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MSW Inverter’s Harmonic Analysis

Jack Borninski; endeavsys.wordpress.com

This work has been prompted by the need to determine the composition of the waveform

put out by one of my modified sine wave (MSW)
1
 power inverter, whether it can satisfy

the power quality requirements of some of my AC appliances, and the interference it may

cause to some equipment. Also, to gain general understanding of power quality derived

from commonly used MSW inverters. Also, to modify this inverter to some degree, and

compare the results with the original design. This work focuses on the harmonics

produced by a non-sinusoidal MSW voltage source (this power inverter), and not by

nonlinear loads.
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Background and General Info

Regarding the effects the MSW has on some of my appliances, it messes up the cycle and

the operation of my washing machine made circa 2013 (maybe because the line

frequency is used in its timing logic and the thresholds are set for the peak of the

sinusoidal waveform, or maybe because of the variable-speed drive used in this washing

machine). It also affects the operation of my laptop’s mouse pad (probably because of its

interaction with the laptop’s switched-mode power supply – see below).

Regarding the RF interference, under some conditions this inverter interferes with short-

wave reception in the HF band, and to some extent with digital TV reception in the

VHF/UHF bands.

Most of the interference probably originates with the switching frequency used in the

DC-DC stage of this inverter (in the range of tens of kHz, and greater for its harmonics).

This is a MSW and not a pure sine wave (PSW) inverter, and so its DC-AC stage

switches the DC bus at a relatively low frequency (in the range of several hundred Hz) to

produce the final AC output waveform. I do not know exactly the frequency plan of this

inverter. Additionally, grounding the inverter’s case does not seem to diminish the

interference.

Just like many common battery-based inverters on the market, this is a voltage-source

type of inverter (it behaves like a voltage source, as opposed to a current source). It

generates its own more-or-less stable reference output voltage, and it supplies varying

amounts of current up to the power limit of this inverter.

Anyway, harmonic analysis of this inverter’s voltage output should answer the question

about the energy versus frequency in this inverter-generated AC waveform. This analysis

                                                          
1
 This should really be called Modifed Square Wave, but the industry uses “sine” instead of “square”.
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is based on considering the ideal output waveform as defined below, and for now I am

neglecting any additive “noise” that rides on this waveform.

When observed on an oscilloscope, this 24V, 2300 W (continuous output) inverter puts

out the following single-phase (N to L1)
2
 AC voltage waveform at 60 Hz line frequency

and no-load condition:

• 3-level MSW (+Vpeak, 0, -Vpeak), periodic with line period of 1/60 sec. It is

essentially a square wave with zero DC bias, but it contains zero-voltage

deadbands/blanking time (see later).

• Vpeak = 140 V, duty cycle D = 0.75 (for positive-going and negative-going voltage

pulses of this 3-level waveform). This makes RMS voltage Vrms = 121 V (similar to

grid’s L1 or L2 = 120 V), crest factor CF = 1.15 (lower than grid’s 1.41), peak-to-

average power ratio PAPR = 1.33 (lower than grid’s 2). Note that the grid’s

waveform is approximately a PSW.

• the waveform stability versus load level in this inverter is fairly decent within its

operating range – see the pictures below.

This MSW voltage waveform shape remains more or less stable versus different types of

load. However, the current waveform shape may follow the voltage waveform in some

cases, or it may be completely different, distorted, and phase-shifted in other cases – see

below. While I have calculated the total harmonic distortion (THD) of this voltage

waveform (see later), I have not calculated the THD of the current waveforms. For

reference, some power quality standards call for the maximum THD in the current

waveform to be 15% for single-phase electric service, or the home appliances may be

negatively affected otherwise.

Anyway, the picture below shows a cycle or so of this MSW voltage waveform, under

no-load condition. The current, shown by the fat horizontal line in the middle, is zero.

