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Bandwidth Considerations for Multilevel Converters

Geoff Walker,Member, IEEE,and Gerard LedwichSenior Member, IEEE

Abstract—Multilevel converters can achieve an overall effective

switch frequency multiplication and consequent ripple reduction Fx I F P 2 S
through the cancellation of the lowest order switch frequency rx L ¥ x L x4 L L
terms. This paper investigates the harmonic content and the fre-
guency response of these multimodulator converters. It is shown ¥ x = X x = S x =
that the transfer function of uniformly sampled modulators is 1, | ]
a bessel function associated with the inherent sampling process. F*TIT T T FTI7T T
Naturally sampled modulators have a flat transfer function, but
multiple switchings per switch cycle will occur unless the input
is slew-rate limited.

Lower sideband harmonics of the effective carrier frequency
and, in uniform converters, harmonics of the input signal also X = = % = X = = =
limit the useful bandwidth. Observations about the effect of
the number of converters, their type (naturally or uniformly I *F T % T % T
sampled), and the ratio of modulating frequency and switch X x X % xX = =
frequency are made.

. . _}! = JZ = j! rF S
Index Terms—Natural PWM, modulation, multilevel convert-

ers, uniform PWM. Fig. 1. An example of a multilevel converter—a five-level (nine-level

phase—phase) flying capacitor converter [3].
I. MULTILEVEL CONVERTERS

MULTILEVEL converter has a multiple of the usualconverter where the switching frequency is low and filtering
six switches found in a three-phase inverter. The maif expensive.

motivation for such converters is that voltage [in a voltage- Many different approaches to multilevel control have been
source inverter (VSI) and current in a current-source invertgeblished. The diode-clamped topology imposes restrictions
(CSI)] is shared among these multiple switches, allowir@f? allowed switch states and requires further control to main-
a higher converter power rating than the individual switckin the auxiliary capacitors at their correct voltages. As a
volt—ampere (VA) rating would otherwise allow. This sharingonsequence, the control and modulation of these converters
is achieved by summing the outputs of several two-levare treated as one whole problem. Extensions of subharmonic
converters with transformers or inductors [1], or direct serig¥\d precalulated optimized [4], space voltage vector [5], and
connection, or by more complex topologies such as the diod®steretic [6] control strategies have all been made.
clamped inverter and the flying capacitor inverter [2], [3]. A more modular control scheme is usually adopted for flying
An example of a multilevel flying capacitor voltage sourc€apacitor and multibridge converters [1], [8].
converter is shown in Fig. 1. This paper only examines naturally and uniformly sam-

Another secondary, but very important advantage is tiéed synchronous pulsewidth modulation (SPWM), as these
extra degrees of switching freedom that the multiple switché&&chniques are easily implemented, produce good results for
permit. Each switch still has the same limited switchingioderate switch frequencies, and are easily extended to multi-
frequency, but by staggering the switching instants of thyidge converters. In particular, the bandwidth and harmonics
individual switches, the overall switching frequency of théf these two techniques are examined, both for single and
multilevel converter effectively becomes a multiple of thaultimodulator converters.
of the individual switches [1]. A further gain comes since we [N any case, space-vector modulation and uniform sampled
switch betweemultiplevoltage levels at this higher frequency®WM have been shown to be closely related [7]. Space-
rather than two, so the switching harmonics appear at a higiyé€tor modulation does uniformly sample the input, and the
frequencyand a lower level (see Fig. 2). Overall convertefollowing results for uniformly sampled PWM apply equally
input and output ripple is much reduced, and less filterirl§ Space-vector modulation.
is required. This is an important advantage in a high-power

II. THEORY
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Fig. 2. Three-phase synchronous carrier PWNM,= 9, and M = 0.9. From the top, the three sine waves of frequerfgyintersect with four triangular
carriers of frequencyf. to produce 12 PWM waveforms. The four PWM control waveforms associated with phase A are shown and then the resultant
five-level phase A PWM waveform when these are added as a result of the structure of the converter. The five-level phase B waveform is similarly

produced, and the nine-level phase—phase waveform is the difference of these.

