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RAPID: An Inexpensive Open Source Dynamometer
for Robotics Applications

Nicholas Morozovsky, Robert Moroto, and Thomas Bewley

Abstract—This paper describes the development of an automated dy-
namometer to characterize brushed direct current motors. The unique
mechanical design allows the testing of a wide range of motor sizes. The
motor under test is subjected to a given pulse width modulated voltage
signal and position, current, and voltage measurements are simultaneously
recorded from the integrated sensor suite. An electromechanical motor
model is developed by combining the voltage and torque balance equations
of the system. A least-squares algorithm is used to estimate the parameters
that best fit the observed data to the specified gray box model. The system
retains a low cost by using off-the-shelf electronics and cheaply fabricated
mechanical parts. The inertia and friction of the system are carefully mod-
eled, removing the need for an expensive torque sensor. The mechanical
drawings, electrical schematics, and software are open source and freely
available for download. Consistent parameter estimates from a set of high-
tolerance and well-documented identical motors demonstrate the accuracy
and precision of the system.

Index Terms—Actuator dynamics, dynamometer, friction modeling, pa-
rameter estimation.

I. INTRODUCTION

Due to their low cost, wide availability, and simple control im-
plementation, brushed DC motors are desirable actuators for many
robotics applications [1], [2]. However, the design process should ac-
curately account for the role of a motor’s dynamics. Motor dynamics
may potentially be omitted from the system model, but excluding such
dynamics can have significant unintended consequences. Robotic sys-
tems can experience performance degradation and loss of stability when
actuator dynamics are ignored [3]. A potential approach is to assume
that the manufacturer’s specifications for a given motor are accurate.
However, variations in the quality of documentation between manufac-
turers, often determined from unknown testing procedures, can result
in motors whose dynamics are not reflected fully or accurately in the
manufacturer’s specifications. A motor’s specifications may only con-
tain values for one operating point; it may be necessary to operate the
motor at, e.g., a different voltage. Moreover, motor specifications do
not characterize the motor driver circuit, which operates in conjunction
with the motor in actual implementation. Thus, in order to rigorously
obtain a reliable actuator model, a given brushed DC motor and mo-
tor driver pair can be subjected to empirical testing and subsequent
parameter identification.

This paper presents the development of a dynamometer for brushed
DC motors and motor drivers which we call the reconfigurable
automated parameter-identifying dynamometer (RAPID). RAPID is
capable of simultaneously controlling a motor and recording sensor
data that are postprocessed to determine the electrical and mechani-
cal parameters of the motor/motor driver system. The entire process
is automated, requiring minimal user interaction. RAPID, in Fig. 1, is
equipped with a suite of sensors to measure rotational position, current,
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Fig. 1.

Dynamometer system.

and voltage. Furthermore, RAPID can accommodate a variety of motor
geometries and specifications with its unique hardware design.

The intended application for RAPID is to characterize motors for
model-based control systems in robotics applications. Research in the
field of dynamometers has been diverse in terms of both the actuators
under test and the loading conditions. A small-scale dynamometer has
been developed to characterize propeller blades for unmanned air ve-
hicles [4]. This system uses six thin-beam strain gauges to separately
measure thrust and torque. The dynamometer developed in [5] has an
active braking system designed to simulate different nonlinear loading
conditions for the purpose of testing nonlinear control algorithms. A
strain gauge measures the reaction torque on the braking assembly.
The system was not designed for characterizing different motors. The
test setup in [6] that was used to characterize a brushed DC motor
with gearbox included a braking system with a rope pulling on a force
meter. The sensors were not automatically measured which limited the
tests that could be performed on the motor. A dynamometer for minia-
ture piezoelectric actuators was built in [7]. Custom optical sensors
measured the deflection of the actuator. Multiple actuators were tested
under different operating conditions, but the system is specific to small,
bending type actuators. Dynamometers are also used to measure cut-
ting force in machining operations [8]. Strain gauges and piezoelectric
sensors are commonly used.

