Sub-Carrier Balancing Control
To obtain self-balancing of the cell-capacitor voltages, the complete set of level
switching states must occur at the same point in time over different cycles. In the case
of the four-cell inverter, the switching states for a given level can be rotated through
over four cycles. The obvious way to do this is to multiplex all four comparator firing
signals to each cell gate drive, where the selection signal pattern is different in each
consecutive cycle, but repeats every four cycles.
These periodic signals must be at a lower frequency to the carrier, i.e. a sub-carrier. It
would be preferable if the both balancing frequency and carrier frequency are as close
as possible, and so an effective balancing frequency index, mb, can be equal to mf – 1.
It is also necessary that balancing repetition period is not less than the full balancing
timeframe dictated by the number of cells in the multilevel inverter. This means that
mb must always be odd, and so when mf is an odd number, mb = mf – 2, and when mf is
even, mb = mf – 1.
The block diagram of the digital implementation of the sub-carrier balancing control is
shown in Figure 4.3.3. BCLK1 and BCLK2 are the balancing clocks and their value
changes state mb times a cycle. They are latched to the multiplexers only on a
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transition in the PWM firing command signals. This ensures that the balancing
algorithm does not introduce increased inverter switching.

Figure 4.3.3: Sub-carrier PWM balance scheme digital logic block diagram

The timing diagram for this logic approach is shown in Figure 4.3.4. Focusing on the
small pulse in line with the peak of the reference, circled, it can be seen that this is
distributed in all four firing signals after being processed by the balancing logic block.
The resultant sequence of switching states for this particular voltage level is
[1011] → [0111] → [1110] → [1101]
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Figure 4.3.4: Balance scheme timing diagram (mf = 15, ma = 0.9)

Simulations reveal that this balancing strategy does achieve the desired effect. Figure
4.3.5 illustrates the inverter waveforms when operated under logic balancing control.
The amount of voltage ripple is greatly reduced and the phase voltages and currents
assume more ideal wave shapes. In this case the mean capacitor voltages are all within
2% of their target values, and the maximum blocking is now reduced to 110.9% of the
unit cell voltage.
The frequency spectra for the new balancing scheme are shown in Figure 4.3.6. As
can be seen, the phase current THD is greatly reduced in accordance with the
reduction in the low frequency components. The voltage spectra reveal that there is an
extra concentration of harmonics around the 15th and 30th harmonic of the
fundamental. This is a result of the smaller higher frequency ripple component in the
inverter capacitors resulting from the balancing algorithm.
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Figure 4.3.5: System waveforms for logic balancing PD PWM, ma = 1, mf = 60

