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Abstract: In recent years, exterior-rotor brushless DC motors have become increasingly popular in
robotics applications due to their compact shape and high torque density. However, these motors
were originally used for continuous operation in drones. For applications such as exoskeletons,
prostheses, or legged robots, short bursts of high power are often required. Unfortunately, vendors do
not typically provide data on the motors” performance under these conditions. This paper presents
experimental data on the torque-speed relationship, efficiency, and thermal responses of one of
the most widely used outrunner-type brushless motors across its full operating range, including
high-power, short-duration operation. The results of this study can inform the selection and design
of actuators for a range of robotics applications, particularly those that require high power output for
brief periods of time.
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1. Introduction

Over the past decade, the market for multirotor drones has experienced rapid growth, driven by
the popularity of drones for photography and videography, as well as their use in various industries
such as agriculture, construction, and surveying [1]. The employment of exterior-rotor brushless
motors within multirotor drones has catalyzed the development of various motor dimensions and
configurations. Compared to their interior-rotor counterparts, these motors provide higher torque
density [2-4], making them attractive for various applications in the field of robotics that are space
and weight constrained in design, such as legged robots [5-7], prostheses [8-10], and exoskeletons
[11-13]. To effectively harness the benefits of exterior-rotor brushless motors in these applications,
it is important to understand their performance characteristics under different operating conditions.
Unfortunately, manufacturers of drone motors generally do not provide comprehensive data on
the motors’ performance in various conditions beyond drone-specific applications. A few research
groups have conducted investigations into the performance of such brushless motors across a range of
applications. Lee et al. [14] performed an empirical characterization of a widely used exterior-rotor
motor (U8 KV100, T-motor, Nanchang, Jiangxi, China) and an accompanying drive (Dephy Actuator
Package, Dephy Inc., Maynard, MA, USA) with a focus on wearable robotics applications. In the study,
the motor was tested under 36 V and up to 23.8 A peak current (20 seconds). Katz [15] conducted
tests on a motor with similar specifications using a custom 4-quadrant motor dynamometer and a
custom drive, with a focus on legged robot applications. The motor was subjected to a voltage of 22 V
and peak current of up to 36.99 A. While these studies provide valuable insights into the performance
characteristics of the motor, the data were collected in conjunction with the associated custom drives
and did not involve direct measurement of the electrical power entering the motor. Furthermore, these
studies did not comprehensively explore high-power use cases. For the aforementioned applications,
high-power, short-duration operation is often required due to the periodic nature of the loads, such
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as those encountered during walking, running, or jumping. It is possible to slightly undersize the
motor to reduce the system’s weight and size while still achieving accurate peak torque tracking by
briefly overpowering it. Manufacturers generally discourage overpowering the motors due to several
potential issues, including reduced efficiency and performance caused by torque saturation, and
permanent damage to the motors resulting from overheating and demagnetization. Nevertheless, with
careful temperature monitoring and proper thermal management, overpowering can be performed
safely.

In this study, we conducted an energy efficiency and performance evaluation of the U8Lite KV100
motor, which shares the same specifications as those motors that have demonstrated success in various
robotic applications [6,7,9,16—-18]. The drive system (EVEREST XCR-C, Novanta Inc., Bedford, MA,
USA) is a commercially available product that provides high power output. The characterization
process involved the direct measurements of the electrical power input to both the drive and motor,
as well as the mechanical power output from the motor shaft, including high-power, short-duration
operation. Moreover, to obtain a comprehensive evaluation, the corresponding thermal responses of
the motor were also recorded throughout the testing. The outcomes of this study are relevant for the
selection and design of actuators for a range of robotics applications, especially those demanding high
power output for brief duration.

