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ne of the most significant battles of
the 19th century was fought not over
land or resources but to establish the

O

type of

electricity that
powers our
buildings.
At the very end of
the 1800s,
American
electrical pioneer
Thomas Edison
(1847–1931) went
out of his way to
demonstrate that direct current (DC) was a better way to supply electrical
power than alternating current (AC), a system backed by his arch-rival
Nikola Tesla (1856–1943). Edison tried all kinds of devious ways to
convince people that AC was too dangerous, from electrocuting an
elephant to (rather cunningly) supporting the use of AC in the electric
chair for administering the death penalty. Even so, Tesla's system won
the day and the world has pretty much run on AC power ever since.

The only trouble is, though many of our appliances are designed to work
with AC, small-scale power generators often produce DC. That means if
you want to run something like an AC-powered gadget from a DC car
battery in a mobile home, you need a device that will convert DC to AC—
an inverter, as it's called. Let's take a closer look at these gadgets and
find out how they work!
Photo: A selection of electricity inverters that can be used with renewable energy
generating equipment, such as solar cells and micro-wind turbines. Photo by Warren Gretz
courtesy of US Department of Energy/NREL (DoE/NREL).
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What's the difference
between DC and AC
electricity?
When science teachers explain the basic
idea of electricity to us as a flow of
electrons, they're usually talking about
direct current (DC). We learn that the
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electrons work a bit like a line of ants,
marching along with packets of electrical
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energy in the same way that ants carry
leaves. That's a good enough analogy for
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something like a basic flashlight, where we
have a circuit (an unbroken electrical loop)
linking a battery, a lamp, and a switch and
electrical energy is systematically
transported from the battery to the lamp
until all the battery's energy is depleted.

Animation: What's the difference between DC and AC electricity? Suppose you have to
vacuum a room. Direct current is a bit like working from one side to the other in a straight
line; alternating current is like going back and forth on the spot. Both get the job done,
albeit in slightly different ways!

In bigger household appliances, electricity works a different way. The
power supply that comes from the outlet in your wall is based on
alternating current (AC), where the electricity switches direction around
50–60 times each second (in other words, at a frequency of 50–60 Hz). It
can be hard to understand how AC delivers energy when it's constantly
changing its mind about where it's going! If the electrons coming out of

your wall outlet get,
let's say, a few
millimeters down the
cable then have to
reverse direction and
go back again, how
do they ever get to
the lamp on your
table to make it light
up?
The answer is
actually quite simple.
Imagine the cables
running between the
lamp and the wall
packed full of
electrons. When you flick on the switch, all the electrons filling the cable
vibrate back and forth in the lamp's filament—and that rapid shuffling
about converts electrical energy into heat and makes the lamp bulb glow.
The electrons don't necessarily have to run in circle to transport energy:
in AC, they simply "run on the spot."
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What is an
inverter?
Photo: A typical electricity inverter.
This one is made by Xantrex/Trace
Engineering. Photo by Warren
Gretz courtesy of US Department
of Energy/NREL (DoE/NREL).

One of Tesla's legacies
(and that of his business
partner George
Westinghouse, boss of the
Westinghouse Electrical
Company) is that most of
the appliances we have in our homes are specifically designed to run

from AC power.
Appliances that need
DC but have to take
power from AC outlets
need an extra piece of
equipment called a
rectifier, typically built
from electronic
components called
diodes, to convert
from AC to DC.
An inverter does the
opposite job and it's
quite easy to
understand the essence of how it works. Suppose you have a battery in
a flashlight and the switch is closed so DC flows around the circuit,
always in the same direction, like a race car around a track. Now what if
you take the battery out and turn it around. Assuming it fits the other way,
it'll almost certainly still power the flashlight and you won't notice any
difference in the light you get—but the electric current will actually be
flowing the opposite way. Suppose you had lightning-fast hands and
were deft enough to keep reversing the battery 50–60 times a second.
You'd then be a kind of mechanical inverter, turning the battery's DC
power into AC at a frequency of 50–60 hertz.
Of course the kind of inverters you buy in electrical stores don't work
quite this way, though some are indeed mechanical: they use
electromagnetic switches that flick on and off at high speed to reverse
the current direction. Inverters like this often produce what's known as a
square-wave output: the current is either flowing one way or the opposite
way or it's instantly swapping over between the two states:

These kind of sudden power reversals are quite brutal for some forms of
electrical equipment. In normal AC power, the current gradually swaps
from one direction to the other in a sine-wave pattern, like this:

Electronic inverters can be used to produce this kind of smoothly varying
AC output from a DC input. They use electronic components called
inductors and capacitors to make the output current rise and fall more
gradually than the abrupt, on/off-switching square wave output you get
with a basic inverter.
Inverters can also be used with transformers to change a certain DC
input voltage into a completely different AC output voltage (either higher
or lower) but the output power must always be less than the input power:
it follows from the conservation of energy that an inverter and
transformer can't give out more power than they take in and some
energy is bound to be lost as heat as electricity flows through the various
electrical and electronic components. In practice, the efficiency of an
inverter is often over 90 percent, though basic physics tells us some
energy—however little—is always being wasted somewhere!