                                                          
2
 Even though the inverter’s 120V AC output wires are white (N) and black (L1), this inverter does not

follow the conventional 3-wire split-phase US residential convention. Its white wire is not bonded to the

ground (and it’s not meant to be bonded per manufacturer’s instructions), and both white and black wires

are floating thus making them equal and symmetric in the way they supply AC power to the loads.
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This inverter seems to operate with the fixed-amplitude 140V DC bus inside (the output

of its 24V DC-to-140V DC converter), that is being switched to create its AC output. So,

this inverter’s MSW voltage waveform may be thought of as a simple pulse-width-

modulated (PWM) waveform. Simple, because only one amplitude value of the

underlying sinusoid is modulated into the MSW waveform’s pulse width. The

pulse/switching frequency here is the 60 Hz line frequency (or twice the line frequency if

you consider the positive and negative pulses separately). Note that more complex PWM

schemes, at pulse frequencies of tens of kHz, are typically used to create waveforms with

much lower harmonic distortion in PSW inverters.

The current waveform in this inverter pretty much follows the voltage waveform on a

linear resistive load. The picture below shows a few cycles of the voltage (on the outside)

and current (on the inside) waveforms while the inverter operates a small toaster (about

an 800 W load). Note that the voltage and the current waveforms are in phase. Also note

the distortion of the voltage (and current) waveform with this load.
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The current waveform in this inverter does not follow the voltage waveform on a linear

reactive-inductive load, due to the reactive-inductive load’s current inertia. The picture

below shows a few cycles of the voltage (flat line on the outside) and current (squiggly

line on the inside) waveforms while the inverter operates a typical house refrigerator.

Note that the current generally lags behind the voltage by about 60 deg, as it should be

for this reactive-inductive load (the refrigerator’s compressor motor).

Also note the jagged current peaks occurring at the points of discontinuity in the voltage

waveform. But this inverter sources enough current to quickly overcome this inductive

load’s current inertia.

 Additionally, note that the current waveform is non-sinusoidal and it contains its own

harmonics. But, these harmonics are due to the inverter’s non-sinusoidal voltage

waveform and not due to the non-linear load. This motor load itself is linear, and it would

generate a sinusoidal current waveform if the voltage waveform were sinusoidal – I’ve

verified it by powering this refrigerator from the grid.
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And another linear reactive load operating under this non-sinusoidal MSW source. The

picture below shows this inverter operating a typical house microwave oven, about 1500

W (the current waveform on the inside is not at the same scale as above).

Note the almost-sinusoidal current waveform as it powers the magnetron’s high-voltage

transformer. Also note this load’s current inertia during the inverter’s voltage-off periods.

Unlike in the picture above, note the current being almost in-phase with the voltage – this

microwave oven may have a PF-correcting capacitor in it.

Also note a sizable voltage waveform distortion (voltage sags at the time the current

peaks).
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Some of the interference occurs when this MSW inverter operates nonlinear loads
3
, such

as a computer’s switched-mode power supply (SMPS), as shown in the picture below.

Note the current being withdrawn in pulses, as the SMPS recharges its front-end

capacitor. Also note that the non-sinusoidal nature of this MSW inverter’s voltage

waveform seems to cause the lack of coordination between the time the SMPS needs

energy and the time the inverter can supply energy. Additionally, note the distortion in

the inverter’s voltage waveform due to this non-linear load (various overshoots, etc).

                                                          
3
 Loads that withdraw current from the source in discontinuous fashion, and that by themselves introduce

new harmonic current frequencies into the power line.
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In contrast, compare the picture above with the picture below, which shows how the same

non-linear SMPS load symmetrically withdraws current in pulses from a strong

sinusoidal source such as the grid.
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Anyway, for now I limit myself to analyzing this inverter’s MSW voltage waveform.

I am interested in the following to evaluate this inverter’s power quality and potential for

causing interference:

• What is the harmonic contents of this MSW waveform? That is, if this inverter’s

output waveform were decomposed into sinusoids, then which frequencies are present

in this decomposition?

• How much energy is contained in each of the harmonics, relative to the energy in the

fundamental? That is, what is the distribution of energy put out by this inverter versus

frequency.

• How much energy is contained in all of the harmonics, relative to the energy in the

fundamental? I’d like a ratio of undesirable energy to desirable energy, to see how

much energy is being siphoned off to create the unneeded harmonics.