153

Figure 4.3.6: System spectra for logic balancing PD PWM, ma = 1, mf = 60

4.4 Practical Design and Performance Issues
4.4.1 Inverter Characteristics
In the chapter concerning SHE control, the effect of the balanced control scheme on
the inverter operating characteristics were mapped out to assess the relationship
between load rating, cell capacitor sizing, maximum switch blocking voltage and
output power quality. This analysis is repeated on the inverter synthesising a 50 Hz
sinusoid under PD PWM with the optimised logic block balancing scheme.
Simulations were run over a range of load power factors and energy factors, with
fixed ma = 1 and mf = 60. The resultant line voltage THD contour is shown in Figure
4.4.1 and the phase current THD contour is shown in Figure 4.4.2. Note that the line
voltage and phase current THD values are the same in the unity power factor case
(ideal resistive load). Unlike the SHE control voltage THD characteristic where the
THD was lower than the ideal case for power factors around 0.7, the THD value
shows a peak at around 0.9 for PWM control. Unlike pattern balancing, the beneficial
effect of significant low frequency ripple on the cell-capacitors in reducing voltage
THD is not present in this form of control, since the cell-capacitor voltages are closer
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to the ideal dc levels. Therefore, the angular position of the phase current peak has a
dominant effect on performance. The voltage deviation on the cell-capacitor voltages
is dependent on current level, and so with displacement power factors in the region of
0.7 (45° lagging angle), higher currents are circulating through the cell capacitors in
this intermediary voltage level region. The phase current THD characteristic only
shows a gradual increase as the cell capacitor size is reduced, reflecting the large
filtering effect of the idealised inductive load model used in the simulation.
Figure 4.4.3 illustrates the variation in maximum blocking voltage together with
output THD figures for different energy factors and fixed load power factors. These
show very similar characteristics to SHE control, but the deterioration in performance
and safe-operation occurs at a higher ξ value reflecting smaller voltage deviations
achieved by operating at much higher switching frequencies. The graphs show that ξ
is around 110 for maximum allowed blocking voltage for a safely operating inverter
with margin on a 0.7 DPF load.
In the case of SHE control, where the inherent switching frequency is lower, the same
study revealed a maximum ξ of around 25 for a 50 Hz operating output fundamental
frequency. For the four-cell inverter, PWM control with mf = 2 has an equivalent
switching frequency to SHE control, so one would expect that a much higher ξ can be
achieved while keeping within safe-operating blocking voltage limits, if there was a
linear relationship with increasing mf. This is not the case with this particular PWM
control and balancing scheme. The relationship can be approximated by normalising ξ
by a factor of m f 2 to obtain a direct comparison between the two forms of control.
This relationship reflects that the cell-capacitors and load form a circuit which is
essentially an under-damped second-order LC with the initial rate of change of voltage
governed by the natural frequency.
Figure 4.4.4 shows the variation in maximum blocking voltage for DPF = 0.8 when
the PWM curve is normalised to remove the modulation frequency depth effect. These
curves now show good correlation and so scaling ξ for different mf values can be used
as design guide approximation when selecting the cell capacitance for a given load. It
is important to note that this characteristic is for the particular case of 50 Hz output
operation, and so ξ needs to be scaled by fundamental frequency in Hertz divided by
50 for other operating cases.
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Figure 4.4.1: Contour of line voltage THD, ma = 1.0, mf = 60

Figure 4.4.2: Contour of phase current THD, ma = 1.0, mf = 60
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Figure 4.4.3: THD and blocking voltage variations with load, ma = 1.0, mf = 60

Figure 4.4.4: Blocking voltage variations comparison of SHE and PWM,
displacement power factor = 0.8

4.4.2 Realistic Load Modelling
It is clear from the previous simulation using an ideal inductive load, that the filtering
effect reduces the phase current THD to an unrealistic level compared to a practical
system. To obtain a more realistic comparison of the different PWM carrier schemes,
the generic ac machine model is used in the simulation instead of the RL load used in
characterising the inverter’s behaviour above.
To compare the difference this load model makes on simulated performance with the
results presented in section 4.3, a load was used with 2 Ω for winding resistance and 6
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mH for the leakage inductance. These values are consistent with a 1 kW induction
motor model and machine parameter examples can be found in a book by Hindmarsh
and Renfrew [4.19].
Non-linear effects such as saturation are ignored since the intention is to simulate the
effect of the lower frequency behaviour on THD of the voltage and current
waveforms. The computed phase angle θ has to be adjusted to take into account the
phase delay in the phase voltage which the PWM reference sampling introduces. It is
one half of the carrier period when the reference is symmetrically sampled and one
quarter of the carrier period for asymmetric sampling i.e. 1.5° for the case of mf = 60.
A simulation was run using asymmetric sampled PD PWM, with an ac motor load of 1
kW and a displacement power factor of 0.7. Figure 4.4.5 shows the predicted system
waveforms which result from the simulation. As can be seen, there is no significant
difference between the waveforms obtained early on the RL load and those using the
generic ac load model, apart from the additional high frequency ripple now present on
the phase current waveforms. The balancing of the cell capacitor voltages is working
correctly and their mean voltages are within 1% of the target balanced voltage levels.
The absolute maximum switch blocking voltage is 110.6% of the unit cell voltage.

