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Inverters have become an essential component of off-grid or grid tied renewable energy
systems specially now, when the growth of renewable sources of energy is in increasing
demand. It is seen that solar power is now becoming common with small setup being
installed on roofs and even to power the street lights. Since most of our appliances run on
AC and renewable sources mostly output DC, some form of DC to AC conversion becomes
an integral part of such systems and inverter are what solved the purpose.
Modern inverters work mainly on converting a low voltage DC supply to a high voltage DC
supply (comparable to standard mains voltage levels) using high frequency step up pulse
transformer and then converting that high voltage to an alternating voltage using the very
popular H bridge topology. Well, this is a very rough and simple explanation of how pulse
transformer-based inverters work. There are various parameters to be taken care of in order
to get stable AC voltage across a variety of AC loads which can be resistive, inductive or
capacitive in nature.
Pulse transformer-based inverter can be widely categorized into two main types depending
upon the type of waveform they produce at the output. They are:
•
•

Modified Square wave inverter
Pure sine wave inverter

• Modified Square Wave Inverters:

Figure 1 : Output waveform of a modified square wave
inverter

Modified Square Wave or Quasi Square wave inverters are the ones where the output
waveform is not the traditional sine wave but instead it is a modified version of a pure
square wave output with a significant amount of dead-time between the two pulses as seen
in the figure above. The output is more like a square wave with an additional step. These
inverters are better than pure square wave inverters in terms of reducing harmonics but are
not that efficient compared to pure sine inverters.
Modified square wave inverters can actually work reasonably well when driving pure
resistive loads but suffer greatly in efficiency and performance when used with inductive
and capacitive loads due to the steep rising and falling edge causing a lot of harmonics and
heating loss. Most cheap inverters are of Modified Square Wave type.
•

Pure Sine Wave Inverters:

Figure 2: Output waveform of a pure sine wave
inverter

Pure Sine Wave inverters on the other hand are the more efficient type of inverters because
their output is same or nearly as same as that of our mains supply. Since all appliances are
designed to run properly with sine wave AC, these inverters are more efficient with least
amount of harmonic and heat loss. These inverters are expensive because the involve a lot
of complicated switching control, feedback and filtering to produce the desired sine wave
output which ideally should not distort with different load types. Sine wave inverters should
be a preference while trying to design a renewable energy system.
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• Basic Sine Wave Inverter Topology:
In this section let us look at the two most common ways through which most commercially
available inverters generate pure sine wave from a DC source.
1. Using Iron core transformers

Such types of inverters are bulky due to the iron core transformer and the switching usually
happens on the primary side of the transformer which is centre-tapped. Each pair of
winding on the primary side is controlled by a pair (or more) of high-power switches, usually
MOSFETS that can handle large amount of currents. The control signal to these MOSFETs
usually come from a microcontroller or ASIC. The high current low voltage primary side of
the transformer then induced a high voltage and low current pure sine wave output at the
secondary, which combined with feedback control can provide us with a fairly accurate sine
wave at the output that can be used to drive all types of loads within the specified power
rating. These inverters are comparatively less efficient due to large standby current
consumption and transformer loss, though they are of good quality and last longer if used
correctly within specified limits.

2. Using pulse transformers
These sine wave inverters are more light and more efficient compared to iron core
transformer ones. The working of these inverters is based on high frequency switching or
SMPS topology. Here low voltage DC is first converted to high frequency (greater than 30
Khz) square signal which then is used to drive the primary side of a ferrite transformer using
high power MOSFETs and then produce a high voltage square signal at the secondary. This
high voltage is then converted into high voltage DC by means of filtering and then eventually
this DC is converted to AC signal by means of an H-bridge.
H-Bridge is a popular arrangement used to drive a load in two directions and the direction
can be controlled by either turning on or off the switches of an H bridge in a given sequence.
This is very useful specially in driving motors in two different directions. They are also useful
in driving transformers which requires alternate push-pull of current to generate voltage at
the other windings.
From now onwards, we will be going ahead with the idea of this pulse transformer-based
inverter in mind.
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• Basic H-Bridge Topology:
The figure below explains how the basic H bridge works. Here it is seen that a given load is
controlled by a total of 4 switches (MOSFETs or BJTs as applicable). At a time two switches
have to be activated to either allow current to pass through one direction or the opposite
direction. It is also worthy to note that a few combinations are never allowed to happen as
they will cause a direct short between the power supply.