Many of the aforementioned dynamometers (and several others not
mentioned) use strain gauges to measure force or torque. Strain gauges
require precise calibration and specialized measurement electronics.
They must also be carefully mounted in the system to prevent off-axis
forces and torques from perturbing the desired measurement. Strain
gauges significantly increase the cost and complexity of a dynamome-
ter. For these reasons, we choose not to include a strain gauge.

RAPID consists of off-the-shelf parts, custom parts that may be read-
ily fabricated, and open source algorithms. As such, devices similar or
identical to the one discussed in this paper may easily be fabricated for
use in many different settings, such as laboratory classes, academic re-
search, and industrial fabrication and quality assurance. RAPID is open
source: mechanical drawings and software may be freely downloaded
athttp: //robotics.ucsd.edu/dyno.

In this paper, we first review the system design of RAPID, including
its mechanical and electrical components. The data acquisition system
is then described, including the filtering and postprocessing of various
sensors. Next, we develop the equations that describe the electrical and
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mechanical dynamics of the system, and show how they may be used
for gray-box parameter identification. Finally, we present experimental
results and summarize our findings.

II. SYSTEM DESIGN

The design of RAPID was driven by two main factors: first, being
able to adapt to a wide variety of motors; and second, minimizing the
cost and complexity. For ease of use, we impose the requirement that
it take less than 15 min to change the motor under test.

A. Mechanical System

The core function of a dynamometer is to exert a known load on the
motor under test. To minimize cost and retain simplicity, the load in
RAPID is provided by an inertial disc instead of an active or passive
braking system. Friction in the system is an additional load on the
motor.

Depending on the power of the motor under test, a larger or smaller
inertial load is required. In order to accommodate a range of motor
specifications, the inertial disc has eight threaded radially-symmetric
holes, each capable of holding a single hex head bolt and up to three
optional nuts. The removable nuts and bolts can be added in symmetric
pairs to the disc to provide 35 different discrete inertial loads between
3.37-107° and 1.31 - 10~® kg-m? (see Section III).

The inertial disc is rigidly mounted with a clamping hub to an
aluminum shaft, which is supported by ball bearings on either end.
One end of the shaft is coupled to the rear of a Jacobs three jaw drill
chuck, Fig. 2. The jaws of the chuck are used to hold the output shaft
of the motor under test. Most motor output shafts possess a round cross
section, possibly with a flattened section or a keyway, nominally used
to prevent the shaft from slipping. With the drill chuck, RAPID can
hold most round shaft cross-sectional shapes so long as they possess
three points of contact, 120° apart that are equidistant from the center
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Fig. 3. Adapter plates for three different motors. (center) Face-mounted
screws, (left) clamp for round motor housing only, and with (right) added shaft
adapter .

TABLE I
ELECTRONICS

Use | Make & Model

US Digital E6, 2500 CPR

2:3 resistive voltage divider circuit
Allegro ACS712 ELC-05B-T Hall Effect
Toshiba TB6612FNG

National Instruments myDAQ

Position Sensor

Voltage Sensor

Current Sensor

Motor Driver

Data Acquisition

of the shaft’s rotation. The chuck can accommodate shaft diameters
ranging from 1.00 to 6.35 mm (1/4 in). If the output shaft does not
meet these requirements, an adapter can easily be made with a 3-D
printer that presses onto the output shaft and has a circular protrusion
onto which the chuck can grasp. Since the weight of the inertial disc is
supported by bearings, there is minimal radial load on the motor shaft.

Different motors may have different mounting features. RAPID is
designed to be modular and adaptable. The motor under test mounts
to an adapter plate with features specific to the motor, such as face-
mounted threaded holes or flat features on the motor body, or the adapter
plate may clamp around the entire motor body; see Fig. 3. These adapter
plates can be manufactured on a 3-D printer, laser-cutting machine, or
other machinery depending on the motor mounting features. A set of
modifiable drawings of adapter plates with different common mounting
features is available at the aforementioned web site.

