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AT THE END of the 19th cen-
tury, Ferdinand Porsche in 
Vienna and Joseph Ledwinka 
and Fred Newman in Chicago 
attached an electric motor to 
each wheel of their horseless 
carriages to provide power 
simply, efficiently, and con-
trollably. These automotive 
pioneers hardly expected 
that electric propulsion 

would soon wither and that ever more complex hardware 
would be developed to transform the output from a cen-
trally mounted internal combustion engine into torque at 
the wheels. But that’s what happened.

A century later, though, the desire to reduce greenhouse 
gas emissions, to be less reliant on fossil fuels, and to clean 
up the air in our towns and cities has revived interest in 
vehicle electrification. That interest is particularly strong 
in China, where the government has declared that some 
5 million electric vehicles should be on the road by 2020. 
That’s going to be tough, because many of the country’s 
more than 100 automakers lack the engineering expertise to 
develop sophisticated electric-vehicle drive systems. Happily, 
our company, Protean Electric, can serve that market well—
with an in-wheel motor that puts the power just where you 
need it: in the wheels. Doing so simplifies the mechanics, 
provides more room for passengers and cargo, and improves 
handling to boot.

With support from investors and partner companies around 
the world, Protean is building manufacturing facilities in 
China. Our first factory, located in Tianjin, is currently pro-
ducing in-wheel motors in low volumes, and we are working 

with many Chinese automakers to incorporate our technol-
ogy into their electric and plug-in hybrid vehicles. If all goes 
as planned, we will see vehicles with our motors on them 
for sale any minute now. So let us explain in more detail 
how those motors work and why we think they represent 
the future of automobile electrification.

ATTACHING MOTORS DIRECTLY to the wheels would 
seem the obvious way to go, if only for the mechanical sim-
plicity this strategy provides. Yet none of the big manufac-
turers is doing this with hybrid or battery-electric vehicles. 
Why not?

For some manufacturers, the reluctance to adopt in-wheel 
motors stems from concerns about what is known as unsprung 
mass. This phrase refers to the mass of everything between a 
car’s suspension system and the road. In a conventional vehi-
cle, this includes brakes, bearings, wheels, constant-velocity 
joints (the devices on the ends of the drive axles that let them 
transmit power at an angle), and tires. It doesn’t include the 
rest of the drivetrain, namely the engine or motor and the 
transmission, which are housed on the vehicle’s chassis, typi-
cally under the hood. 

Keeping unsprung mass to a minimum is a good thing. 
Reducing it improves ride quality for the driver and passen-
gers and makes it easier for the suspension to keep the tires 
in contact with the road. 

A vehicle powered by in-wheel electric motors will have 
significantly greater unsprung mass, of course, because the 
weight of a motor will be carried in each powered wheel. So, 
many automobile designers consider in-wheel motors to be 
inherently problematic. But are those concerns really justified?

Very early on, we went to Lotus Engineering, in England, 
a recognized expert in ride and handling, and asked its engi-
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ALL IN ONE: The Pd18, 
Protean Electric’s 

flagship product, 
fits in an 18-inch 

(46 centimeter) 
wheel rim. The motor 

can generate up to 
75 kilowatts, or just 

over 100 horsepower, 
for each powered 

wheel. Without any 
transmission, it can 
develop torque that 
is comparable if not 
better than that of a 

conventional vehicle. 
The ProteanDrive 

system also contains 
bearings and brakes, so 
separate components 

are not needed for 
those functions.
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neers to investigate objectively the effects of unsprung mass 
on vehicle handling. For our company, this would be a make-
or-break test.

Lotus added a mass of up to 30 kilograms to each of the four 
wheels of a Ford Focus and instrumented the car to measure 
vibration and movement. The company supported its work 
with computer simulations to gain a deeper understanding 
of the effects of adding both static and rotating mass to the 
wheels. Further, trained drivers performed standardized 
assessments to provide additional information about how 
the added mass affected ride and handling.

Lotus found the effect of the increased unsprung mass, 
though noticeable to a trained driver, was really not all that 
significant. The added mass made the car feel as though its 
suspension and steering hadn’t yet undergone the usual tun-
ing activities that are a standard part of vehicle development.

The Lotus engineers were able to eliminate much of the 
effect of the added unsprung mass by using slightly more 
suspension damping. What’s more, they found that when 
that unsprung mass came from actual motors attached to 
the wheels, the ability to power each side of the car indepen-
dently improved the car’s handling substantially.

We’ve now carried out similar studies on other vehicles. And 
in all cases, we’ve found that once the dampers are retuned 
and we add individual wheel control, the net effect on the 
vehicle’s handling is for the better. So unsprung mass really 
isn’t a showstopper after all.

Another concern about using in-wheel motors has been 
the added complexity of the software for the motor control-
ler. This software has to make decisions about what torque 
to demand from each motor at each instant, based on the 
vehicle’s condition and the driver’s commands. Under nor-
mal circumstances, running two motors instead of just one 
is straightforward. But if a fault occurs in one motor, the 
controller needs to prevent a dangerous asymmetry from 
developing, which would cause the vehicle to be pulled to 
one side in an uncontrollable way.