2. Materials and Methods

2.1. System Architecture

Figure 1 illustrates the system employed for testing. Figure la presents the overall schematic
representation of the system, while Figure 1b depicts its physical embodiment. Two distinct tests
were conducted using switching power supplies rated at 2500 W, operating under 24 V and 36 V.
(UHP-2500-24 and UHP-2500-36, MEAN WELL Enterprises Co., Ltd., New Taipei City, Taiwan). The
drive system, EVEREST XCR-C motor driver, has a power rating of 3000W and is capable of supporting
voltage inputs ranging from 8 to 80 V, with a continuous current of 45 A and a 3-second peak current
of 60 A. The driver was tuned to drive the U8Lite KV100 using a 100 kHz PWM switching frequency
and a 50 kHz current control loop. The current control loop utilized an internal field-oriented control
algorithm. The U8Lite KV100 motor is a delta-winding brushless motor with a weight of 238 g and
21 pole pairs. To facilitate feedback control, an absolute encoder (RM44, RLS Merilna tehnika d.o.o.,
Slovenia) was installed at the back of the motor. In addition, a temperature sensor (NTC thermistor
B5786150103A039, TDK Electronics AG, Munich, Germany) was directly installed on the stator winding
coil using a thermally conductive epoxy (EP42HT-2A0O-1 Black, Master Bond Inc., Hackensack, NJ,
USA) to measure the thermal response of the motor. For more accurate measurement, the thermistor
was connected to a 2.5 kOhm reference resistor (USR2G-2K5X1, Riedon, Alhambra, CA, USA) to form
a half bridge circuit. To maintain a consistent starting temperature of 25°C and facilitate cooling, a fan
was positioned adjacent to the motor. The fan operation was controlled based on readings from the
temperature sensor. To monitor the DC voltage and current entering the motor driver, a differential
voltage divider (Entube DE, Verivolt, San Francisco, CA, USA) and a zero-flux current sensor (IsoBlock
I-ZF, Verivolt, San Francisco, CA, USA) were used. The voltage sensor has a measuring range of
£100 V with an 85 kHz bandwidth and 40.05% accuracy, while the current sensor has a measuring
range of =100 A with an 100 kHz bandwidth and £0.02% accuracy. Both the voltage and current
sensors produce an output of 10V, a value that aligns with the input requirements of a typical
data acquisition (DAQ) device. To measure the line currents entering the motor, the same current
sensors were utilized, while the line voltages were measured using a 3-channel differential voltage
down-converter specifically designed for 3-phase systems (Entube TE, Verivolt, San Francisco, CA,
USA). The Entube TE has the same measuring range, bandwidth, accuracy, and output as Entube DE.
The output torque and speed of the motor were measured using a rotary torque sensor with integrated
encoder (TRS705 FSH02564, Futek, Irvine, CA, USA). The torque sensor has a sensing range of =5 Nm
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and a nonlinearity of £0.2%. It was calibrated by the manufacturer prior to shipping. The driving
motor (CPM-MCVC-D1003A-RLN, Teknics Industries, Inc., Lincoln Park, NJ, USA ) is an integrated
3-phase servo motor that operated under 208 V AC and has a power rating of 4 hp (2982.8 W). It has a
continuous torque of 13.4 Nm, a peak torque of 32.9 Nm, and a maximum speed of 2760 RPM.

Data from the voltage and current sensors were acquired using two analog input modules (NI
9215, Austin, TX, USA) at 40,000 samples/second, while the data from the thermistor were collected
via a different analog input module (NI 9219, Austin, TX, USA) at 100 samples/second. This module
has built-in voltage and current excitation and supports half-bridge inputs. A digital output module
(NI 9401, Austin, TX, USA) was used to control the 3-phase servo motor. All these input and output
modules were installed within a chassis (NI cDAQ-9178), which interfaced with a host computer via
USB. Data from the torque sensor were collected at 100 samples/second and processed utilizing an
separate DAQ system (USB 520, Futek, Irvine, CA, USA), which was also connected to the computer
via USB. The configuration used for measuring both electrical power and temperature is represented
in Figure 2, which provide a detailed depiction of the setup, offering a close-up view that allows for a
comprehensive understanding of the measurement apparatus.

DC 24V
DC 36V
2500W A Vi
o Y f
Motor Driver B ~ Brushless motor Torque and Speed [ i
Driving motor
(EVEREST XCR-C) | I | \ (T-motor U8 KV100) Sensor L
Vbc S
VAC VBC
—1
Ipc I A
B
IC

(b)

Figure 1. Overview of the experimental apparatus designed for in-depth characterization of motor and
drive. (a) Diagram representing key components. (b) Physical realization of the system.
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(c) (d)

Figure 2. Close-up views of key components: (a) Current and voltage sensors, (b) Rear view of the
sensors and the DAQ system, (c) Direct installation of a thermistor on the stator coil, and (d) Placement
of a fan adjacent to the motor for cooling.