instant occurring at the same instant as the output edge. SP\&Wilable bandwidth at a given amplitude. If higher frequency
occurs when the carrier or switch frequenfyis a multiple components in the input signal occur at lower amplitudes—as
of the input signal’s frequency; and is the usual practice foris often the case in active filters—then these can be reproduced
a low-pulse numbetN = f./f1. without attenuation and without violating the slew-rate limit.
For natural SPWM, the spectrum consists of the input sigrialirthermore, if multiple switching edges and the resultant
f1, the carrier and its harmonicsf., and their associated rise in switch frequency can be tolerated, then high-frequency
sidebandsnf. &= nf; (see Fig. 6). The amplitudes of thesenput signals will continue to be faithfully synthesized, without

spectral terms are given by Bessel functions and are a functiiatortion or intermodulation products.

of modulation depthA/ (the amplitude of the modulating The natural PWM modulator is quite simply implemented
signal f1) as well as frequency. in analog hardware, but does not lend itself to microcontroller
No harmonics or intermodulation products of the inputmplementation as the switching instants are defined by tran-
signal are generated. The frequency response of the mosdgendental equations. Being analog, untrimmed accuracy of
lator itself is flat. The overall response of the converter ke triangular carrier's amplitude, and thus switching instants,
determined only by the output filter (see Figs. 4, 5, and 7).is limited to £5%. This leads to poor cancellation of spectral
A limit is, however, imposed on the input signal’s slew ratéerms in multilevel converters, and even after trimming, the
if multiple switching edges per switch cycle are to be avoidednalog-generated natural PWM still cannot match the digitally

The slope of the input signal should not exceed the slope igfplemented uniform PWM in this area.

the triangular carrier wave by remaining within the boundarg .
Mfi<2/7f.. . Uniformly Sampled PWM

It should be noted that a limit on input signal’s slew In uniformly or regularly sampled PWM (uniform PWM),
rate does not limit the bandwidth as such, but rather thiee input signal is regularly sampled at the beginning of
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Fig. 3. The process of (a) natural and (b) uniform sampling. Uniform sampling introduces a delay of on aligragé which causes a sinc-like
frequency response.

@ (b)

Fig. 4. The transfer function (versus the rafig/ f.) of (a) natural and (b) uniform PWM modulators. Natural modulation introduces no attenuation or phase
delay, but is subject to a slew-rate limit (dotted) if multiple pulses per switch cycle are to be avoided. For uniform modulation, the attenuatiatids a f
of both modulation deptii/ and the ratio of modulating signal frequency to carrier (switch) frequerficy ).

(@) (b)

Fig. 5. The measured transfer function (ffir/ f.) of (a) natural and (b) uniform PWM modulators is in clear agreement with theory.

each switch cycle before being compared with the triangségnal is attenuated at higher frequencies (see Figs. 4, 5, and
waveform. While this complicates an analog implementatioB).

this approach is easily implemented with a microcontroller. The PWM output spectra of natural (1) and uniform (2)
The resultant spectrum of the output resembles natural PWthuble-edge synchronous modulation are represented in Fig. 6
however, harmonics of the input signaf; exist, and the input as the sum of their constituent harmonics [9].
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where fi input signal frequency ®; input signal phase, (0...27)
fe carrier (switch) frequency ®, carrier phase, (0...27)
m,n integers, such that ... mf.+nfi output frequency spectral terms
M  modulation depth. (0...1)

Fig. 6. The frequency spectra of natural and uniform sampled double-edge PWM for a sine-wave input of frgquency
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Fig. 7. This waterfall plot and its front elevation show the spectra of a naturally sampled four-level converter for different input frequencies.
M = 09andf. = 450 Hz.
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Fig. 8. This waterfall plot and its front elevation show the spectra of a uniformly sampled four-level converter for different input frequeneitdsatNoe
input signal response is not flat and the presence of input signal harmonics [cf. natural sampling (seeig= 1)) and f. = 450 Hz.

o

Usually, the ratiof;/f. is large, in which case uniform C. Extension to Multiple Modulators