Figure 3: Basic working topology of H bridge

Let us consider the load to be a motor, a simple table below will explain how the h bridge
can be used to change the direction of current:
Status of S1
OFF
ON
OFF
OFF
ON
ON
OFF
ON

Status of S2
OFF
OFF
ON
OFF
ON
OFF
ON
ON

Status of S3
OFF
OFF
ON
ON
OFF
ON
OFF
ON

Status of S4
OFF
ON
OFF
ON
OFF
OFF
ON
ON

Motor direction
Stopped
Clockwise
Anti-clockwise
Stopped
Stopped
NOT ALLOWED
NOT ALLOWED
NOT ALLOWED

So, as it is seen, turning on a selected pair of switches can give us bi-directional current flow
through a load. There are some combinations which should never be activated for obvious
reasons stated before. This ability to allow bi-directional flow of current is essentially AC
signal.
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• H-Bridge Topology to convert DC to AC:
We have seen the working of H bridge in the previous discussion but how do we use it to
convert high voltage DC generated by our pulse transformer circuit to sine wave AC signal?
Well, if are able to control the selected pair of switches with two complimentary signals
having a fixed duration (preferably 50 or 60 hertz) then the load will be getting the AC
signal. Right? Well yes it will receive the AC signal but that would be a pure square wave
type. The reason being simple- the switches are either being turned on or off, there no
sinusoidal element here.
Note: switches will refer to MOSFETS for further discussions

Then how to we get to control the H-bridge in such a way that the output can be a sine
wave?
The answer is to use SPWM to control the switches.
SPWM stands for Sinusoidal Pulse Width Modulation. It is a type of signal which is
essentially square in nature but the duty cycle of the square wave varies in proportion to
the amplitude of the square wave. The entirety of the SPWM signal will correspond to the
sine wave in terms of time period. So essentially for SPWM, the change in duty cycle is
corresponding to the change in amplitude over a given fixed period of time.
The diagram below is a perfect pictorial representation of a SPWM signal:

Figure 4: Representation of a SPWM signal compared to pure sine
wave signal
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• How to generate SPWM Signals:
A question now naturally arises, how do we generate SPWM signals?
Well to do this we would firstly require the original sine wave signal and then a carrier
signal.
The idea here is to compare the sine wave signal to a high frequency carrier signal in an
almost point to point manner to generate the square wave representation of the given sine
wave. The diagram below describes the theory:

Figure 5: Generation of SPWM signal

The picture below also gives us a good idea of the digital representation of SPWM to its
analog counterpart

Figure 6: Digital vs Analog representation of a sine wave
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• SPWM signals and controlling the H bridge:
Having the basic understanding of how SPWM signals look like, how they are generated and
how H-bridge works, these concepts can now be integrated together, where SPWM signals
can drive the H bridge.
As seen earlier, only a selected combination of MOSFETs are allowed to operate to either
allow current flow in one direction or the other direction.
For properly activating the H-bridge, we need a total of 4 signals, each of which controls one
MOSFET.
A pair of MOSFETs are activated every half cycle of the entire wave. The waveforms
required are as follows:
•
•

One SPWM signal and corresponding square wave for one-half cycle
Complementary SPWM signal and corresponding complementary square wave for
the other half cycle

The diagram below explains how 2 pairs of complementary SPWM signals and their
corresponding square wave is used to control the H-bridge

Figure 7: 2 Pairs of complementary SPWM and square wave signals to control the H bridge
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NOTE:
• A pair of SPWM signal and the square wave marked in RED are active at the
same time and are used to drive the diagonal pair of MOSFETs for one-half
cycle
• The other pair of SPWM signal and the square wave marked in BLUE are active
at the same time and are used to drive the other diagonal pair of MOSFETs for
the other half cycle
The table below perfectly summarizes the combination of signals to generate AC output at
the load:
Status of S1
OFF
SPWM
OFF
SPWM
OFF
SPWM