B. Electrical System

The electrical system is responsible for delivering power to the motor
and measuring several physical values. The sensors, motor driver, and
data acquisition device used are listed in Table I. Data are sampled and
logged at 100 Hz on all sensors. Two National Instruments myDAQ
devices are used to interface the sensors and motor driver over USB
with a host computer running LabVIEW software. The two myDAQ
devices need not be dedicated to RAPID and can be used for a variety of
applications such as a software multimeter or oscilloscope. Other data
acquisition devices could also be used by simply adapting the software.
The dedicated electronics are all inexpensive.

An optical quadrature encoder is mounted on the end of the inertial
disc shaft opposite to the motor under test. By counting the rising and
falling edges and comparing the phase delay of the two channels of
the encoder, the rotational position can be measured with a precision
of four times the resolution of the encoder disc with the counter circuit
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on the myDAQ [9]. The encoder disc has 2500 counts per revolution,
so the resolution with quadrature is 6.28 - 10~* rad. The counter circuit
can read a maximum frequency of 1 MHz [10], which corresponds to
a maximum rotational speed of 628 rad/s.

RAPID is designed to be compatible with different motor drivers.
The motor driver used in the initial testing is listed in Table I and
is connected to an external power supply. A pulse width modulated
(PWM) 5 V square wave is generated by the timer circuit on the
myDAQ [11]. The carrier frequency is 32 kHz and the percent duty
cycle is changed at a rate of 100 Hz. The motor driver amplifies the 5 V
PWM input signal to the full voltage of the external power supply. The
signed duty cycle of the PWM signal (including direction), u € [—1, 1],
multiplied by the voltage of the power supply Vs is the average voltage
across the motor terminals V' = Vg u. We can not directly measure the
voltage across the motor terminals because the PWM carrier frequency
is significantly higher than the sampling frequency. Instead, we measure
the voltage output of the external power supply, which may be higher
than the maximum measurable voltage of the analog to digital converter
(ADC), 10 V. We use a simple voltage divider circuit made from off-
the-shelf carbon film resistors to step down the voltage. The input of
the ADC is connected to an intermediate node of the circuit. The actual
voltage can be recovered by multiplying by the ratio of the resistors in
the voltage divider circuit. Both the signed PWM duty cycle and power
supply voltage are logged, so the average voltage can be calculated by
multiplying these two values together.

A current sensor is placed in series between the motor and motor
driver. The bandwidth of the sensor itself is 80 kHz, which is more
than twice the PWM carrier frequency of the motor driver. However,
we are only sampling the sensor at 100 Hz. We implemented a passive
first-order low-pass filter with w. = 93 Hz in hardware on the output
of the sensor to eliminate high-frequency noise from the PWM signal.
We limit the maximum frequency of the PWM duty cycle change to
well below 50 Hz to ensure there is no aliasing.

The current sensor, motor driver, and voltage divider circuit are
mounted to a breadboard mounted on RAPID. A wire harness connects
the two myDAQ devices to the breadboard and the encoder. A complete
circuit schematic is available at the aforementioned web site.

Some signal processing and filtering must be done before the data
can be used for parameter identification. In particular, velocity and ac-
celeration have to be estimated carefully from discrete measurements of
position. Any noise in the original data can be exacerbated by numerical
differentiation. The high resolution of the encoder disc and quadrature
counting minimize differentiation error. We first apply some smooth-
ing to the discrete position data and then use the second-order central
difference approximation of the smoothed data to obtain velocity data:

1 2 1
0, = =0,_ —0, + =0,
& 6k1+3k+6k+1

wp = O — 0,1)/20

where h is the sample time, 0.01 s. Combining the previous two equa-
tions gives

wi = (=0p 2 — 40, 1 + 40,1 +0)12)/12h. (1)

This formula yields an acceptable estimate of velocity, but the
discretization-induced noise is too high to immediately reapply (1)
to estimate acceleration. We first apply a 21 time step wide Gaussian
filter to smooth out the noise. The window is chosen to be wide enough
to smooth the high-frequency discretization and differentiation noise,
but not so wide as to eliminate the low-frequency signal of interest.
Note that the data are postprocessed such that the filter is centered at
the current time step and no phase delay is added. Between the direct
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Fig. 4. Results from spin down tests with different loading configurations of
inertial disc. (a) Fully loaded. (b) Half loaded. (c) Unloaded.

measurements and the postprocessing, we have calculated values for
the velocity, acceleration, average voltage, and current at 100 Hz.