How does an inverter work?
We've just had a very basic overview of inverters—and now let's go over
it again in a little bit more detail.
Imagine you're a DC battery and someone taps you on the shoulder and
asks you to produce AC instead. How would you do it? If all the current
you produce flows out in one direction, what about adding a simple
switch to your output lead? Switching your current on and off, very
rapidly, would give pulses of direct current—which would do at least half
the job. To make proper AC, you'd need a switch that allowed you to
reverse the current completely and do it about 50‐60 times every second.
Visualize yourself as a human battery swapping your contacts back and
forth over 3000 times a minute. That's some neat fingerwork you'd need!
In essence, an old-fashioned mechanical inverter boils down to a
switching unit connected to an electricity transformer. If you've studied
our article on transformers, you'll know that they're electromagnetic
devices that change low-voltage AC to high-voltage AC, or vice-versa,

using two coils of wire (called the primary and secondary) wound around
a common iron core. In a mechanical inverter, either an electric motor or
some other kind of automated switching mechanism flips the incoming
direct current back and forth in the primary, simply by reversing the
contacts, and that produces alternating current in the secondary—so it's
not so very different from the imaginary inverter I sketched out above.
The switching device works a bit like the one in an electric doorbell.
When the power is connected, it magnetizes the switch, pulling it open
and switching it off very briefly. A spring pulls the switch back into
position, turning it on again and repeating the process—over and over
again.
Animation:
The basic
concept of an

electromechanical inverter. DC feeds into the primary winding (pink zig-zag wires on the left
side) of a toroidal transformer (brown donut), through a spinning plate (red and blue) with
criss-cross connections. As the plate rotates, it repeatedly switches over the connections to
the primary winding, so the transformer is receiving AC as its input instead of DC. This is a
step-up transformer with more windings in the secondary (yellow zig-zag, right-hand side)
than the primary, so it boosts a small AC input voltage into a larger AC output. The speed
at which the disk rotates governs the frequency of the AC output. Most inverters don't work
anything like this; this simply illustrates the concept. An inverter set up this way would
produce a very rough square wave output.

Types of inverters
If you simply switch a DC current on and off, or flip it back and forth so its
direction keeps reversing, what you end up with is very abrupt changes
of current: all in one direction, all in the other direction, and back again.
Draw a chart of the current (or voltage) against time and you'll get a
square wave. Although electricity varying in that fashion is, technically,
an alternating current, it's not at all like the alternating current supplied to
our homes, which varies in a much more smoothly undulating sine

wave). Generally speaking, hefty appliances in our homes that use raw
power (things like electric heaters, incandescent lamps, kettles, or
fridges) don't much care what shape wave they receive: all they want is
energy and lots of it—so square waves really don't bother them.
Electronic devices, on the other hand, are much more fussy and prefer
the smoother input they get from a sine wave.
This explains why inverters come in two distinct flavors: true/pure sine
wave inverters (often shortened to PSW) and modified/quasi sine
wave inverters (shortened to MSW). As their name suggests, true
inverters use what are called toroidal (donut-shaped) transformers and
electronic circuits to transform direct current into a smoothly varying
alternating current very similar to the kind of genuine sine wave normally
supplied to our homes. They can be used to power any kind of AC
appliance from a DC source, including TVs, computers, video games,
radios, and stereos. Modified sine wave inverters, on the other hand, use
relatively inexpensive electronics (thyristors, diodes, and other simple
components) to produce a kind of "rounded-off" square wave (a much
rougher approximation to a sine wave) and while they're fine for
delivering power to hefty electric appliances, they can and do cause
problems with delicate electronics (or anything with an electronic or
microprocessor controller), so, generally, that means they're unsuitable
for things like laptops, medical equipment, digital clocks, and smart home
devices. Also, if you think about it, their rounded-off square waves are
delivering more power to the appliance overall than a pure sine wave
(there's more area under a square than a curve). This makes them less
efficient and the wasted power, dissipated as heat, means there's some
risk of overheating with MSW inverters. On the positive side, they tend to
be quite a bit cheaper than true inverters.

Artwork: A modified sine wave (MSW, green) more closely resembles a sine wave (blue)
than a square wave (orange), but it still involves sudden, drastic changes in current. The
more steps in a modified sine wave, the nearer it approaches the idealized form of a true
sine wave.