Status of S2
OFF
OFF
SPWM
OFF
SPWM
SPWM

Status of S3
OFF
OFF
SQUARE
SQUARE
OFF
SQUARE

Status of S4
OFF
SQUARE
OFF
OFF
SQUARE
SQUARE

Current direction
Stopped
Forward
Backward
NOT ALLOWED
NOT ALLOWED
NOT ALLOWED

The waveform across the load looks like the image below:

To convert this modulating square wave to a proper sine wave we have to use a LC filter
across the output as below:

Figure 8: LC low pass filter

The result? A pure sine wave at the output:
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ANALOG SPWM MODULE:
There are several popular modules based out of microcontrollers and ASIC that can
flawlessly generate the SPWM signals required for driving the MOSFETs of an H-Bridge.
Along with control signals, these modules also pack in various functions like feedback,
temperature and over-voltage protections and some also come with interfaces to connected
to a small display to show various parameters of the inverter.
One of the most popular board for SPWM generation is the EGS002:

Figure 9: EGS002 SPWM driver board for inverters

Objective of purely analog SPWM module:
Well, if dedicated SPWM driver cards are available then why take the hassle of building it
out of discrete components which may not be as good as it’s commercial counterparts?
A few reasons:
•

•

While it is a fact that the practicality of such analog SPWM cards are not much, it has
been a great project to understand the working of modern-day inverters and power
electronics.
We can get the detailed idea of how discrete digital and analog components like
Counters, Timers, Comparators, BJT, crystal oscillators, analog switches etc work and
how can we combine them in such a way so as to create meaningful output
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BLOCK DIAGRAM of the ANALOG SPWM CARD:

Figure 10: Block diagram of the analog SPWM circuit

The above image is the block diagram of the entire project and can be broadly classified into
the below mentioned sections:

•
•
•
•
•

Generation of stable carrier frequency and 50 Hz signal from crystal oscillator
Filtering of signals to produce triangular waves and clamping
Point to point comparison using operational amplifiers
Wave shaping and adjusting of the raw SPWM and square wave signals
Adding a buffer stage so that finals signals are not distorted by any loading
effect.

Let us discuss each section briefly and observe the corresponding outputs through and
oscilloscope to validate our theory.
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• Generation of stable carrier frequency and 50 Hz signal from crystal oscillator
The first and probably one of the crucial parts of this entire project is the generation of
stable frequencies. For this a 4.096 Mhz crystal is selected. This crystal will act as a clock
source to a binary counter/ divider that will divide the frequency into our desirable range of
carrier frequency.
The IC 4060 is a 14-stage binary counter/oscillator IC that can be used to create stable time
delays and divide frequencies into several stages.
For our application, the incoming 4.096 MHz signal is divided such that we get 16 Khz, that
will act as our carrier frequency and also 500Hz, that will later be divided to get our desired
50 Hz
The IC 7490 is a decade and binary counter capable of divide by 5 and divide by 2 functions
and can in total divide a frequency by 10 with the correct combination. This divide by 10 can
then be used to create 50 Hz from the 500 Hz obtained from the IC 4060

Figure 11: Pinout for IC 4060 and IC 7490

Figure 11a: 16 Khz square wave carrier signal obtained from IC 4060

Figure 11b: 50 Hz signal obtained from IC 7490
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•

Filtering of signals to produce triangular waves and clamping

After successfully obtaining stable 50Hz signal and carrier frequency of 16 Khz, both of these
square waves are converted to triangular wave using low pass filter circuits. They are then
converted to triangular waves of comparable amplitudes using active clamping circuits. This
is useful for the next stage of point-to-point comparison.

Figure 12: 50 Hz triangular wave obtained after filtering and active clamping

Figure 13: 16 Khz carrier frequency after filtering and active clamping
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• Point to point comparison using operational amplifiers
After successfully generating the triangular waves, they need to be compared to generate
the required SPWM waves as discussed in the theory earlier.
Also it is worth to note that we require 4 signals to drive the H-bridge 2 of which are SPWM
signals and 2 of them are square wave signals.
It is not possible to use the initial square waves because of the phase shift during generation
of the triangular wave. So the 50 Hz triangular wave again needs to be converter to square
wave.