Fourier Series Analysis

To answer the first two questions I use the Fourier Series (FS) decomposition of this

inverter’s MSW output voltage waveform. In a general FS, a periodic signal (such as this
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MSW waveform) can be represented as a point in a multi-dimensional signal space

spanned by some orthonormal (orthogonal and normalized) and complete set of basis

functions. This is analogous to representing a point in a N-dimensional coordinate system

(with N approaching infinity).

In other words, a periodic signal can be represented as a sum of terms involving these

basis functions and their scale factors (FS coefficients). Or equivalently, the projection of

this signal onto each axis in this signal space is the FS coefficient for this specific basis

function.

It is also important to note that the FS is a complex-valued function (the FS coefficients

are complex numbers) of a real integer parameter “n”, where n is a harmonic number

varying from 1 to infinity, which maps to its frequency by multiplying it by the frequency

of the 1
st
 harmonic (fundamental), see later. FS is the proper frequency-domain

representation of periodic signals, it generates line spectra (magnitude and phase) in

frequency domain, and is similar to the Fourier Transform (FT) which converges to the

FS’s line spectra for periodic signals as its time-domain record length tends to infinity.

In addition, if we choose these basis functions to be complex exponentials (sinusoidal

functions of time in complex space), then this FS decomposition yields the harmonic

representation of this MSW waveform. “Harmonic” in this sense means composed of

complex exponentials/sinusoids of ever-increasing frequency with the harmonic number

n, in discrete steps of multiples of the fundamental. This includes the zero-frequency DC-

bias term (average value), the complex exponential corresponding to the frequency of this

MSW waveform (fundamental, or 1
st
 harmonic), and the complex exponentials

corresponding to the integer multiples of the fundamental frequency (higher-order

harmonics, even and odd).

Now, given the “rectangular” nature of this MSW waveform, one could come up with

some other “rectangular wave – like” set of basis functions (orthonormal and complete),

and decompose this MSW waveform using this rectangular basis set. Such decomposition

could be more efficient in that only a small number of rectangular basis/harmonics would

be needed to describe this MSW waveform completely. However, this decomposition

would not be consistent with the accepted methods for analyzing electric power systems

in terms of sinusoidal harmonics.

Note that if this MSW signal is represented by its harmonic FS decomposition, then

depending on the number of terms included and considered in the FS, the result is either a

perfect (infinite number of terms) or an imperfect (finite number of terms) approximation

of this MSW waveform. The imperfect approximation may be considered in some

contexts by taking a finite number of FS terms only after the optimal (corresponding to

the perfect approximation) FS coefficients have been calculated. This is equivalent to

discarding some higher-order harmonics from the analysis, for the reasons specific to the

purpose of the analysis (for example, their energy may be below some threshold).

For the purpose of this analysis, I use the complex exponential form of the FS. I prefer it

to the trigonometric form of the FS because it allows easy access to the magnitude and

phase of the FS coefficients. The magnitude is needed to estimate the energy contained in

each harmonic component. The (relative – referenced to fundamental) phase is needed if I

want to effect the out-of-phase cancellation of any of the harmonic components.
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I also calculate single-sided line spectrum of this MSW waveform (this MSW waveform

is a real signal, so its magnitude spectrum is an even function of frequency, and I don’t

need to calculate the negative FS coefficients for my comparative analysis). Because I am

only interested in the relative amount of energy in the harmonics (with respect to the

fundamental), I calculate the FS coefficients magnitude spectrum only, and disregard the

phase spectrum for now. I also omit the scaling by 2 to account for the negative

frequencies.

The FS coefficients for this MSW waveform are somewhat different from the “standard”

2-level rectangular waveform’s coefficients published in many textbooks and websites.

This is because this 3-level MSW waveform has sections/deadbands in its period that do

not deliver any energy. These are zero-voltage deadbands that result from the way the

inverter’s DC-AC stage’s H-bridge is switched to generate the AC waveform. Note that I

define the duty cycle D for this 3-level zero-average-value MSW waveform as the

fraction of its period when the signal is not equal to zero, and without regard to whether

the non-zero value is positive or negative (both deliver energy).