2.2. Efficiency and Loss Mapping Procedure

The experimental procedure involved a systematic exploration of the entire torque-speed plane
through the establishment of a mesh of reference operating points, as illustrated in Figure 3. The
figure represents the operating points utilized during testing under 24 V conditions. The speed range
spanned from 0 to 1500 RPM (1700 RPM for the 36 V test) and was divided into equally spaced intervals
of 100 RPM. This interval selection ensured an adequate resolution. Similarly, for each speed value, the
torque, corresponding to the commanded current A, was adjusted from 0 to 50 A in increments of 5 A.
These increments were also chosen to achieve an appropriate resolution. To further enhance resolution,
additional points of 2 A and 4 A were included for each speed value in both the 24 V and 36 V tests.
Note that in this setup, the driving motor was regulated based on speed and sets the desired speed for
a specific operating point. On the other hand, the U8Lite KV100 motor was current controlled.

For each operating point, the driving motor would first start for one second to ensure it reached
the target speed, and then the U8 KV100 motor would begin applying torque. The tests were conducted
for a duration of 3.5 seconds. After the 3.5-second interval, both motors were stopped, but the DAQ
continued to collect temperature readings for an additional 15 seconds. Subsequently, the fan was
activated to cool the motor until its temperature dropped below 25°C before commencing the next
operating point. During data processing, the initial and final 20% of the data were trimmed, and the
remaining portion was utilized for calculations. To calculate the motor’s input electrical power, the
following equation was used [19]:

Pe = 1/+/3[Vaplpcos(0p/ap — 7/6) + Vaclacos(04/ac — 7/6) + Viclccos(0c pc — 7/6)], (1)
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Figure 3. Operating points utilized during testing under the 24 V condition. The plot showcases the
specific combination of speed and torque values spanning the entire torque-speed plane. For the 36 V
condition, the operating points follow the same pattern, with additional speeds of 1600 RPM and 1700
RPM.

where 14, Ip, and Ic represent the measured line currents, and Vg, Vac, and Vpc represent
the measured line voltages. 85,45 represents the phase difference between Ig with respect to V43,
84, ac represents the phase difference between I4 with respect to V4, and 6, pc represents the phase
difference between I with respect to Vpc. The DC power entering the drive was calculated using the
following equation:

Ppc = Vpclpc, (2)

where Vpc and Ipc represent the root mean square (RMS) values of the DC voltage and current,
respectively, coming out of the power supply. The RMS values of Vp¢c and Ipc were used due to
motor’s behavior at certain high-speed operating points. At these points, the motor essentially operates
as a generator with negligible torque output, as opposed to its typical function as a torque generator.
As a result, AC currents were measured, necessitating the utilization of RMS values. The output
mechanical power from the U8Lite KV100 motor was calculated as:

Py =t - wpm, 3)

where 1) is the measured torque and the w), is the measured speed. Using these power values,
the motor efficiency 7, can be determined as:

M = Pm/ P. 4)

Similarly, the motor driver efficiency #p can be calculated as:

b = Pe/Ppc. (5)
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Furthermore, the power loss of the motor Pj,s; can be determined by subtracting the output
mechanical power Py from the input electrical power Pg:

Ploss:PE_PM' (6)

3. Results and Discussion

3.1. Motor Efficiency and Loss Maps

The procedure outlined above was executed using 24 V and 36 V power supplies. However,
during the 36 V test, the motor could not complete the test at 1700 RPM with current setpoints of 45
A and 50 A due to the triggering of the I°T protection. At these two operating points, the current
controller would briefly overshoot beyond 60 A, which is the absolute maximum for the drive. While
the motor managed to operate for 3 seconds at these operating points, it failed to maintain the necessary
duration of 3.5 seconds, as prescribed by this study.

Figure 4 illustrates the motor efficiency and loss maps for the two voltage conditions. These
maps play a crucial role in assessing the motor’s efficiency across the entire torque-speed range,
providing insights into its performance characteristics. For instance, in mobile applications, operating
the motor within the high-efficiency region is highly desirable to optimize battery usage. From the
results depicted in Figure 4, this region is observed to span speeds ranging from 200 RPM to 700 RPM,
with torque values below 1 Nm. Furthermore, these efficiency maps can also provide information on
how to momentarily exceed the motor’s power rating and ascertain the torque and speed limits that
the motor can attain.

