
Example Joint

Mechanical Symbol Unit Value
Transmission Ratio N - 100:1
Mass m kg 2.0000
Rotor Inertia Im kgm2 0.0941
Gear Inertia Ig kgm2 0.2630
Spring Inertia Im kgm2 0.0001
Diameter D mm 100.0
Length l mm 150.0
Mechanical Time
Constant

Tmech s 0.0019

Viscous Friction dv Nm
s/rad

0.0022

Coulomb Friction dc Nm 0.1858
Electrical Symbol Unit Value
Winding
Resistance

rA Ω 0.0885

Winding
Inductance

xA mH 0.0001

Electrical
Time Constant

Tel s 0.0016

Torque Constant kτ Nm/A 0.0410
Generator
Constant

kω Vs/rad 24.3902

Thermal Symbol Unit Value
Max. Temperature νw, Max

◦C 120.00
Winding
Time Constant

Tth, w s 3.96

Housing
Time Constant

Tth, m s 1240.00

Therm. Resistance
Winding-Housing

rth1 K/W 0.29

Therm. Resistance
Housing-Air

rth2 K/W 3.45

Rated Operation Symbol Unit Value
Rated Voltage V0 V 24.00
Rated Current iR A 14.47
Rated Torque τR Nm 59.33
Rated Speed θ̇R rad/s 5.54
Rated El. Power PR, E W 347.32
Rated Mech. Power PR, M W 328.78
No-Load Current iNL A 0.05
No-Load Torque τNL Nm 0.20
No-Load Speed θ̇NL rad/s 5.85
Stall Torque τStall Nm 1111.86
Starting Current istart A 271.19
Torque Speed
Gradient

dθ̇/dτ rad/Nms 0.0053

Peak Operation Symbol Unit Value
Peak Current ip A 80.00
Peak Torque τp Nm 328.00
Peak Speed θ̇p rad/s 5.86
Peak El. Power Pp, E W 1920.00
Peak Mech. Power Pp, M W 1353.60

Each of the parameters is explained in more detail at the end of this document.
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Figure 1: Torque-speed diagram of the actuator.
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Figure 2: Efficiency diagram of the actuator.

1 Torque-Speed Characteristics

The diagram show in Fig. 1 is frequently used to obtain
an overview over the actuator capabilities. It illustrates
the steady state operation (no acceleration) of the actua-
tor when supplied with the rated voltage V0. The available
supply voltage is used to produce the motor current and to
compensate for the voltage induced by the spinning motor.
This results in the torque-speed boundary indicated by the
solid black line in the figure. The boundary connects the
No-Load point characterized by the no-load torque τNL

and the no-load speed θ̇NL with the stall point at the stall
torque τStall. The intersection with the rated torque limit
τR (blue dashed line) is the rated operating point. The
speed at this point along the line is the rated speed θ̇R.
The product of the two quantities is the rated mechanical
power PR, M . Operating points with a delivered mechan-
ical power equal to the rated power are connected by a
solid blue line.

The intersection of the torque-speed boundary with
the peak torque τp (red dashed line) defines the peak op-
erating point. The product with the speed at this point
defines the peak mechanical power (red solid curve).

The diagram indicates the rated operating range as
blue shaded area. The amount of electrically generated
torque required to overcome friction is illustrated as red
shaded area.

The true actuator behavior varies from the depicted
nominal diagram due to parameter tolerances (winding re-
sistance, torque constant, friction) and thermal influences
(friction, permanent magnet properties) on the torque
generation.

Note, that the diagram ignores acceleration and de-
celeration of the actuator shaft. When choosing a motor
based on this diagram, torque and speed reserves should
therefore be taken into account.

2 Actuator Efficiency

The actuator efficiency varies with the operating point
as visible in Fig. 2. BLDC motors typically display poor
efficiency at very low torques, where most of the gener-

ated mechanical power is used to overcome friction. The
efficiency also drops for very high torques, where electrical
losses dominate.
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Figure 3: Thermal characteristics of the actuator.

3 Thermal Characteristics

The actuator can be continuously operated within the
rated operation limits. Figure 3 shows the rated operation
limit as blue shaded area. Up to these limits, the actua-
tor temperature will reside below the maximum admissible
temperature νw, Max (red dashed line).

The actuator can be intermittently overloaded up to
the peak operation limits indicated by the red shaded area.
During this intermittent operation, the actuator tempera-
ture will rise towards the maximum admissible temper-
ature and eventually exceed it. For a given generated
torque, the blue graph in Fig. 3 illustrates the time it takes
the motor to heat up from ambient temperature (25 ◦C)
to νw, Max. If the actuator heats up beyond this temper-
ature, thermal wear to the windings must be expected.

Note that the characteristics displayed in Fig. 3 must
not be considered sharp boundaries. They are theoretical
values considering the thermal resistances and time con-
stants in the parameter table. Those parameters are ob-
tained from a standardized experiment where the actuator
without active cooling is mounted in free air against a plas-
tic flange. The true thermal characteristics for a given ap-
plication depends on many other parameters, such as the
actuator operation history (actual winding temperature),
true ambient temperature, humidity, the actual mounting
and potential cooling of the motor.