In general, I calculate the FS coefficients for a symmetric (same profile above and below

zero amplitude) periodic MSW waveform, with zero DC-bias (integral of the waveform

over any one period is zero), bipolar amplitudes {-A, A}, and duty cycle D (D is between

0 and 1, end points included), as follows:

n = 0: X0 = 0 (DC-bias/average value)

n = even (2, 4, 6, 8, 10 …): Xn = 0 (even harmonics)

n = odd (1, 3, 5, 7, 9, …): [ ]1−⋅
⋅

⋅=
⋅⋅⋅

e
Dnj

n

A
jXn

π

π
 (odd harmonics)

The FS coefficients Xn are a series of complex numbers in general, as they indicate the

magnitude and the phase of each harmonic component. This series indexed by “n” can

then be transformed into the complex exponential form for easy determination of

magnitude and phase, but I am not showing this transformation here (I’ll let the software

calculate the magnitude – see the plot below).

In the case of this MSW waveform, the magnitude of the odd FS coefficients generally

decreases with n (but not monotonically for all D), and the phase depends on n and D. I

am interested in magnitude only and I ignore the phase for now (I want to compare the

energy in the higher-order harmonics relative to the fundamental), and so I plot in the

figure below the magnitudes of the FS coefficients for this inverter’s MSW waveform as

defined above (Vpeak = 140 V, D = 0.75), for the first 30 harmonics (both even and odd).
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A few things to notice about this harmonic representation are (only the positive

frequencies are shown in the plot):

• The DC term (zero frequency) in this FS expansion is zero. This is because the

average value/DC bias of this MSW waveform is zero.

• The magnitude of the fundamental (n = 1) is about 8 times the magnitude of the next

strongest harmonic (n = 3 or 7), see the graph.

• The even (n = 2, 4, 6, …) FS coefficients are all zero. This is the result of “halfwave

symmetry” in this MSW waveform (waveform is symmetric about the horizontal axis

– it is equally positive and negative).

• The fundamental frequency is 60 Hz, the 3
rd
 harmonic is 180 Hz, the 5

th
 harmonic is

300 Hz, the 7
th
 harmonic is 420 Hz, the 9

th
 harmonic is 540 Hz, and so on. The odd

harmonics are spaced every 120 Hz.

• The magnitude of the FS coefficients does not monotonically decrease with the

increasing harmonic number. For example, the magnitude of the FS coefficient for the

5
th
 harmonic is less than the magnitude of the FS coefficient for the 7

th
 harmonic.

This is somewhat counterintuitive by looking at the equation above, where n is in the
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denominator. However, for this inverter this is the case because of the interaction

between this equation’s phasor components in the complex plane for different n’s.

• The line spectrum
4
 of this waveform has a main-lobe/side-lobes characteristic. The

main lobe is centered at n = 1. The 3 side lobes visible in the plot are centered at

about n = 7, 15, and 23. Although not shown in this plot, for small values of D

(narrow pulses), the main lobe gets shorter and wider, and vice-versa.

• The energy in harmonics up to the 9
th
 one is above about 10 % of the energy in the

fundamental. From the 11
th
 harmonic the energy is below this 10 % threshold.

Total Harmonic Distortion

To answer the third question, I use the performance index known as Total Harmonic

Distortion (THD). I use the simple THD formula suited to power quality analysis:

THD =

the energy in all harmonics (root-sum-squared (RSS) of magnitudes of FS coefficients for

all harmonics from n = 2 to n = 50)

divided by

the energy in the fundamental  (the magnitude of the fundamental (n = 1) FS coefficient),

as in the equation below:

1

50

2

2

x

x

THD
n

n∑
=

=

In calculating the energy in the harmonics, I take into consideration only the first 50

harmonic frequencies, a typical harmonic cutoff used in power systems analysis
5
.