PWM is very similar in performance to natural PWM. As . . .
the input frequency rises and, thus, this ratio falls, the inp tReferrlng o (1) and (2), the phase of the input signal term

signal response rolls off and the amplitude of both input signdf* = 0:7 = 1) in natural PWM remains equal ®;, butin
harmonics and sideband harmonics increases (see Fig. 8). Higorm PWM, some phase shift is introduced by the sampling
may limit the use of uniform sampling with a low-carrieprocessb; — = /2f/f.. This delay can become significant as
frequency. the ratio f;/f. increases and should be considered in wide-
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48 Bridge Uniform PWM, M = 0.9, fs = 60Hz, fc = 120 Hz
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Fig. 9. The hypothetical consequence of using uniform sampling for a 49-level converter\hery./f1 = 2. The synthesized fundamental has been
attenuated, and odd harmonic distortion overwhelms the switch frequency terms.

bandwidth closed-loop stability calculations. For both naturaitegrating square waves, and then these were compared with
and uniform PWM, changing the carrier phade does not the modulating wave to generate the PWM signals. These
affect the phase of the input signal term, ms = 0, but three PWM signals were summed to give a four-level output
does affect the carrier and its sidebands,mas# 0. In waveform. Stable and accurate phase-shifted clock signals
multimodulator converters, choosing.; for each modulator were provided by an 80C196 microcontroller rather than
such that: m®..; = 0 will cancel all carrier and sidebands ofdiscrete logic for simplicity and flexibility.
orderm. As an example, the simulations and practical results A four-level uniformly sampled modulator based entirely
in this paper apply to a three-bridge four-level converteon an 80C196 was also developed. The internal 10-b ana-
Each bridge carrier was phase shifted by/3 so although log—digital (A—D) converter samples the modulating waveform
the switch frequencyf. = 450 Hz, only spectral componentsbefore every edge. This value is scaled and becomes a time
associated withn = 0, 3, 6, - - - appear in the PWM output. offset which is added to the mean switching instant. At this
This result opens up the possibility of using a large nuncalculated time, one of three output pins is set or cleared
ber of low-frequency bridges in high-power applications (foappropriately by the high-speed-output peripheral.
example, 48 modules with 120-Hz carrier frequency [8]), The spectral results of the two hardware approaches
however, difficulties arise in practice which theory and idealere collected and calculated with a dedicated spectrum
simulations might not predict (see Section V). analyzer—the Tektronics 2630. This spectral data was
imported into Matlab and plotted along with the predicted
values for comparison. In the figures, the measured data
appears as a continuous (1024 pt) spectrum, with spikes

A number of Mat!ab routines (“.m” files) have been Writterbeaking (hopefully) at the predicted values indicated by
to calculate and display the spectral components generaiefli;ontal bars.

by single and multiple converters, both natural and uniform
sampled. The switching instants of the edges are calculated
directly for the uniformly sampled case and iteratively for V. DISCUSSION OFRESULTS

the nf':ltur.ally samplfed case. Nonideal eﬁe.cts such as timeryq rolative performance of the different modulators (nat-
quantization, switching delays, and dead times can also B ersus uniform and analog versus digital) is compared

easily included at this point. Jump function analysis [10] i§nger a number of headings: carrier cancellation, signal dis-
then used to calculate the exact Fourier spectrum of th%ﬁion and interference by the lower sidebands.

PWM waveforms and avoids the problems of the fast Fourier
transform (FFT). These files have proved to be useful tools . )
for the prediction of spectra. A. Carrier Cancellation
A four-level naturally sampled modulator was built in Ina multilevel converter, cancellation of suppressed carriers
hardware. Three triangle reference waves were generatedabyg their sidebands should be complete, and this was seen

lll. RESULTS
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Fig. 10. These spectra compare the predicted and measured spectra of (a) naturally sampled two- and (b) four-level déneebtérand N = 9 (f, = 50
Hz and f. = 450 Hz).
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Fig. 11. These two spectra compare the predicted and measured spectra of (a) uniformly sampled two- and (b) four-level cdhvertérs. and
N = 9 (fi = 50 Hz and f. = 450 Hz).
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Fig. 12. These two spectra compare the predicted and measured spectra of (a) naturally and (b) uniformly sampled four-level converters atitmw-modula
depth. M = 0.2andN = 9 (fi = 50 Hz and f. = 450 Hz).