ROOM FOR EIGHT: 
In April, Protean 

Electric announced a 
strategic partnership 

with LM Industries 
to provide in-wheel 

motors for that com-
pany’s autonomous 

passenger shuttle, 
a novel vehicle 

dubbed “Olli.”

LEAN AND CLEAN: Mounting the motors outboard creates 
additional room on the chassis for passengers or cargo.
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Our response to this very important safety issue was to 
build into our motors two completely independent systems 
that can detect a fault and equalize torque across two or more 
motors. Vehicles must meet ISO 26262, a safety standard that 
calls for proving that a hazardous technical failure will be 
extraordinarily unlikely. It’s an extremely difficult standard 
to satisfy, but we are confident that our motors will support 
carmakers in complying with these requirements. 

What about cost? No matter how whiz-bang the technol-
ogy, if it’s too expensive customers will shy away. We have 
compared the cost of a typical electric drivetrain, one with 
a gearbox, motor, differential, and driveshaft, with the cost 
of two in-wheel motors. Although two motors are somewhat 
more expensive than one central motor and drivetrain, the 
in-wheel system is more efficient because it has a lower mass 
and doesn’t suffer from frictional losses in the transmission. 
That means that in many cases the carmaker can deliver a 
vehicle that goes faster or farther (or both) while costing no 
more than competing models.

Yet another concern that has been voiced about in-wheel 
motors is their supposed lack of durability. Placing the motors 
in the wheels, as opposed to under the hood, means they will 
get battered when the car travels over rough roads. They’ll 
also be pelted by water, sand, gravel, and all the other detritus 
we drive over on a regular basis. Yes, these conditions could 
pose a problem, but we’ve shown through extensive real-
world testing that it’s perfectly possible to engineer a prod-
uct that can hold up to the beating.

Such worries have in the past blinded most automakers 
to the advantages of in-wheel motors. A few have explored 
them in concept vehicles, and a handful of companies are 
now trying to bring in-wheel motors, which have long been 
popular for bicycles and scooters, to the automotive market. 
Protean Electric leads that pack, having done the engineer-
ing necessary to make our in-wheel motors a really attrac-
tive way to power an electric vehicle.

OUR NEW IN-WHEEL MOTOR SYSTEM, which we call 
ProteanDrive, is a complete drivetrain in the wheel. But 
maybe drivetrain isn’t the best word to describe it: There are 
no gears or transmission. Instead, the rotor of the electric 
motor connects directly to the hub, delivering torque from 
the motor to the wheel. This results in maximum efficiency 
and compactness.

While we’ve designed motors of different sizes for differ-
ent applications, our flagship product is the Pd18, so named 
because it is designed to fit in an 18-inch-diameter (about 
46-centimeter) wheel rim. The Pd18, which weighs 36 kilograms 
(79 pounds), can deliver 1,250 newton meters (922 foot-pounds) 
of torque and 75 kilowatts of power at the wheel. That means 
two of them could offer up to 2,500 Nm of torque and 150 kW 
of power.

That might seem an inordinately large amount of oomph, 
considering that a typical internal-combustion car engine can 

produce only a few hundred newton 
meters. But you have to remember 
that in a conventional car the engine 
torque is multiplied by whatever the 
gear ratio is between the engine and 
the wheels. In first gear, that might 
be a number like 10; in higher gears 
the multiplier would be lower. So a 

pair of Pd18s can match the typical level of wheel torque a 
conventional car can provide.

At the core of our ProteanDrive is a permanent-magnet syn-
chronous motor and a set of tightly integrated electronics. The 
electronics send precisely controlled currents into the windings 
of the electromagnets of the motor, creating magnetic fields that 
interact with the rare-earth permanent magnets affixed to the 
rotor. By this mechanism, each in-wheel motor can deliver the 
amount of torque demanded of it in as little as a millisecond.

The electronic circuitry is designed to fit within the over-
all motor package and shares cooling with the motor, whose 
windings have up to 90 amperes flowing through them and 
thus generate a lot of waste heat. That heat, along with the heat 
from the electronics, is carried off by water flowing through 
a coolant channel in the motor housing. The coolant is in 
good thermal contact with both the electronic components 
and the motor windings. Those windings are encapsulated in 
a protective epoxy resin, which helps to conduct heat away. 
That close integration of the motor and drive electronics 
enables a very small motor to generate a great deal of power.

The software, running on a microprocessor supported by 
a field-programmable gate array, makes 16,000 decisions per 
second on what voltages should be applied to the windings, 
based on measurements from sensors that deliver information 
on the electrical and thermal condition of the motor as well 

NEW AGAIN: A recon-
structed version of the 
turn-of-the-20th-century 
Lohner-Porsche Semper 
Vivus with its two in-wheel 
electric motors in the front 
goes for a spin in 2011 
on Porsche’s test track in 
Weissach, near Stuttgart. 
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as its position and speed. The software 
ensures that the electrical currents flow-
ing through the motor are exactly right 
for smooth, quiet operation.

