
Introduction
This paper will discuss the trade-offs between power density, 
efficiency and cost for high-performance electric motors in 
order to help designers choose the appropriate technology 
for their specific application.

There are many terms that designers use to convey a spe-
cific requirement for an application which is similar in their 
goals — yet different when one considers the underlying 
technology goals.

When it comes to the selection of an actuator, we are 
often faced with the terms “small,” “light-weight,” and “high-
power” — all of which imply that a solution is sought which 
will fit a specific requirement; but the technical implications 
of these terms are significantly different.

First, one very common misclassification is “high power,” 
which is often used when the designer is looking for high 
torque. It is important to remember that power (P) is the 
product of force (F) and motion (v); or for a rotating machine 
torque (T) and angular velocity (ω). Thus, an actuator with 
very high-force/torque output will deliver no power if there is 
no motion, and a very small force/torque will generate a lot of 
power when the velocity is very high.

Hydraulic actuators generally will yield the highest torque/
volume if the underlying infrastructure to generate the hy-
draulic pressure is ignored, but the velocity at which the force 
is delivered is typically very low. Thus, the actuator has very 
high-torque density, but low power density.

It should also be noted that, for an electric motor, the phys-
ical size is directly related to its torque output, although there 
are some potential tradeoffs between volume and efficiency 
that will be discussed later.

A second key consideration is the efficiency (η), which 
is defined as the ratio of output power versus input power 
for a motor, and the inverse for a generator. Thus, a low-
speed motor — even when it delivers a high-output force/
torque — will always have low efficiency. Therefore actuators 

are often combined with a gear which allows 
the motor to operate at a higher speed and to 
operate at a higher efficiency, at which time 
the gear reduces the speed and increases the 
torque to match the application. Even though 
we lose some efficiency in the gear, this can 
significantly improve the overall performance 
of the actuator. A common example is the 
motor in a (gas-powered) car where we aim to 
operate the engine at maximum efficiency when-
ever possible.

The power and efficiency of a motor are directly 
related to the heat that is generated in the motor and 
which must be dissipated: the total heat losses (Ploss) are 
input power minus the output power:

Ploss = Pin–Pout = Pin (1–η)

We can now discuss the implication of these physical re-
lationships and how they can be used to properly select a 
motor that will yield the best fit for a specific application.

The Trade-Offs and How to Make Them Work for 
You

It is very common to have a customer call needing a motor or 
actuator, and when questioned about the detail they produce 
a complete set of machine drawings with a little black box 
space left open for the actuator, along with a set of specifica-
tions that cannot possibly be met, and all that at virtually no 
cost.

While there is no magic wand to fix this problem, there are 
some general avenues to explore in order to find a possible 
solution.

First, which motor technology to use? Brush DC motors, 
step motors and most AC induction motors are cost-effective, 
but they require more volume for a given torque and power 
than high-performance brushless PM motors; the latter 
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Kollmorgen’s AKM2G servo motor is designed to deliver higher power 
and torque density in a smaller footprint so OEMs can substantially 
increase performance without changing motor mounting or using 
more machine space. (Photo courtesy Kollmorgen)
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are also significantly more efficient. Thus, we have less 
worry regarding what to do with the heat that these motors 
generate. The drawback is cost.

While brush DC and AC motors are often very cost-ef-
fective, a modern high-performance brushless motor with 
Neodymium magnets will be significantly more expensive. 
The high cost is partially offset by having less need for cool-
ing infrastructure but typically, there will be a cost penalty for 
using brushless PM motors. One of the main cautions when 
using PM brushless motors with Neodymium magnets is that 
these magnets are typically very sensitive to temperature, 
and these motors can be easily damaged if they get too hot, 
which is especially true when lower-cost Neodymium mag-
net grades are used.

A trade-off solution is reluctance motors, which often offer 
better efficiency and smaller volume than brush and AC mo-
tors, but they may have lower efficiency and a larger foot-
print; although, at a significantly reduced cost — especially 
for high-volume OEM applications. Another advantage of re-
luctance motors is that they have no magnets and they typi-
cally operate at higher internal temperatures than PM brush-
less motors, but safety requirements may limit the allowable 
operating temperatures.

However, in many pump applications, where we have 
cooling via the load medium, i.e. — automotive water 
pumps — you may be able to operate at higher internal tem-
peratures while still maintaining safe, external operating 
conditions.

An electric motor will change its operating efficiency with 
speed, but also with torque load. A lightly loaded motor is 
generally less-efficient than one operated at rated power, 
which is especially true for AC induction motors, shunt DC 
motors and reluctance motors. As load is increased, the mo-
tors will continue to produce the required torque, but their 
efficiency will generally drop.

Thus, the heat generated will increase disproportionately 
with the load. Sometimes we can use this to our advan-
tage; e.g. — if we have an application that only occasionally 

requires high-torque/power output for a short time with suf-
ficient cooling periods in between, and where torque/power 
performance is more important than efficiency. In such cases 
we can use a lower-rated, smaller and less-expensive motor 
to meet these high-load conditions for short, intermittent pe-
riods of time.

The ratio of peak torque versus crated torque varies greatly 
with motor technology. Some brush motors have little mar-
gin while modern brushless motors can often provide 5x or 
more peak versus rated torque. Reluctance motors are some-
where in between, with a practical ratio 3x or more peak ver-
sus rate torque.

If the motor needs to stay cool or operate very efficiently, 
you may want to chase a larger physical size that dissipates 
more heat since efficiency is also a function of the internal 
heat in the motor (windings and magnets).

We have already discussed the use of gearing, which can 
also be an effective way to reduce the size of an actuator pack-
age, i.e. — traction drives, conveyor belts etc. It must be re-
membered that the efficiency of the gear will be almost con-
stant (hopefully, around 90+ %). Thus, if we boost our motor 
efficiency from, say 60% for a direct drive to 90% for a geared 
system, our overall efficiency increases from 60% to over 80%, 
which means less heat and often a much smaller system as 
well. It is beyond the scope of this discussion to address all 
the details that will be encountered — backlash, etc. That may 
be a paper all by itself.

The above has so far been only a discussion of motor 
technologies that excluded the drivers, where applicable. 
Different drive electronics, PWM switching frequencies, ex-
citation waveforms etc., will further impact the motor effi-
ciency, higher speed performance peak versus rated torque 
performance and, most importantly, the overall system cost 
which is, again, a subject worth a separate paper in itself.

As we can see from this discussion, the trade-offs are many 
and the specific decisions are complex. Most engineers that 
use actuators in their design are often ill-equipped to fully 
understand all of these factors.

Suppliers can be helpful, especially if you work with a good 
rep that offers many different product lines, while manufac-
turers have a tendency to steer you towards a specific equip-
ment solution which may or may not be the best fit for your 
requirements.

Another suggestion is to consult with your peers and lis-
ten to their input, as they may have encountered similar chal-
lenges in their design. Sometimes you may simply want to 
retain an experienced consultant to assist you with sorting 
through this maze and help you find the best fit for your ap-
plication while avoiding costly mistakes.

As always, when it comes to motor and actuators, there 
simply is no silver bullet solution and it is important to con-
sider all aspects of the application that may lend itself to dif-
ferent solutions. 

This KinetiMax high-power-density motor from Allied Motion is an 
outer-rotor design brushless motor designed for high-torque, low-
cogging applications like robotics, AGVs, and hand-held power tools. 
(Photo courtesy Allied Motion)
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