III. SYSTEM MODELING

In order to understand the dynamics of the base system (without a
motor installed), we perform multiple spin-down tests. We manually
apply an impulse to the system and log the position data as the inertial
disc slows to a stop due to friction (see Fig. 4). A total of 44 trials
were run, clockwise and counter-clockwise, at different initial speeds,
and in three configurations of the inertial disc: fully loaded [8 bolts
and 24 nuts, Fig. 4(a)], half loaded [4 bolts and 12 nuts, Fig. 4(b)],
and unloaded [0 bolts and 0 nuts, Fig. 4(c)]. The linear slope of the
system slowing down demonstrates that Coulomb friction is dominant
and viscous and quadratic drag are negligible. We would then expect
to be able to model the dynamics with the equation

d
Jd—L: = —c-sgn(w) (2)

where c is the Coulomb friction coefficient. To verify this model, we
performed a simple linear regression for each of the trials. In each case,
the coefficient of determination, R?, of the linear fit (2) exceeded 0.98,
indicating a good fit.

The bearings are the main source of Coulomb friction in the system.
Adding nuts and bolts to the inertial disc increases both inertia and
weight, which increases the radial load on the bearings, increasing
the friction. The friction is not directly proportional to the inertia,
otherwise the ratio ¢/.J would be constant and spin down tests with
different inertias would have the same slope. This is clearly not the
case, as can be seen by the different slopes in Fig. 4. We thus use the
following two-term model to characterize the Coulomb friction:

c=a+ [J. 3)

Since the nuts and bolts are all added at the same distance from the
axis of rotation, the added weight is directly proportional to the added
inertia. Thus, the increased Coulomb friction from the increased weight
is captured by the 5J term. From (2) and (3), we can solve for the
minimum, unloaded inertia of the base system. We call the empirically
measured, averaged slopes of the spin-down tests z, y, and z for the
unloaded, half loaded, and fully loaded cases, respectively. Using (2)
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and noting that the signum function will always be the opposite sign of
4% for a spin-down trial, we can write

dt
(Jp)z = —[a+ B(J5)]
(Jp + JIn)y = —[a+ B(Jp + Jv)]
(JB + QJN)Z = *[Oz +ﬂ(JB + QJN)]

where Jp is the inertia of the unloaded base system and .Jy is the
inertia of 4 bolts and 12 nuts. These three equations can be solved for
the three unknowns: .Jp, «, and 3 in terms of the known values Jy , x,
y, and z:

Jp =2Jy(y—2)/(x -2y +2)
o Z2n(@—y)ly —2)(z — 2)

(x—2y+2)?
2@ -yly—2)
A= T —2y+z “@)

We find Jg =3.37-10° kgm?, « =172-10° N-m, and § =
2.68 N-m/(kg-m?).

With the dynamics of the base system understood, we can proceed
to derive equations from first principles that describe the electrical and
mechanical dynamics of the motor and base system together. Taking
into account the inductance [ and resistance r of the motor armature
wire, and the back EMF generated when the motor spins, which is
equal to the motor constant, k, times the motor shaft velocity, w, we
can write the following voltage balance across the motor terminals:

di )
VflE—O—m—O—kw (5)

where ¢ is the current through the motor armature wire and V' is the
voltage across the motor terminals. The torque generated by the motor
is

T=Fki (6)
where the torque equals the same motor constant k times the current <.
The net torque from the motor, subtracting frictional losses, is