Because the motor requires no trans-
mission or differential or constant-
velocity (CV) joints to connect with 
the wheels, it loses far less energy to 
friction and thus can use a smaller bat-
tery to deliver the same range. That 
represents a significant savings. It also 
promises to reduce operating costs, as 
any car owner who has had to replace 
a torn CV boot will appreciate.

Space is another advantage. Without 
a big electric motor under the hood, 
there’s a lot more room in a car for 
people and things. Placing the motors 
on the wheels provides designers with 
greater freedom to develop new vehi-
cle layouts, something our customers 
are beginning to realize is a huge value.

Handling, though, is where in-wheel motors really shine. 
Conventional vehicles implement functions like traction and 
stability control by slowing down the wheel that is spinning 
faster than it should. But that approach is rather slow to 
respond and is limited to applying retarding force. To unlock 
a skidding tire, it would be preferable to apply some driving 
torque. With in-wheel motors, you can do that. Indeed, you 
can deliver precisely controlled braking or motoring torque 
on a millisecond timescale and thereby greatly improve trac-
tion and stability control, reducing stopping distances and 
enhancing drivability and safety. 

In-wheel motors also allow for what’s called torque vectoring—
the application of different torques to different wheels—which 
can improve handling markedly. Honda, for example, has 
built its Super Handling All Wheel Drive system into certain 
vehicles. But the mechanics to achieve that goal are gener-
ally complicated and expensive. In a car that uses an in-wheel 
motor system, this ability comes essentially for free, requiring 
only the right software. The result can be a vehicle than cor-
ners as if on rails, one that can feel both nimble in city traffic 

and stable at high speeds.

TO ACHIEVE ALL THIS, we’ve had to 
overcome some tough technical challenges. 
One was miniaturizing and integrating the 
inverter: the electronics that convert direct 
current from the vehicle’s battery into alter-
nating current for the motor. Most inverters 

for vehicular applications are the size of a large shoebox, but 
we have packaged ours into less than half that space, so that 
it can fit neatly behind the electric motor. Packaging things in 
this way lets us run just two DC cables to each motor, rather 

than sending AC over as many as six cables, which we would 
have needed to do had we mounted the inverter elsewhere.

Unlike most of our competitors’ products, our motor is 
configured with the rotor on the outside. This arrangement 
places the gap between the stator and the rotor (across which 
the magnetic forces are developed) at the maximum radius 
available, thereby creating as much torque as possible within 
the confines of the wheel rim. This approach lets our motor 
develop sufficient torque without the need for gearing, which 
would have lowered efficiency and generated noise.

Of course, creating that torque requires substantial amounts 
of current, and so the windings and electronics can produce 
a lot of heat. We had to work out a way to get that heat out 
of the motor to prevent various components from frying 
themselves. How much heat are we talking about? Well, a 
single heating element on an electric stove generates around 
3 kilowatts, and our motor produces up to 6 kW. We handle 
this heat with our liquid cooling system, which includes a 
radiator mounted centrally in the vehicle. 

We designed everything to withstand the various environ-
mental conditions a wheel might experience over the lifetime of 
the vehicle. And it’s not just shock, vibration, water, and rocks 
that we have to anticipate: When the driver demands power 
from the vehicle, the electronics rapidly become hot and then 
later cool down; this repeated thermal cycling can lead to pre-
mature degradation of the components. So we used special 
rigs to test the electronics and identify weak points. We now 
have what we feel is a very robust design, one that will last the 
lifetime of the vehicle, which we define as 300,000 kilometers, 
15 years, and 8,000 operating hours—these being the general 
expectations of this very demanding industry.

THERE IS ONE CHALLENGE that we have yet to overcome, 
though: the fixed mind-set of some automakers. Many of them 
have decided that in-wheel motors aren’t practical, and it’s 
been hard to convince them otherwise. That’s why we’re so 
excited about our projects with newly established automakers, 
both in China and the West, which are more open-minded.

Although we’ve been slower to make inroads with tradi-
tional automakers in Europe and North America, we are 
beginning to gain traction there. We now see strong demand 
in applications for which in-wheel motors can provide obvi-
ous competitive advantages, such as low-floor cargo vehicles 
and electric all-wheel-drive cars and trucks. Designers of 
tomorrow’s autonomous vehicles are also very interested 
in the freedom that in-wheel motors can provide.

While we can’t be too specific here, we expect our customers 
and strategic partners will be making some exciting announce-
ments later this year. So we’re confident that Protean is poised 
to finally realize the potential that some of the earliest automo-
tive pioneers envisioned when they built electric motors into 
their horseless-carriage wheels more than a century ago.  n

↗  POST YOUR COMMENTS at https://spectrum.ieee.org/inwheelmotors0718