Figure 4.4.5: System waveforms for 1 kW, DPF = 0.7 ac load with asymmetric
sampled PD PWM, ma = 1, mf = 60
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The output spectra for the ac motor simulation are shown in Figure 4.4.6. These again
show that are noticeable peaks at 15th and 30th harmonic of the fundamental, but more
importantly, the filtering effect of the load is far more realistic to a real system. There
are also some higher amplitude harmonics near the fundamental, which are sub- and
inter-harmonics related to the overall balancing period of 4 cycles of the fundamental
in this 4-cell inverter case. This is especially noticeable in the normalised phase
current spectrum where some of the low frequency components are nearly 1% of the
fundamental frequency component. This may cause problems in drive systems where
the low frequency current harmonics can produce undesirable pulsating torques.

Figure 4.4.6: System spectra for 1 kW, DPF = 0.7 ac motor load with asymmetric
sampled PD PWM, ma = 1, mf = 60

4.4.3 Influence of Different PWM Frequencies
A functional system balancing method has been developed and shown to work under
simulated conditions with PWM control at one particular switching frequency (mf =
60). The timing is critical for the balancing scheme to operate correctly and so the
influence of different PWM frequencies needs to be assessed.
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The ac load is selected for operation at the inverter maximum rating, defined by peak
switch blocking voltage for mf = 60. From the energy factor curves, the maximum ξ =
100 s-1 for a 0.7 power factor load. With unit cell voltage of 100 V, the maximum load
power is 3.9 kW with the 1 mF unit cell capacitance to be used in prototype four-cell
inverter. This means that a 5 hp induction motor load will not cause the inverter to
operate outside operating limits imposed for the power switches. Typical values for a
5 hp induction motor are 0.5 Ω for winding resistance and 4 mH for the leakage
inductance, and an equivalent displacement power factor is 0.8.
Simulations were performed with an FPGA clock frequency of 25 MHz with the mf
value stepped in increments of 3 from 30 to 498. This gives a switching frequency
range of 1.5 kHz to 24.9 kHz with a fundamental of 50 Hz. Figure 4.4.7 shows the
variation in output THD and maximum blocking voltage obtained from the
simulations.

Figure 4.4.7: Variations in THD and blocking voltage over range of PWM
frequencies

The general trend is inline with expectations, where phase current THD reduces with
increasing frequency. However, these characteristic are not smooth but show
perturbations, significant in the blocking voltage case, over the whole mf range. The
reason for this is the errors in the average duty cycles for each switch introduced by
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the digital control implementation. Both the PWM carrier counters and the balancing
clock counters will experience under-run because the maximum count values used are
not always exact integer of the number of clock edges in one cycle.
To remove all bit errors in the implementation, the PWM logic clock should have a
frequency which is a common multiple of both mf and mb. The alternative would be to
adjust the fundamental period so that it meets the same criteria. This is not an
attractive option especially if the inverter is grid-connected and the fundamental
frequency fixed externally.
One solution is to use a technique employed in consumer audio-visual circuits. In
digital set-top boxes the broadcaster sends period information regarding the transmit
encoder 27 MHz clock. Each receiver transport processor uses this information to
adjust its own voltage controlled oscillator crystal (VCOX) clock. This provides
synchronism to digital transport stream audio and video components and ensures
sound synchronisation with the displayed picture. Figure 4.4.8 shows an example of a
possible VCOX clock circuit which can be used in a master DSP control plus FPGA
implementation of a PWM/balancing controller.