in the simulations. In practice, inaccuracies in the generatioonverter did achieve excellent cancellation, with only the 450-
of switching instants from bridge to bridge will lead toHz carrier {,,, ~ 3e-) visible above the noise flood}, <
poor cancellation of harmonic terms. The uniform sampleie4) (see Fig. 11). This is due to the precision of the digital
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Fig. 13. These two spectra compare the predicted and measured spectra of (a) naturally and (b) uniformly sampled four-level converters at a higher
input frequency.M = 0.9 andN = 1.8 (fi = 250 Hz and f. = 450 Hz).
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Fig. 14. These two spectra compare the predicted and measured spectra of (a) naturally and (b) uniformly sampled four-level converters atw higher inp
frequency, but a low-modulation depth/ = 0.2 andN = 1.8 (f1 = 250 Hz and f. = 450 Hz).

implementation of the uniform converter and not attributablarger systems. To illustrate this problem, a 48 modulator
to the uniform sampling process itself. system was simulated using uniform sampling. The ampli-
The natural converter did not achieve the same order toide of the harmonic distortion components can be seen
cancellation V,,, ~ 3e-3 at 450 Hz andM = 0.9) (see to overwhelm the switch frequency spectral terms (Fig. 9).
Fig. 10). This is simply because of the analog nature &ome researchers advancing the cause of multilevel FACTS
the circuitry and the consequent inequalities between eamnverters have recognized the need for modulators with a
of the three modulators. The results shown were achieviakear transfer function [11], such as the sine-triangle natural
after trimming the amplitudes of each integrator, as standadmpled modulator.
tolerance components led to poor cancellation. In terms ofAt low-modulation depths, natural and uniform modulators
precision, the digital modulator has a distinct advantage owae very similar spectrally, and uniform sampling is relatively

the analog modulator. distortion free (Fig. 12). In the limit as the signal amplitude
goes to zero, the only difference is that of a pure delay of half
B. Harmonic Distortion of a switch subcycle.

In theory, the naturally sampled PWM does not generate
any harmonics of the input signal, however, some low-level _
distortion terms are visible in practice (e.g., for 50 HZ- Carrier Spectral Interference
M = 0.9 and the 150-Hz third harmonie: 6e-4). This is The lower sideband harmonics of the carrier remain constant
in contrast to uniform PWM which does generate harmoni@s amplitude for a natural sampled modulator, as can be seen
of the fundamental (e.g., as above, but unifoenge-3). in the waterfall plot (see Fig. 7), while those of a uniform
Although these distortion components are small in theseodulator oscillate, eventually dying away. For this reason,
measurements, they do become the limiting factor in somaiform sampling does appear to have an advantage for higher
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frequency modulating signals of large amplitude (Fig. 13).
This advantage disappears at lower amplitudes (Fig. 14).

For large systems with many modulators, the first significan[[z]
sidebands usually meet the input signal whgpf. = 1 and
so limit the large-signal bandwidth to this value (see Figs.
and 8).

In summary, good carrier cancellation can be achievet#]
with digitally generated uniform PWM, which would suggest
the feasibility of low-carrier frequencies and multiple bridgesis)
in high-power applications. However, low-carrier frequencies
lead to a large ratio of/f. and the associated problems of [6]
fundamental input signal attenuation, phase lag, and significant
odd harmonic distortion. Multiple modulator converters canno{L7
hide these problems. Furthermore, when time quantization w. é
included in the simulations, little impact was made on the
spectra for the three-modulator system, but as the number &
modulators rose, so did the impact of time quantization on
distortion terms and previously cancelled carrier terms. [9]

[10]
V. CONCLUSION

Multimodulator converters can achieve an effective increase
in overall switch frequency through the cancellation of th&1l
lowest order switch frequency terms. This paper has examined
natural and uniform PWM modulation techniques to determine
if this allows a similar effective bandwidth increase. The PWM
output spectra were calculated mathematically, simulated us-
ing Matlab, collected from hardware implementations of the
modulators, and the results evaluated and compared.

Naturally sampled PWM does not attenuate the synthesiz
fundamental nor generate any distortion products of the fu
damental, so it appears more promising in theory. In practic
as the number of converters increases, the variation betw:
the analog-generated carriers makes it increasingly diffic
to achieve good carrier cancellation. The digitally generat
uniform PWM can achieve consistently good cancellation 0

carrier terms. However, uniform PWM attenuates the inp'H
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