For further reading on thermal operating conditions [1]
is suggested.

4 Torque Bandwidth

While the torque-speed diagram Fig. 1 considers static
actuator operation, many robotic applications demnand
dynamic torque generation. A way to characterize the
dynamic torque generation capability of an actuator con-
sists of looking at the 3 dB cut-off frequency of the torque
transfer function magnitude. Due to nonlinear friction, ac-
tuator compliance, current and voltage saturation as well
as back-emf generation and the influence of the actual load
seen by the actuator, the torque bandwidth of an actuator
cannot be characterized by just a single value.

A common technique to assess the achievable torque
bandwidth of an actuator is to lock its output and control
the actuator to track a sweep reference, i.e. a sinusoidal
input signal with growing frequency. By determining the
cut-off frequency of the resulting response, this technique
yields the locked torque bandwidth of the actuator con-
trolled by the implemented controller in the specific pa-
rameter tuning for the chosen sweep amplitude. The illus-

tration inf Fig. 4 emerges from a different procedure. For
any electrically generated torque between zero and peak
torque, the graphic shows, what 3 dB cut-off frequency
can be ideally attained with the actuator irrespective of
any controller. The dotted light gray line represents the
case of rated torque generation. Analogously, the black
dotted line corresponds to peak torque generation. The
gray solid line illustrates the operation feasibility bound-
ary. It computes from the minimum of the peak torque
generation curve (black dotted line) and the back-EMF
generation limit (black dashed line). The gray dashed
line is the natural actuator frequency. The color shade
encodes the thermally admissible operation time at each
frequency and torque amplitude considering the operation
starts from motor windings at ambient temperature. The
restrictions mentioned in Sec. 3 apply.

In a similar way, Fig. 5 illustrates the controller inde-
pendent achievable torque bandwidth across different load
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Figure 4: Torque Bandwidth for locked output with thermal admissability of the operation.

inertias. This addresses fact that the actuator in practice
is supposed to drive a certain link mechanism as a load.
The graphic exclusively considers peak operation. The line
colors from green to blue encode the ratio of the load iner-
tia to the actuator inertia. The red solid line corresponds
to the locked output case illustrated in Fig. 4, where the
ratio becomes infinite. The black solid curve represents a
link inertia equal to the actuator inertia, where the ratio

equals one. The dashed black line is again the back-EMF
generation limit for a damping-free actautor compliance.
The gray dotted lines illustrate the same limit for nonzero
internal damping. The set of theoretically reachable oper-
ating conditions is indicated by the red shaded area.

For further reading on how the torque bandwidth plots
are obtained, please refer to: [2].

Parameter Definitions
The parameters listed in the table on the first page of this document are briefly explained in the following.

Mechanical Properties
The mechanical properties define the outer shape of the
actuator and the transmission of power generated by the
motor to the load.

Transmission Ratio: The actuator typically com-
prises a transmission mechanism such as a gear box, that
amplifies the torque output trading off the deliverable
speed. The value is the ratio of the transmission in-
put speed to the obtained output speed. Conversely, it
describes the ratio of the output torque over the input
torque.

Mass: The actuator comprises three main parts: the
motor, the transmission mechanism and the torque sensor.
The value is the summed mass of all three components.

Rotor Inertia: The rotary inertia of the motor shaft.
Transmission Inertia: The rotary inertia of the

transmission mechanism.
Spring Inertia: The rotary inertia of the deflective

element used for torque sensing.
Diameter: The maximum diameter of the actua-

tor considering all components: the motor, transmission
mechanism and torque sensor.

Length: The overall length of the actuator including

the motor, transmission mechanism and torque sensor.
Mechanical Time Constant: Describes the accel-

eration of the actuator when a constant voltage is applied,
under the condition that the required starting current can
be provided. The value is the time for the actuator output
to arrive at 63 % of the steady state velocity correspond-
ing to the applied voltage ignoring friction and additional
load. The mechanical time constant is computed to:

Tmech =
(Im + Ig + Im) rA

k2τ
. (1)

Viscous Friction: Coefficient for the speed depen-
dent friction torque. The value is an approximation of
the effect. Due to individual assembly and manufactur-
ing tolerances of each actuator, the actual friction torque
at a given speed observed for a specific motor will differ.
Moreover the friction torque varies with temperature, lu-
brication changes, load and wear. The value given here
should therefore be treated as a ballpark number.

Coulomb Friction: Constant friction torque. The
constant friction torque is subject to the same variations
and tolerances as the viscous friction coefficient. It is a
ballpark number.
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Figure 5: Maximum torque bandwidth for variable load inertias when generating peak torque.

Electrical Properties
The electrical properties characterize the motor windings,
which form the core element of the actuator.