Figure 4.4.8: PWM controlled FPGA clock circuit

The DSP sends a fundamental period pulse steam to the FPGA which is used to set the
start of each reference cycle. These pulses are used to enable a counter which clocks
on every edge of the FPGA clock. At the end of a period this information is passed
back to the DSP and used as an input to an error amplifier with the desired clock
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period used as reference. A proportional plus integral controller can then be used to
adjust the duty of a PWM output, which in turn is filtered externally and used as the
controlling voltage to variable capacitance PIN diodes. The closed-loop control should
then adjust the clock to the desired value. The circuit can be designed to offer clock
frequency ranges with up to 50 % variation [4.20], which is more than adequate for
the practical PWM switching frequencies required. This VCOX approached was
simulated over the whole range of mf values. The results appear impressive as can be
seen in Figure 4.4.9.

Figure 4.4.9: Variations in THD and blocking voltage over range of PWM
frequencies with VCOX clock

The characteristics are far smoother with only slight variations, apart from at low
switching frequency. The characteristics do show that by increasing the switching
frequency above 10 kHz (mf = 200 for a 50 Hz fundamental) only small incremental
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gains are achieved in output power quality under these particular load and inverter
capacitor sizing. However, in some systems high frequency switching is preferred
because of acoustic noise issues, although this may lead to problems in containing
both conducted and radiated radio frequency interference (RFI).
The reason for the slight variations in blocking voltage and the resultant perturbations
in the phase current THD are due the introduction of low frequency components in the
cell capacitor voltages. This is due to small duty cycle errors in each cycle even
though over the complete balancing four cycle period the errors are averaged out.

4.4.4 Influence of FPGA Clock
Practical performance limitations due to a digital implementation of PWM are known
issues and been investigated in the past for standard sine-triangle PWM [4.21, 4.22].
This section investigates the impact of lower digital clock frequencies, especially in
respect to the instability issues highlighted in the last section.
The proposed implementation of the multicarrier PWM schemes has a fixed clock for
the triangle carrier counter, which means that the maximum count varies if either the
frequency modulation index, mf, or the fundamental frequency is changed. To
minimise errors and potential instability in the balanced control system, the master
FPGA clock is frequency is locked to ensure the counters for both the triangular
carriers and the balancing scheme are zero at the completion of one balanced cycle.
This approach can be applied to the control design with nominal clock frequencies
other than the 25 MHz referred to in the above section. Lower frequency clocks will
reduce the bit resolution of the sine-triangle comparison and can lead to a reduction in
inverter performance. Using the example of an inverter control with an output
fundamental of 50 Hz and a switching frequency of 9 kHz (mf = 180), a VCOX clock
can be used in incremental steps of 3.222 MHz. The formula for computing this
frequency increment is given by
CLK min = 2m f ( m f − 1) f o

… (4.4.3)

The resultant variation in performance is illustrated in Figure 4.4.10. The load is set to
3.75 kW as before with ma = 1. Even at the lowest clock frequency for this particular
control modulation set-up, the performance of the inverter is not reduced significantly.
There is only a small percentage reduction in the actual amplitude of the fundamental
voltage component and the THD of the line voltage is almost constant over different
clock frequencies. However, the simulated phase current THD does reduce slightly
with increased digital logic clock frequencies.
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Figure 4.4.10: Variation in inverter performance for different FPGA clocks

4.4.5 Influence of Inverter Dead-Time
Dead-time is defined as the period when the inverter’s cell switches are in the inert
state and is sometimes referred to as the blanking-time. The timing diagram for the
modulation system is shown in Figure 4.4.11. It is necessary in a real inverter to avoid
shoot-through in the switch pair adjacent to the load and to stop shorting together of
two adjacent cell capacitors in the upper voltage level cells. The dead-time is usually
fixed by the control logic, but there is also a delay term introduced by the switching
speed of the power switches and if optically isolated, the speed of the optocoupler.
This analysis will focus on fixed dead-times introduction by the control logic since
any gate driver delays are likely to be much smaller in practice.
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Figure 4.4.11: Modulation timing diagram including dead-time blanking