Tn = ki —bw — ¢y - sgn(w) @)

where b and ¢, are the viscous and Coulomb friction coefficients of the
motor, respectively. The two equations (5) and (7) form the commonly
accepted brushed DC motor model [12]; however, we choose to use a
simplified electrical model with the the average voltage and without
inductance

V =ri+kw )

where V' = Vgu was defined in Section II-B. The inductance of the
armature wire of a small DC motor can be on the order of 10~* H, which
is multiple orders of magnitude smaller than the other parameters being
estimated. The PWM signal to the motor also increases the frequency
of % faster than the sampling frequency. Both of these factors make
it difficult to estimate the inductance. The simplified model (8) also
allows us to write an equation for the torque generation of the motor
(not including frictional losses) as a function of the signed PWM duty
cycle u € [—1,1] and speed w, instead of a function of current as in

(6)
where

¢ =K /r )

T=ou— (w,
UZICVS/T,

The expression for the stall torque, o, is found by setting u = 1 and
w = 0 in (6) and (8), and solving for 7. The expression for the back
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EMF damping coefficient (an electrical term that does not include
frictional effects), ¢, can be found by setting u = 1 and 7 = 0 in (6),
(8), and (9) and solving for (. This is a more useful formulation than
(6) because it is more practical to control a motor by voltage PWM (see
Section II-B) than controlling current. For these reasons, we choose not
to estimate the inductance.

If the motor under test has a gearbox, with reduction +, the total
effective inertia of the motor and gearbox is

2
Jb‘ = JGearbox +7 JMotor~

The total system inertia JJg includes the minimal base inertia, found in
(4), any additional inertia from nuts and bolts added to the inertial disc
(known a priori), and the inertia of the motor under test

JS = JB + nB(JltsJBolt + nNutsJNut + JE (10)

We can write the torque balance of the entire system, starting with
(2) and adding the torque of the motor (7)
d
Jg d—tf = ki — bw — cg - sgn(w) (11)

where Coulomb friction from the motor and base system are combined
into the one parameter cg

cs =a+B(Jg —Jg)+cu- (12)

We subtract the effective inertia of the motor and gearbox, so that the
Coulomb friction calculated from the results of the spin-down tests
only reflects the inertial disc with any nuts or bolts and all Coulomb
friction contributions from the motor are lumped into ¢, .

This model is only applicable when the system is in motion, as it
accounts for Coulomb and viscous friction, but not stiction. We thus
ignore measurements where the velocity is zero. In the general case,
Coulomb friction is nonlinear because of the step at zero velocity;
however, in this case, we are ignoring data with zero velocity and thus
fitting two linear models to the data with nonzero velocity, bypassing
the nonlinearity.

Thus, we have (8) and (11) that completely describe the electrical
and mechanical dynamics of the motor in RAPID. We use gray-box
modeling to find the five unknown parameters of the system: r, k, Jg, b,
and cg that best fit the observed data to the prescribed model [13]. The
effective inertia of the motor Jg and the Coulomb friction of the motor
¢y can be recovered from Jg and cg with (10) and (12), respectively.

IV. PARAMETER IDENTIFICATION

To identify the parameters of the motor and driver system, RAPID
employs a least-squares algorithm similar to [12]. We define N as the
total number of data points taken during a trial and let f(n) denote the
value of f at time nh, where h is the sample time of 0.01 s. By the
aforementioned construction, the model can be written in matrix form

13)

where € R°*! is the vector of model parameters to be identified.
From the set of system equations (8) and (11), we write

i(n) w(n) 0 0 0
A(n) = ) dw
0 —i(n) E(n) w(n) sgn(w(n))
: V(n)
x=[r k Js b cs|', bn)= 0
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TABLE II
RESULTS FROM MAXON A-MAX 22 MOTORS