For this MSW voltage waveform the THD is
6
:

Energy in all harmonics = 23.0

Energy in the fundamental = 82.3

Then, THD = 0.28 (28 %)

Using this THD, the distortion power factor (PF) of this voltage waveform can be

calculated to be (I assume the displacement PF is one, so the total PF = the distortion PF):

                                                          
4
 The energy exists only at discrete frequencies/lines on the spectro-graph.

5
 So, my results may differ slightly from results obtained by using a different number of harmonics, either

smaller or larger than 50, all the way to including the theoretically-infinite number of harmonics.
6
 Typically the current waveform is used to calculate the THD and the PF (current harmonics which are

caused by non-linear loads, where the current is not proportional to the applied PSW voltage). Here, the

harmonics are caused by the non-linear MSW voltage source, which leads to current harmonics even in

linear loads (where the current is proportional to the applied voltage).
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96.0
1

1
2
=

+
=

THD
PF

which means that 96% of the total/apparent power goes to generate the useful real/active

power (real power = apparent power x PF), and 4% is wasted on unregulated

harmonic/reactive power due to harmonics that do more damage than good in typical AC

loads. In other words, the efficiency of this 3-level MSW waveform is 96 %
7
.

So, the switching and other devices used in this inverter must be at least 4% oversized

with respect to the inverter’s (real) output power rating. Or equivalently, the inverter’s

output power must be 4% derated with respect to the device specs used in it.

Also note that in typical distortion PF analysis, the origin of the current harmonics is the

nonlinear load (the voltage itself is sinusoidal). However, in the case of the MSW inverter

the origin of the current harmonics is the voltage waveform itself (voltage harmonics

induce current harmonics directly). But the net result (harmonic currents flowing through

the network and the load) is the same - in addition to transferring the real/active power

the network has to transfer reactive and/or harmonic power.

Now, about THD in general:

Looking at the above formula, THD is optimal (minimum) for a given waveform if either

the energy in all harmonics is minimized, or equivalently the energy in the fundamental is

maximized.

So, the questions below may be asked:

For this 3-level MSW waveform, what is the value of D (the waveform’s duty cycle)

that yields the optimal/minimum value of THD? and,

What is this optimal/minimum value of THD (the lowest possible THD that can be

achieved by a MSW inverter using the 3-level waveform)?

The analytical solution for the optimal D is difficult, as the THD formula and its d/dD

derivative get pretty complicated when the FS coefficients are put into it. However, it’s

fairly easy to calculate the THD for some discrete values of D, say from 0 to 1 in

increments of 0.01, to obtain the general trend. The plot below shows the result of this

calculation for the 3-level MSW waveform.

                                                          
7
 The actual inverter efficiency is lower, as it includes other factors in addition to the waveform efficiency.
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Note the following about this plot:

• In the limiting case D = 0 we have no waveform, and that point is not shown on the

plot.

• In the limiting case D = 1 we have a square wave, symmetric about the horizontal

axis, and THD = 0.4730 (47.3 %). This is slightly less than the theoretical square-

wave distortion of 48.3 %, because I use only 50 harmonics in my calculation and the

theoretical closed-form formula uses infinite number of harmonics (more power in

the harmonics means greater THD).

• In the case D = 0.5, THD = 0.4730 (47.3 %), the same as for D = 1.

• The square wave (D = 1) is not the worst approximation to the sine wave (in the sense

of THD). The worst approximation is the MSW wave with a very small value of D.

• Using the definition above, THD is not limited to the range from 0 to 1 (0 % to 100

%), but may assume values greater than 1 (meaning that the harmonics contain more

energy than the fundamental).

• The optimal/minimum THD = 0.2792 (about 28 %), and it occurs for D = 0.74. This

is the best possible THD for the 3-level MSW waveform.
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At the point D = 0.74 where THD is minimum, the distortion PF is maximum and equal

to PF = 0.9632 (96.3 %). This is the point which gives the minimum amount of

reactive/harmonic power.

The plot above applies to the 3-level MSW waveform only. Other MSW waveforms, for

example a 5-level waveform, will give lower THD. However, the generation of such

waveforms in the inverter is more complicated, and it requires pulse-amplitude-

modulation (PAM) in addition to PWM.