The path taken by any load current flowing through the inverter is dependent on its
polarity when the inverter cell IGBTs are both turned off. If immediately before the
top IGBT is turned off, the current flowing in the IGBT/diode switch pair is negative
polarity then this current will keep on flowing through the top diode during the deadtime until the bottom IGBT of the inverter cell is turned-on. The net result is an
extension of the period of voltage level contribution to the output voltage. If the
current is positive polarity, then the output voltage drops one level immediately. The
result is that it will modify the output voltage amplitude and phase. This is of
particular concern in ac motor drives since the dead-time distortion is more
pronounced at low modulation depths, which is a control requirement when operating
at low speed (low fundamental frequency). There has been significant work done on
compensating for this effect in standard inverters [4.23, 4.24]. The dead-time also
introduces distortion in the phase current around the zero-crossing and this too has
been investigated in the past [4.25].
An added complication in the case of the balancing swapping of modes in the flyingcapacitor inverter, the output voltage can actually drop and increase by one level
where two cells are put into the inert state. The voltage level change occurs when
there is a switching transition and more than two-cells are changing state due to the
balancing algorithm with both cells briefly put into an inert state during the dead-time.
If the current is positive then the bottom diode in the inert cell will conduct reducing
the level, otherwise the top diode will conduct when the current is negative. Figure
4.4.12 shows a comparison of the phase voltage and current waveforms for no dead-
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time and fixed dead-time, to highlight this level jumping. The bottom current
waveform also shows the distortion introduced by the dead-time control. The
simulated waveforms were produced for a low mf and large dead-time to exaggerate
the effect.

Figure 4.4.12: Comparison of effect on phase voltage and current of no dead-time
(top) and with a 20 μs dead-time (bottom)

To quantify the effect of the dead-time value on inverter output performance,
simulations are conducted under realistic load conditions. With the cell-capacitance
fixed at 1 mF and using a 400 V dc link, the generic 3.75 kW, DPF = 0.8 inductive
load is used for further comparison of the control and system issues. It has been seen
that performance improvements at higher operating frequencies are only slight, and
the sensible approach would be to keep the PWM frequency as low as possible to limit
the switching losses in the power converter switches and reduce any possible EMC
problems. Therefore, a PWM switching frequency of 9 kHz is used which equates to
an mf = 180 when synthesising a 50 Hz fundamental.
Figure 4.4.13 illustrates the variation in system performance as dead-time is increased.
There is a deterioration in the phase current THD due to the distortion in the phase
current waveform seen above, which introduces increased low frequency harmonics.
The curves also show the effect on modulation depth which will need to be
compensated for in practical closed-loop system. This can be achieved by the closedloop voltage controller adjusting the reference amplitude demand.
The output spectra shown in Figure 4.4.14 illustrates clearly the increased levels in the
base-band frequency components caused by the introduction of the dead-time in the
inverter firing commands.
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Therefore the dead-time should be selected to be as short as possible, and will depend
on the switching characteristics of the power electronic devices.

Figure 4.4.13: THD, blocking voltage and modulation parameter variations with
dead-time
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Figure 4.4.14: Voltage and current spectra for mf = 180, ma = 1 and 5 μs deadtime

4.5 Practical System Performance Comparison
The simulations so far have focussed on the individual issues of loading, control and
inverter component selection, and the effect on system balancing, output power
quality and inverter reliability. Earlier in this chapter the wide variety of different
carrier placement strategies for multilevel sine-triangle PWM were discussed and their
relative merits compared by reference to the ideal output voltage case. A more
detailed comparison can now be performed by using a simulation of a practical
inverter with real switches.
The inverter components and control settings for comparing the different PWM carrier
schemes are listed in Table 4.5.1. A higher operating switching frequency allows a
greater output power to be supplied compared to SHE control. The simulated threephase load requires a total active power of 3.75 kW and has a fundamental frequency
DPF of 0.8. Given that there is a trade-off between higher switching frequency and
power dissipation in the semiconductor switches, a switching frequency of 3 kHz is
selected for synthesising a 50 Hz fundamental output sinusoidal voltage. VCOX
FPGA clock control is assumed at a value of 25.134 MHz.
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Parameter