Parameter Motor
Measure 1 2 3 4 5
r Q 4.054 3.718 3.745 3.749 3.991
k N-m/A || 0.363 0.362 0.357 0.359 0.365
Jg  kg-m? 1.7-1073| 1.7-103| 1.7-10-3| 1.7-1073| 1.7.10—3
b N-m/s || 8.7-107%| 9.9-1074| 1.1.1073| 8.4-104| 9.5.104
cy N-m 3.7-1073| 4.9-1073| 6.2.103| 5.1-1073| 5.5.10—3
vse Y 0.101 0.092 0.099 0.087 0.096
N-m 251074 2.9:-10~%| 2.9-10~4| 2.8-10~%| 2.5.10~*
R? 0.994 0.994 0.994 0.994 0.993
We further define
A e A e
Ry = ZA(n)TA(n), Rap = ZA(n)Tb(n).
n=1 n=1

If we premultiply both sides by A(n)T and sum over n, we can rewrite
(13) as Rax = R4y, solving for x gives x = R;Rﬂ,, so long as
R4 is invertible. Whether or not R4 is invertible depends on if the
PWM input signal to the motor is sufficiently exciting. For our trials,
the percent duty cycle of the PWM signal is given by a sinusoid sweep
discretized at 100 Hz. The sinusoid sweep ramps linearly up, then
down, in both amplitude (maximum: 6 V) and frequency (from 0.125
to 1.0 Hz). The carrier frequency of the PWM signal does not change,
only the percent duty cycle.

We can use different metrics to evaluate how well the identified
parameters fit the observed data to the chosen model. Mean squared
error (MSE) is the mean of the square of the difference between the
observed and estimated data using the identified parameters. The MSE
can be calculated separately for the voltage balance (8) and torque
balance (11). The coefficient of determination R? can be calculated as

>y e(m)"e(n)

R =1- =2
2 =1 b(n)Tb(n)

where €(n) is the residual of the fit, e(n) =

A(n)x.

V. EXPERIMENTAL VALIDATION

We tested five of the same high-quality motor, the Maxon A-max
22 (5 W, 6 V) with a 64:1 spur gearbox [14], [15]. The specifications
from this manufacturer are quite detailed and we can thus compare the
identified parameters to the specifications to determine the accuracy
of RAPID. Comparing the results of the five motors indicates the
precision.

The expected torque from this motor is of the order of 1072 N-m,
we thus add four bolts to the inertial disc to increase the total inertia.
Average results from 20 trials of each motor are shown in Table II. A
representative plot of the measured and estimated voltage is shown in
Fig. 5 and a plot of both sides of (11) with the estimated parameters is
shown in Fig. 6.

The specifications list a £ value of 0.377 N-m/A (accounting for
the gearbox); the value estimated by RAPID for each of the motors
is within 5% of this value. Given that we can expect a manufacturing
tolerance of 1-3%, the accuracy of the tests is acceptable. The effi-
ciency of the motor driver may also account for the deviation from the
specification, particularly since the values are consistently lower than
the specification. The motor driver also affects the estimation of the
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resistance of the armature wire. The motor driver H bridge has an “on”
resistance on the order of 1 €2, in addition to the resistance in the wire
and breadboard. The motor specification is 1.76 €2, which is less than
the identified resistance. The estimated effective inertia of the motor
and gearbox is within 2% of the specifications. Comparing parameter
estimates from motor to motor shows acceptable precision as well. We
see the most motor-to-motor variation in the friction parameters. Slight
differences in alignment while mounting the motor in RAPID may ac-
count for this. MSE values are within 2% of full scale and R* values
are close to unity and compare favorably with other motor parameter
identification results in [12] and [16].

VI. CONCLUSION

An inexpensive, open source dynamometer has been presented that
can accurately and precisely fit parameters to a given electromechanical
model of a motor. The integrated sensor suite measures several physical
values in the system. The reconfigurable mechanical design allows for
testing a wide range of motors.
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With the motor dynamics identified, a model-based control algo-
rithm may be developed for a robotic system. Future work may include
in situ testing in a robotic system, using similar algorithms to those
developed here, to characterize and track the motor parameters for
motor health monitoring as well as estimating external friction param-
eters, such as rolling resistance over different terrain. Online parameter
identification may even be incorporated into the controller [17].
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