Winding Resistance: Manufacturing tolerances
(wire diameter) can cause variations in the order of 10 %.
The value is given for the windings with leads at a tem-
perature of 25◦C. The resistance variation with respect to
a temperature increase by ∆ν is:

rA(ν) = rA(25
◦ C) (1 + αCU ∆ν) . (2)

The temperature coefficient of copper αCU is 0.0039 K−1.
As a consequence the Joule losses increase with higher
winding temperatures.

Winding Inductance: The inductance of the motor
windings. The observed inductance may vary depending
on the implementation of the current modulation. The
The effective inductance depends on the modulation fre-
quency and shape.

Electrical Time Constant: Describes the time for
the motor current to reach the 63 % of the steady state
value, when a constant voltage is applied to the windings.
The value is computed from the winding inductance and
resistance to:

Tel = xA/rA . (3)
Torque Constant: Describes the potential of the

winding current to generate an electrical torque:

τ = kτ i . (4)

The electrical torque is the amplified by the transmission
system. The torque constant is determined by the rotor

magnet. The rotor magnetisation has a tolerance in the
order of typically 10 %. Moreover magnetization weakens
with increasing temperature. The effect is reversible as
long as the winding current does not exceed the admissi-
ble peak current.

Generator Constant: Relates the voltage induced
in the windings to the rotor speed:

vind = kω θ̇. (5)

The generator constant is the inverse of the torque con-
stant kτ .

Thermal Properties
The thermal properties represent a simplified and practi-
cal set of parameters to model the thermodynamics of the
actuator. They are the foundation for the definition of
the current and power ratings as well as the intermittent
operating times beyond the limit of the rated operation.

Maximum Temperature: Defines the maximum
winding temperature before heat induced irreversible
damage occurs.

Thermal Winding Time Constant: Time for the
motor windings to arrive at 63 % of the steady state tem-
perature when a constant current is applied to the wind-
ings.

Thermal Housing Time Constant: Time for the
motor housing to arrive at 63 % of the steady state temper-
ature when a constant current is applied to the windings.

Thermal Resistance Winding-Housing: Ther-
mal resistance to a heat flow between the motor windings
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and housing. Defines the winding temperature increase
for a given Joule power loss.

Thermal Resistance Housing-Air: Thermal re-
sistance to a heat flow between the motor housing and the
surrounding environment. Defines the housing tempera-
ture increase for a given Joule power loss. The value is
typically obtained with standard experiment. In that ex-
periment the motor is flanged to a plastic plate with the
motor body being free and surrounded by air.

Rated Operation
The rated parameters together with the No-Load param-
eters frame the conditions at which the actuator can be
operated continuously without risking any damage.

Rated Voltage: Serves as a reference for the defi-
nition of further actuator parameters. It is recommended
but not mandatory to operate the actuator at the rated
voltage. The rated voltage determines the speed axis offset
of the torque-speed curve in Fig. 1.

Rated Current: Describes the maximum contin-
uous current that does not result in thermal damage to
the motor. The value is given with respect to pure Joule
losses. At higher speeds, internal losses such eddy cur-
rents and magnetization losses in the stator contribute to
the heat generation and reduce the actually continuously
permissible current.

Rated Torque: The electrical torque generated by
rated current iR.

Rated Speed: The speed obtained from the torque-
speed curve at rated torque.

Rated Electrical Power: Computed as a product
of rated voltage V0 and rated current iR.

Rated Mechanical Power: Computed as the prod-
uct of the rated torque τR and rated speed θ̇R.

No-Load Current: Steady state winding current
when the rated voltage is applied to the load free actua-
tor. The current produces the torque required to overcome
the actuator friction.

No-Load Torque: Torque that is generated by
the No-Load current iNL. It is equivalent to the friction

torque.
No-Load Speed: Rotor speed that emerges when

the rated voltage is applied to the load free actuator. The
theoretical No-Load Speed θ̇0 for a frictionless actuator
would be computed from the rated voltage V0 and the
generator constant kω:

θ̇0 = V0/kω . (6)

Stall Torque: The load torque at which the mo-
tor stops moving, if the rated voltage V0 is applied to the
windings.

Starting Current: The winding current correspond-
ing to the stall torque τStall. When applying the rated
voltage V0 to the actuator at rest, the initial current corre-
sponds to starting current, if the power supply can provide
it.

Torque-Speed Gradient: Slope of the torque-speed
curve.

Peak Operation
The peak operation parameters define the maximum in-
termittend operating conditions. Exceeding these values
even for short time yields irriversible damage to the actu-
ator.

Peak Current: The maximum permissible current
that does not lead to a demagnetization of the perma-
nent magnet. If the winding current exceeds this value
irreversible weakening of the motor occurs.

Peak Torque: Torque corresponding to the peak
current ip.

Peak Speed: Maximum permissible intermittend
speed for the actuator. This value is determined mostly by
the mechanical supports, bearings and transmission mech-
anism. Exceeding this speed leads to irreversible damage
of the mechanics.

Peak Electrical Power: Computed as a product of
rated voltage V0 and peak current ip.

Peak Mechanical Power: Computed as the prod-
uct of the peak torque τp and peak speed θ̇p.
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