Value

DC Link Voltage

400 Vdc

IGBT/Diode

IRG4PC30KD (30 A/600 V)

Unit Cell-Capacitance

1 mF

Load Inductance

4 mH

Load Resistance

0.5 Ω

Load Active Power

3.75 kW

Displacement Power Factor 0.8
Fundamental Frequency

50 Hz

Switching Frequency

3 kHz (mf = 60)

Dead-Time

3 μs

Table 4.5.1: Simulator settings for PWM scheme comparison

Simulations were run on all forms of PWM carrier scheme including the third
harmonic injection approach used for achieving higher modulation depths. Table 4.5.2
lists the different control schemes and the resultant operating parameters of the
system. Even though the simulation target ma value is unity, the actual ma = 0.97 in all
cases. This reduction is due to the combined effect of the 3 μs dead-time and the
voltage drop across each power switch. The individual PWM carrier schemes do not
affect the output voltage amplitude of the fundamental. Note that the true power factor
is less than the ideal 0.8 in each case because of the harmonic content in each phase
voltage and current. The third harmonic injection methods results in a reduced overall
power factor because of the additional 3rd harmonic term in the phase voltage. The
predicted electronic losses are broadly the same for all schemes, showing that the
different carrier placements do not influence the losses.
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Scheme

ma

Phase
Phase
Line
TPF Output Power
Voltage Current Voltage
Power Loss
(Vrms) (Arms) (Vrms)
(kW)
(W)

PD

0.97 142.7

11.5

241.8

0.78

3.83

189

POD

0.97 142.8

11.5

244.1

0.77

3.80

189

APOD

0.97 142.8

11.3

246.6

0.77

3.74

187

PS/HPS

0.97 142.8

11.4

246.4

0.77

3.75

187

SPD

0.97 142.7

11.5

243.4

0.78

3.83

188

SPOD

0.97 143.0

11.3

245.2

0.77

3.71

185

DPS

0.97 143.2

115

244.7

0.76

3.71

188

PD + 1/6th 0.97 146.7

11.3

241.9

0.74

3.70

186

PD + 1/4th 0.97 149.3

11.3

242.4

0.73

3.69

185

Table 4.5.2: Output performance comparison of different schemes (mf = 60)

The output harmonic performance for each scheme is compared in Table 4.5.3. The
simulation data shows that the PD scheme results in the lowest line voltage THD,
whilst the APOD results in the highest, although the phase current THD figures are
broadly similar and will be more dependent on switching frequency and the load
filtering characteristic. The increased harmonic content of the phase voltage shown in
the 3rd harmonic injected schemes does not adversely affect the line voltage and phase
current harmonic content since the extra triplen harmonic is cancelled in the threephase load.

Scheme

Phase Voltage THD Line Voltage THD Phase Current THD
(%)
(%)
(%)

PD

28.91

18.83

5.38

POD

28.72

23.22

6.60

APOD

28.82

27.06

4.76

PS/HPS

28.60

27.01

4.94

SPD

29.02

22.28

6.49

SPOD

29.19

24.34

5.30

DPS

29.08

23.12

7.79

PD + 1/6th

37.33

18.63

4.43

PD + 1/4th

42.26

18.73

4.76

Table 4.5.3: Output distortion comparison of different carrier schemes (mf = 60)
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Table 4.5.4 presents the simulated parameters associated with the capacitors and
electronic switches. These values illustrate how well the system is balanced for each
carrier scheme. Interestingly, the poorer harmonic performance of the APOD is not
related to higher capacitor ripple since the maximum blocking voltage in this case is
the lowest of all the schemes. A higher blocking voltage and a larger maximum power
loss in one of the switches indicate a poorer balanced operation in the POD and DPS
cases.