The loss maps provide information about the power dissipation in the motor at different operating
points. However, it is important to note that the loss maps for the motor do not include the zero current
and zero velocity operating points. These operating points were excluded because, at zero speed,
the motor does not produce any output mechanical power, and at zero current, the motor does not
apply any torque. Therefore, including these points in the loss maps would not provide meaningful
information about power dissipation. Nonetheless, the data from these points were included in the
motor efficiency maps to provide a comprehensive view of the motor’s performance, including its
maximum torque and speed capabilities. Further, under the 24 V condition, there are certain operating
points, particularly at 1200 RPM and above, where the motor was unable to generate any positive
torque. As a result, all the electrical power input was considered as loss, resulting in an irregular
pattern in the loss map depicted in Figure 4b at high speeds.
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Figure 4. The efficiency and loss maps of the U8Lite Kv100 motor. (a) Efficiency map for 24 V. (b) Loss
map for 24 V. (c) Efficiency map for 36 V. (d) Loss map for 36 V.

From Figure 4, it is evident that operating the U8Lite Kv100 motor at 36 V yields improved

performance compared to 24 V. When comparing the efficiency maps between the 24 V and 36 V
conditions, it can be observed that the torque outputs are approximately 5% to 10% higher for speeds
up to 600 RPM and 10% to 25% higher for speeds above 600 RPM. This indicates that the motor can
generate higher levels of torque at higher operating voltages. Notably, under the 36 V condition,
the motor exhibits the capability to generate torque even at higher speeds. Table 1 provides a more
detailed comparison of the increase in torque generated by the motor at 36 V compared to 24 V. In
addition to higher torque generation, the motor also exhibits higher efficiency under the 36 V condition.
Furthermore, the area of the high-efficiency region is larger when operating the motor at 36 V.
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Table 1. Percentage increase in torque at selected operating points, comparing 36 V to 24 V.

200 RPM 400 RPM 600 RPM 800 RPM 1000 RPM
2A 5.11% 9.68% 15.5% 25.11% 67.98%
4A 3.73% 6.69% 10.36% 14.92% 29.03%
5A 4.34% 6.79% 10.79% 16.34% 29.81%

10A 3.86% 6.01% 9.22% 13.6% 24.05%
15A 3.79% 6.06% 9.06% 12.91% 23.08%
20A 3.95% 6.1% 8.94% 12.83% 23.02%
25A 4.15% 6.33% 9.00% 12.86% 22.81%
30A 4.45% 6.5% 9.2% 12.79% 22.78%

35A 4.59% 6.68% 9.32% 12.76% 22.79%
40A 4.74% 6.78% 9.32% 12.68% 22.65%
45A 4.79% 6.83% 9.28% 12.71% 22.44%
50A 4.72% 6.87% 9.12% 12.53% 34.47%

3.2. Motor Driver Efficiency Maps

Because the primary focus of this study is to evaluate the motor’s performance, it was crucial to
ensure that the motor driver does not impede the motor’s capabilities. To mitigate this, the driver was
affixed to an aluminum plate, and a low-profile CPU cooler (C7 Cu, Cryorig, New Taipei City, Taiwan)
was mounted on the plate. However, it is important to acknowledge that this thermal management
solution may not be feasible for mobile applications due to weight and size considerations. Therefore,
for mobile applications, it is recommended to conduct further tests to assess the thermal properties of
the motor drive under various cooling methods. Figure 5 presents the efficiency maps for the EVEREST
XCR-C motor driver at the two voltage conditions. The results obtained align with the energy efficiency
specifications provided by the vendor [20]. The driver efficiency maps do not incorporate the zero
current and zero velocity operating points for the same reason as the loss maps.
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Figure 5. The efficiency maps of the EVEREST XCR-C motor driver at (a) 24 V and (b) 36 V.

3.3. Motor Thermal Responses

Joule heating within the motor’s windings significantly impacts the motor’s performance. This
thermal effect, caused by the resistance of the windings to the electric current, can lead to increased
temperatures, potentially affecting the efficiency and longevity of the motor. Therefore, monitoring


https://doi.org/10.20944/preprints202307.1525.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2023 do0i:10.20944/preprints202307.1525.v1

9o0f12

the temperature of the windings is crucial to ensure the motor is operated within safe limits when
overpowering it. As mentioned earlier, during the tests at each operating point, the motor did not
receive any active cooling and was only cooled after the test was completed. It is important to note that
the motor should not exceed a temperature of 95°C at any point during operation. Figure 6 illustrates
the maximum temperature reached by the motor under both the 24 V and 36 V operating conditions.