Note that the optimal 28 % THD of the 3-level MSW waveform is not too much worse

than the THD of some PSW inverters. For example, the TorTech company advertises in

their PSW inverter manual: “PURE SINE WAVE AC with an average THD of 15% (min

5%, max 25%) depending of load connected and battery voltage”.

Based on all this, it looks like my 3-level MSW inverter has been designed for the

(almost) optimal/minimum THD of 28 % (at no load condition). However, there is a

possibility that this optimal THD may in real operation be higher depending on “load

connected and battery voltage” (due to the voltage waveform distortion – see the

photographs above), just like in the TorTech inverter.

Also, MSW inverters may or may not be designed for the optimal THD, as there are some

other important waveform parameters to consider – see the example that follows.

Redesigned Inverter

The voltage waveform produced by this inverter is not optimal in some respects, in that

its key parameters are not equivalent to these of the grid’s PSW (Vrms = 120 V, CF =

1.41, PAPR = 2). Note the match in Vrms, and no match in CF and PAPR. Also note that

there is not enough peak power in relation to average power in this inverter’s MSW

waveform.

So, if this 3-level MSW inverter may be redesigned to put out the voltage waveform with

the following parameters:

Vpeak = 170 V, duty cycle D = 0.50,

then this would make RMS voltage Vrms = 120 V, CF = 1.41, PAPR = 2,

and there would be an exact match in all these three parameters between this inverter’s

MSW waveform and the grid’s PSW waveform (of course, the actual waveforms would

still be different).

For this redesigned inverter and its MSW waveform, the magnitudes of the FS

coefficients are plotted in the figure below.
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Things to note about the redesigned inverter’s waveform are:

• The DC term (zero frequency) in this FS expansion is still zero. This is because the

average value/DC bias of this MSW waveform is still zero.

• The magnitude of the fundamental (n = 1) is now only about 3 times the magnitude of

the next strongest harmonic (n = 3), see the graph.

• The even (n = 2, 4, 6, …) FS coefficients are all still zero. This is still the result of

“halfwave symmetry” in this MSW waveform.

• All fundamental and harmonic frequencies are still the same.

• The magnitude of the FS coefficients monotonically decreases with the increasing

harmonic number (as 1/n).

• The energy in harmonics up to the 13
th
 one is above about 10 % of the energy in the

fundamental. From the 15
th
 harmonic the energy is below this 10 % threshold.

For this redesigned MSW inverter’s waveform the THD is:

Energy in all harmonics = 36.2
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Energy in fundamental = 76.5

THD = 0.47 (47 %)

Distortion PF = 0.91

which means that now only 91% of the total/apparent power goes to generate the useful

real power, and 9% is wasted in unregulated reactive/harmonic power (91 % waveform

efficiency). Also, this inverter must be at least 9% oversized with respect to its rated

(real) output power.

Average Power Comparison

As an example, compare the average power delivered to a resistive load (PF = 1) by the

original and redesigned inverters’ waveforms, for some maximum current rating Imax of

the inverters’ switching elements (H-bridge). Imax in this context is the peak value of

current that can be produced by this inverter, and also the peak value of the rectangular

MSW current waveform, lasting for duty cycle D.

For the original inverter this average power is 105 * Imax (W).

For the redesigned inverter this average power is 85 * Imax (W).

The ratio of these two average powers is about 1.24 in favor of the original inverter.

Also for verification, assume that this inverter is now a PSW inverter (with sinusoidal

voltage and current waveforms, like the grid), its Vrms value is the same as the Vrms

values of both MSW voltage waveforms (120 V), and its Ipeak = Imax as defined above

(maximum current that can be handled by the inverter’s H-bridge).

Then, the average power produced by this PSW inverter would be 84.9 * Imax. This is

the same as the average power value for the redesigned inverter, and consistent with the

redesigned inverter’s goal of exactly matching the PSW/grid waveform’s parameters.

Also, note that under these assumptions (PF = 1, and the Imax of the H-bridge) the

original MSW inverter is able to produce 24% more power than the redesigned MSW

inverter, the PSW inverter, and/or the grid.