Scheme

Cell Voltages
(V)

Max.
Cap.
Peak Power Loss
Switch Current
(V)
(Arms) IGBT Diode Trans.
(W)
(W)
(W)

PD

102.1 200.5 302.1 126.9

5.57

6.57

1.41

0.15

POD

99.9

201.6 301.0 139.9

5.59

6.72

1.45

0.15

APOD

100.2 199.7 299.8 114.5

5.50

6.18

1.36

0.15

PS/HPS

98.7

197.4 299.7 122.5

5.54

6.36

1.36

0.15

SPD

99.5

200.3 301.2 131.1

5.52

6.48

1.36

0.16

SPOD

99.9

201.5 300.3 130.8

5.45

6.44

1.34

0.15

DPS

97.1

202.1 294.7 132.3

5.58

7.13

1.64

0.17

PD + 1/6th 102.1 200.5 301.4 130.9

5.57

6.42

1.36

0.16

PD + 1/4th 99.5

5.52

6.48

1.40

0.16

199.1 298.6 128.6

Table 4.5.4: Phase balancing performance comparison of different carrier
schemes

Finally, the variation in predicted power losses and harmonic distortion at different
switching frequencies was assessed by simulating the inverter operating with PD
PWM at a much higher link voltage and load power. The dc link voltage was set to
1600 V and a 30 kW, 0.8 DPF load model used. This increases the switching loss
component of the total electronics losses. As can be seen from Table 4.5.5, the
switching losses show a linear increase as a function of the switching frequency. The
harmonic distortion also shows an improvement as the switching frequency is
increased. The peak blocking voltage also reduces slightly at higher switching
frequencies.
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Harmonic Distortion

Power Losses

Max.
Switch Phase
Line
Phase
Max.
Block
Freq. Voltage Voltage Current
IGBT
Voltage
(kHz)
THD
THD
THD
Loss
(V)
(%)
(%)
(%)
(W)

Max.
Diode
Loss
(W)

Max.
Switch
Loss
(W)

Total
System
Losses
(W)

5

27.15

17.26

2.70

442.3

12.51

3.43

0.80

391

10

27.03

17.01

1.44

429.5

12.29

3.30

1.61

410

15

26.86

16.85

0.98

411.5

12.23

3.30

2.38

428

20

26.72

16.72

0.86

415.1

12.24

3.31

3.23

446

25

26.63

16.66

0.80

410.0

12.22

3.30

4.02

464

Table 4.5.5: Effect of switching frequency on performance

4.6 Conclusions
This chapter has shown that there are a wide variety of different sine-triangle PWM
implementations, which all result in generally good overall performance. A detailed
analysis of the different schemes has been presented, including specific practical
issues such as dead-time effects and digital-logic clock frequency limitations. A
detailed comparison of the different multicarrier PWM approaches has been
performed by simulation on a realistic inverter model, so that the influence of the
inverter and load parameters, and more importantly the cell-capacitors could be
assessed.
The simulations have revealed that the phase disposed (PD) carrier placement scheme
potentially offers the best performance even with realistically sized cell-capacitors.
However, when there is significant capacitor voltage variation, then the resultant
lower frequency components dominate the unwanted harmonic content of the phase
current, and therefore there is less to choose between schemes.
A novel digital hardware balancing control scheme for the flying-capacitor inverter
has been proposed that will operate correctly regardless of which PWM control
scheme is being used. Simulations have revealed, however, that the performance is
very susceptible to timing errors in the system, and a method has been verified which
can be implemented and used to reduce these effects. The VCOX control of the FPGA
clock is easy to implement. This type of circuit is already an integral part of many
home entertainment appliances, but it is a novel approach to control timing accuracy
in a power converter system.
The flying-capacitor inverter performance characteristics have been normalised in
terms of the energy factor and load displacement power factor. This information can
then be used in the design of a real inverter, and is of specific value in optimising the
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inverter for the target load and ensuring that the size and cost of the cell-capacitors is
minimised.
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