Although many inverters work as standalone units, with battery storage,
that are totally independent from the grid, others (known as utilityinteractive inverters or grid-tied inverters) are specifically designed to
be connected to the grid all the time; typically they're used to send
electricity from something like a solar panel back to the grid at exactly
the right voltage and frequency. That's fine if your main objective is to
generate your own power. It's not so helpful if you want to be
independent of the grid sometimes or you want a backup power source
in case of an outage, because if your connection to the grid goes down,
and you're not making any electricity of your own (for example, it's nighttime and your solar panels are inactive), the inverter goes down too, and
you're completely without power—as helpless as you would be whether
you were generating your own power or not. For this reason, some
people use bimodal or birectional inverters, which can either work in
standalone or grid-tied mode (though not both at the same time). Since
they have extra bits and pieces, they tend to be more bulky and more
expensive.
Caption: Nikola Tesla. Although he won the war of the currents, his rival Thomas Edison is
still remembered as the pioneer of electric power. Wood engraving of Tesla by Sarong,
c.1906, courtesy of US Library of Congress.

What are inverters like?

Inverters can be very big and hefty
—especially if they have built-in
battery packs so they can work in a
standalone way. They also
generate lots of heat, which is why
they have large heat sinks (metal
fins) and often cooling fans as well.
As you can see from our top photo,
typical ones are about as big as a
car battery or car battery charger;
larger units look like a bit like a
bank of car batteries in a vertical
stack. The smallest inverters are
more portable boxes the size of a
car radio that you can plug into
your cigarette lighter socket to
produce AC for charging laptop computers or cellphones.
Just as appliances vary in the power they consume, so inverters vary in
the power they produce. Typically, to be on the safe side, you'll need an
inverter rated about a quarter higher than the maximum power of the
appliance you want to drive. That allows for the fact that some
appliances (such as fridges and freezers or fluorescent lamps) consume
peak power when they're first switched on. While inverters can deliver
peak power for short periods of time, it's important to note that they're not
really designed to operate at peak power for long periods.

What is an uninterruptible power
supply?
One very common use for inverters is in emergency power
supplies, also called uninterruptible power supplies or
uninterruptible power sources (both going by the acronym
UPS). If your household power fails in an outage (blackout),
you might have a UPS as a backup—but how does it work?

A typical UPS
stores energy
in electrical
form using
rechargeable
batteries
(some UPS
systems store
energy in
mechanical
form using a
high-speed
flywheel,
spun to high
speed by an electric motor). When the power is flowing
normally, the batteries are being trickle charged by DC, which
is produced from the AC power supply using a transformer
and rectifier circuit. If the power fails, what you have at your
disposal is charged-up batteries that will produce direct
current, but which need to produce alternating current to
power your home. So when the UPS is supplying energy, the
batteries pump DC through an inverter to produce AC.
A UPS is often combined with a surge protector and voltage
optimization equipment to produce a resilient power supply
capable of surviving spikes, surges, over-voltage, undervoltage, or a complete loss of power.
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Books
High-Power Converters and AC Drives by Bin Wu, Mehdi
Narimani. John Wiley & Sons, 2017. Describes a variety of
inverters and other power-converting technologies.
Control of Power Inverters for Distributed Generation and
Renewable Energy by Qing-Chang Zhong and Tomas Hornik.
Wiley-Blackwell, 2013. Explains the use of inverters in renewable
power-generation, where things like solar panels produce DC
electricity that has to be fed to an AC grid.
Power Rectifiers, Inverters, and Converters by Keng Wu. Lulu,
2008. A guide to the theory of producing power-converting
circuits.

Power Converter Circuits by By William Shepherd and Li Zhang.
CRC Press, 2004. Covers rectifiers, inverters, cycloconverters,
and other power conversion circuits.
Uninterruptible Power Supplies by John Platts and John St.
Aubyn (eds). Peter Peregrinus, 1992. A comprehensive guide to
the various different kinds of UPS technology, from simple battery
stores to diesel engines and flywheels. Also covers applications in
such things as air transportation, medicine, and
telecommunications.

Articles
Fullerene Device Acts as Both Solar Cell and a Current Inverter
by Dexter Johnson. IEEE Spectrum, August 17, 2017. A new
solar device can produce AC as well as DC, doing away with the
need for a separate inverter.
Can Smarter Solar Inverters Save the Grid? by Benjamin
Kroposki. IEEE Spectrum, October 20, 2016. How improved
inverters could help to make the modern, renewably powered grid
more reliable.
What It Will Take to Win Google's Million-Dollar Electric Power
Prize by Nick Stockton. Wired, August 11, 2014. Google wants to
reinvent power inverters to stimulate the uptake of renewable
energy.
DC Microgrids and the Virtues of Local Electricity by Rajendra
Singh and Krishna Shenai. IEEE Spectrum, February 6, 2014.
Inverters waste energy converting DC power to AC, and there are
plenty of other losses in power generation and distribution, so why
not simply supply low-voltage DC power to homes to begin with?

Technical reports
[PDF] Performance of PV Inverters by Frank Vignola et al. Solar
Radiation Monitoring Lab, University of Oregon. A useful
comparison of how several inverters perform in a variety of realworld tests.
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