Finally, another comparison shows the average power of the original inverter (Vpeak = A

= 140V) producing a square wave (D = 1) to be 140 * Imax. However, this high average

power comes with the penalty of high THD of the square wave.

Elimination of Certain Harmonics

Another way a 3-level MSW inverter’s waveform may be designed is to eliminate some

undesirable harmonic frequencies out of the inverter’s output. That may depend on

application, as some specific harmonic components may do particular harm to the devices

powered by the inverter.

Based on the analysis of the patterns of magnitude of harmonic components (not given

here in detail), one can derive the following rule.
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For any odd harmonic component n having a null at D = 2/n, the higher (than n)

harmonic components m that also have a null at D = 2/n are: m = k * n, where k =

positive odd integer (1, 3, 5, 9, …). So, m is an odd multiple of n.

What this means is that one can choose the 3-level MSW duty cycle D in a way to

null out certain undesirable harmonic component(s), and along with it other

harmonic components will be nulled out too.

For example, assuming that we are only interested in the harmonic components from the

1
st
 (fundamental) to the 50

th
 (which is typical in power system analysis),

if we design our MSW waveform for D = 2/3 (0.666), then the harmonic components that

will be nulled out entirely are m = 3, 9, 15, 21, 27, 33, 39, 45; or

if we design our MSW waveform for D = 2/5 (0.400), then the harmonic components that

will be nulled out entirely are m = 5, 15, 25, 35, 45; or

if we design our MSW waveform for D = 2/7 (0.286), then the harmonic components that

will be nulled out entirely are m = 7, 21, 35, 49; or

if we design our MSW waveform for D = 2/9 (0.222), then the harmonic components that

will be nulled out entirely are m = 9, 27, 45.

Note that nulling out harmonic component n=3 is equivalent to also nulling out harmonic

components n=9, 15, 21, 27, 33, 39, 45, and vice-versa.

Note that some harmonic components (for example n=15) may be nulled out using

different values of D (for example D=2/3 or D=2/5).

Also note that out of the Ds listed above, only D=2/3 makes sense, because the other Ds

result in high THD, low average power, or some other undesirable waveform features.

The Bottom Line

There is a MSW inverter voltage waveform design tradeoff between matching the PSW

waveform’s parameters, the power quality with respect to the harmonic content, and

maximizing the average power. Note that both inverters match the grid/PSW’s Vrms

parameter very well.

Original inverter: for Vpeak = 140 V and D = 0.75 the inverter’s MSW waveform does

not match the PSW’s PAPR parameter, but the THD is lower (and almost

optimal/minimum) and the average power is 1.24 times greater.

Redesigned inverter: for Vpeak = 170 V and D = 0.50 the inverter’s MSW waveform

matches the PSW’s PAPR parameter, but the THD rises to a relatively high value (same

as the square wave) and the average power is less.

Overall, the Vpeak = 140 V and D = 0.75 case may be the best that can be done for a

3-level MSW voltage waveform. But, it may lead to problems in operating some

sensitive appliances/loads that need certain ratio of peak to average power and are

sensitive to harmonic voltages and currents.

For example, switching-mode power supplies (SMPS) common in PCs and laptops rely

on certain peak voltage in the AC waveform (to charge and recharge their front-end
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capacitor), and a low CF = 1.15 may cause their sub-optimal operation. This may be the

cause of malfunction in my laptop’s mouse pad, and in my washing machine’s cycle

timing logic.

Also, even for the original inverter’s waveform, some amount of energy (4%) that could

be used to generate the desirable fundamental goes into generating undesirable

harmonics. This has some negative effects on the loads (damaging harmonic currents,

negative torques, excessive heating, etc).

So, the original MSW inverter delivers more power for the switching devices used in it,

and it costs much less, than the PSW inverter. It is also less complicated, and so it should

be more reliable in a long run. But, the power it delivers is spectrally corrupted with the

harmonic content, and that may interfere with the operation of some sensitive loads that

expect a sinusoidal (one-frequency) grid-like voltage waveform, and it also may affect

the longevity of typical AC loads in general (although I’ve run many appliances off my

MSW inverters for several years, and have not yet seen any problems).
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