48.62

Current setpoint (A)
Current setpoint (A)

Motor Temperature (°C)

[ 2609 \/\Ps;oo

0 0 0
RS R R R A R R S S SRR S
Speed (RPM) Speed (RPM)
(@) (b)

Figure 6. (a) Maximum temperature at each operating point for 24 V. (b) Maximum temperature at
each operating point for 36 V. Please note that temperature data for the 45 A and 50 A current setpoints
at 1700 RPM were not collected due to the activation of the I>T protection.

These data provide assurance that briefly exceeding the motor’s power rating for a limited
duration is acceptable within the specified thermal limits. Furthermore, Figure 7 displays the thermal

responses of selected operating points, providing additional insights into the temperature behavior of
the motor.
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Figure 7. Thermal responses of the motor. (a) Thermal responses for selected operating points under
24 V. (b) Thermal responses for selected operating points under 36 V.

Upon comprehensive analysis of thermal behavior, it becomes clear that the introduction
of a higher voltage triggers a more accelerated rise in temperature, culminating in greater peak
temperatures. Nonetheless, throughout the span of the 3.5-second test interval, this amplified
temperature did not significantly affect the efficiency of the motor. Under the 36 V condition, the
temperature peaked at approximately 57°C when operating at high current setpoints, which remains
comfortably below the specified limit of 95°C.
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In real-world applications where the motor might need to be momentarily overpowered, it is
crucial to continuously monitor the temperature. The motor drive incorporates an I?T protection
system, which acts as a safety measure against situations where the instantaneous thermal energy
surpasses a predetermined limit. This is vital as temperature sensors may not be quick enough to
identify potentially hazardous conditions.

The instantaneous energy that the motor releases is directly proportional to the square of the
current flowing through it and the time this current persists. The "nominal current” is defined as the
maximum current that a motor can sustain continuously without breaching its thermal boundaries.
Any current that goes beyond this nominal value results in an accumulation of thermal energy within
the motor and its surroundings, which then needs to be dissipated by the cooling system.

If the thermal energy buildup exceeds the cooling system'’s dissipation capacity, the system could
reach its thermal limits, posing a risk of irreversible damage to the motor or the drive. The I?T principle
is associated with a value that is inversely proportional to the energy that the motor dissipates. The
I’T protection system serves as a control mechanism to ensure that the total power that the motor
releases as thermal energy does not go beyond its thermal constraints. [21].

4. Conclusions

This study provides a comprehensive experimental analysis of the performance characteristics of
the U8 KV100 motor under different operating conditions. The motor’s efficiency, power loss, driver
efficiency, and thermal responses were thoroughly examined under two voltage conditions, 24 V and
36 V.

The results reveal that the motor demonstrates enhanced performance when operated at 36 V,
producing higher torque outputs and efficiency compared to the 24 V condition. The efficiency maps
generated in this study offer insights into the motor’s performance across the entire torque-speed
range, which can be crucial in optimizing battery usage in mobile applications. However, in practical
scenarios, a 36 V battery of the same capacity as a 24 V one would be larger and heavier, which may not
be ideal for certain mobile applications. Although a smaller capacity battery can be used to mitigate
the size and weight issues, the performance boost may not sufficiently compensate for the reduced
capacity. Therefore, a careful balance between performance enhancement and battery capacity must be
considered for optimal results.

The thermal responses of the motor were also closely monitored, with the results indicating that
the motor can safely operate beyond its power rating for brief periods, provided the temperature
does not exceed the specified limit of 95°C. The introduction of a higher voltage resulted in a more
accelerated rise in temperature, but this did not significantly affect the motor’s efficiency during the
test interval.

The study also highlighted the importance of the I?T protection scheme integrated into the motor
drive. This mechanism ensures that the integral of power released by the motor as thermal energy
does not exceed its thermal limits, thereby preventing potential damage to the motor or the drive.

In light of these findings, it is recommended that further tests be conducted to assess the thermal
properties of the motor drive under various cooling methods, particularly for mobile applications
where weight and size considerations may limit the feasibility of certain thermal management solutions.
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