Figure 14: Original square wave signal vs regenerated one with approximately
90-degree phase shift

The regenerated square wave can now be used to generate two complimentary square signals:

Figure 15: Complimentary pair of 50Hz square wave signals
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We now have the required 2 square wave signals, all that is left if to produce the 2
complimentary SPWM signals. With some wave shaping circuit and level shifting, we are
able to generate the 2 complimentary signals, the raw waveform looks like the image below:

Figure 16: Complimentary SPWM signals generated from point-to-point comparison of the
two triangular waves

Figure 17:Stable train of dual SPWM pulses

It is evident from the above pictures that while it is definitely possible to generate SPWM
signals but the shape and duration of these signals are not satisfactory. To resolve this we
need to again apply some wave-shaping methods and generate a clean looking SPWM wave.
Wave shaping along with signal envelope will give us the desired result.
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• Wave shaping and adjusting of the raw SPWM and square wave signals
For wave shaping there are a few stages involving the adjustment of triangular wave
amplitudes and adjusting the duty cycle of the square waves. This is done by adjusting
voltage levels through potentiometer that control the OP-AMP stages of the wave shaping
section.
The images below now represent the proper SPWM signals and their comparison to the
corresponding square wave:

Figure 18: One pair of SPWM signal along with the corresponding square wave after waveshaping

Figure 19: A deadtime of 4uS observed between SPWM signal and the square wave
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• Buffer stage output:
A buffer stage at the output is important because after wave shaping section, there are still
some portion of the wave which may not be considered an ideal signal to be given to the
MOSFET driver.
A good signal to a MOSFET driver should be a square wave with flat top and bottom. Also,
the raw signal may be prone to loading effects that can degrade the signal quality and may
not trigger the MOSFET driver properly. For this a buffer stage is important which help to
keep the shape of the wave intact and reduced loading effect.
The below snippets show us the waveform quality before and after buffer stage:

Figure 20: Yellow SPWM signal before buffer stage vs Purple SPWM output of the buffer stage

Figure 21: Closeup of the snippets showing the improvements due to addition of the buffer
stage
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• Final output signals:
With most of the hurdles out of the way, below are a series of wave form snippets that
show the dual-complimentary SPWM signals and the Square Wave in correspondence to
each of the SPWM wave. Important signal parameters like dead-time, signal rise time are
also observed.
•

Complimentary output SPWM signals with a total time period of 20 ms:

Figure 22: Complimentary SPWM signals at the output

•

Deadtime of 140 microseconds between the two SPWM signals:

Figure 23: Deadtime observation between two signals
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•

Signal Rise and Fall time approximating to 1 microsecond each:

Figure 24 : Signal rise and fall time of 1 microsecond

•

SPWM and square wave signal:

Figure 25: One pair of SPWM- square wave signal

18

•

Overview of the SPWM pulses:

Figure 26: Continuous train of SPWM pulses

•

Overview of the square wave pulses:

Figure 27: Continuous train of Square wave pulses
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•

SPWM card connected to H-Bridge:

Figure 28: SPWM Waveform as observed at the output of the H-Bridge

Figure 29: Deadtime of 130 microseconds between two half-cycles
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•

Final Output after filtration

The SPWM signal from the H-bridge is now given to a LC low pass filter to get the required

Sine Wave

Figure 30: SIne wave output of 50Hz after filtration

Figure 31: Closeup of the final waveform over one cycle
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• Conclusions and Final Words:
We have successfully generated the required SPWM signals that can be used to actually
drive a H-Bridge using pure analog components with stable frequency outputs.
Is this the perfect solution? No, the reason being simple. Microcontrollers and ASIC based
cards are specifically designed for this which packs in more precision and much more useful
features.
Does this analog card even work? YES !
I have successfully used the signals generated by this card to drive an H-bridge and with
proper filtering I was able to get a fairly decent sinusoidal signal.
As an electronics enthusiast this project has been a great learning curve specially in knowing
the nitty gritty bits of analog electronics and has given me insights and better understanding
of several concepts that can be useful in other projects and applications as well.
I hope this project inspires you to create something unique as well !

Figure32: Initial testing of the concept using breadboard circuits

Figure 33: SPWM card setup used for performance evaluation and checking all waveforms
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