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Analysis of the Transient Response of UAV Rotors
S. Al-zubaidi*, and K. Stol

Department of Mechanical and Mechatronics Engineering, University of Auckland, Auckland

ABSTRACT

This study presents an analysis of the transient
response of Unmanned Aerial Vehicle (UAV)
rotors, creating models to predict the transient
performance of a rotor through manufacturer-
provided data. Understanding the transient re-
sponse helps in choosing rotors for UAVs in a
more accurate manner within optimisation, lead-
ing to improved agility and stability of UAVs,
in addition to improving simulation tools. The
models are validated through different experi-
mental measurements, studying the effect of dif-
ferent rotor properties on the performance of the
rotor system. These models can be used to esti-
mate the current within 0.3 A and the rise time
within 12 ms, which is restricted by the data log-
ging capabilities. The effect of using different
Electronics Speed Control (ESC) protocols on
the response was also analysed.

1 INTRODUCTION

There has been a notable rise in utilising Unmanned
Aerial Vehicles (UAVs) in different areas over the past few
years, such as search and rescue [1] and package delivery.
Thanks to technological advancements in electronics, UAVs
are now more cost-effective and capable of executing intri-
cate operations, especially for multirotor aircraft. Due to their
ability to hover in place, take off, and land vertically, they are
highly suitable for performing complex manoeuvres and ac-
cessing challenging places.

With the increase in interest, there has been a focus on
creating UAV designs that are more optimised for certain pur-
poses. These include different aspects of the design to cre-
ate efficient [2], more dexterous [3], lighter [4], cheaper [5]
and high endurance[5, 6] UAVs. With all these optimisations,
the performance of the UAV is assessed around its operating
hover conditions. Thus, component models that explain the
steady-state performance are sufficient. However, with the in-
creased focus on faster responding UAVs [7, 8] studying the
performance of the transient response has become more es-
sential. In addition, unlike conventional UAVs, e.g. quadro-
tors, which require the UAV to pitch/roll to produce horizon-
tal forces, fully and overactuated UAVs [8, 9] can respond
to external disturbance much quicker as their response is de-
pendent on the rotor dynamics only. This makes studying
transient response or rotor systems very important.
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The propulsion system performance of UAVs have been
studied extensively and verified through experimental meth-
ods in [2, 10, 11, 12], with each component of the system
studied from its electrical and mechanical properties. While
most of these properties are given by the manufacturer, some
of the motor and propeller properties required for these mod-
els are not readily available, such as the moment of inertia
used in [6].

This problem could be solved through two different
pathways. The first pathway is to limit the search space
within the optimisation. This way, you can buy and test the
motors and propellers’ performance and use that as the ba-
sis for the optimisation [5, 6, 13]. While this is sufficient to
prove that the optimisation is working appropriately, it is not
practical to be used to identify the best design from a large
database of data such as in [8, 9]. In these cases, the problem
is solved by assuming motor inertia is negligible compared
to the propeller’s. While the optimal UAV result might not
change, it would provide an inaccurate representation of the
performance. In addition, using this method would not be
appropriate if the transient response was a constraint for the
optimisation as an infeasible UAV could be chosen.

As for Electronic Speed Controllers (ESC), there have
been studies [10] that studied their steady-state effect on per-
formance. Still, they have been largely ignored when study-
ing the effect of their properties on the transient phase. A
study has tried to investigate the effect of changing controller
firmware on performance, finding improvements in response
time [14]. Since then, new protocols such as OneShot, Mul-
tishot and DShot have been introduced to improve transient
performance and accuracy. However, there have yet to be any
studies that quantify the improvement seen with these meth-
ods.

The main contribution of this paper is the full analy-
sis of the propulsion unit for its transient response, introduc-
ing new models for the moment of inertia of the rotor system
components. The aim is to enable the estimation of the tran-
sient performance of rotor systems using properties manufac-
turers provide. In addition, the effect of using different com-
munication protocols for the ESC on the transient response
will be analysed.

The remainder of this paper is organised as follows.
Section 2 introduces the methodology of testing. The differ-
ent models used are introduced in Section 3. In Section 4, the
results of the testing are shown to verify the models. Section
5 outlines the main findings and future work.
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2 METHODOLOGY

2.1 Test Methods
Different tests have been performed to examine the ro-

tors’ performance. The purpose and method of each test are
stated below.

2.1.1 Steady-State Test
Within the steady-state test, the rotor is sent a sequence

of step inputs and left until the system settles. Data collected
is averaged over the last 30 seconds of the response to find
the steady-state current, thrust, torque and speed at different
levels of ESC inputs.

2.1.2 Step-Response Tests
Within the step-response test, the rotor is sent a se-

quence of step inputs, figure 1. Data within the transient
phase of the response is isolated. This is then used to find
the system’s response time to different inputs.

Figure 1: Step-Response Input.

2.2 Data Collection
The response of the propulsion system for different in-

puts has to be collected. The speed, current, thrust and torque
collection were synchronised with the ESC input and col-
lected using the RCbenchmark Dynamometer Series 1580,
shown in figure 2. RC Control Board was used to drive
the ESC using different protocols. The settings on the Dy-
namometer were altered to achieve an average sampling rate
of 130 Hz. This sampling frequency was high enough to
record the transient response. However, the changes in the
settings did not improve the torque and thrust sampling rate
as a sampling frequency of only 30 Hz was achieved, which
is considered insufficient; thus, the thrust and torque must
be determined through another method. The RCbenchmark
records the torque using load cells placed on the stand. The
speed of the motor is recorded using an electrical speed sen-
sor, which involves connecting a probe to one of the wires
connecting the ESC to the DC motor.

Figure 2: RCbenchmark Test Stand.

3 COMPONENTS

This study defines rotors as the ESC, motor, and pro-
peller systems combined for propulsion within a UAV.

3.1 Propellers

Propellers are responsible for converting the rotational
kinetic energy into the thrust required to lift the UAV into the
air to hover and perform manoeuvres. The propellers’ prop-
erties important to consider for this study are torque constant
and moment of inertia. Table 1 lists the propellers used in this
study.

Propeller Mass (g)
T-Motor 12” x 4” Carbon Fiber Propeller 14

T-Motor 13” x 4.4” Carbon Fiber Propeller 14.1
T-Motor 14” x 4.8” Carbon Fiber Propeller 15

T-Motor 6” x 2” Carbon Fiber Propeller 1.86
Rctimer TM 6x2 6020 Carbon Fiber Propeller 3

Gemfan F6030 2-Blade Folding Propeller 3.56
HQProp DP 7X4.5 Propeller 6.6

HQProp T5.1X4.5 3.38
HQ T4025 1.45

Table 1: Propellers Used in Case Study.

3.1.1 Torque Constant Model

As the data acquisition rate for torque is lower than that
of the other data collected, the torque studied by examining
would have to be a theoretical torque. The torque constant
relates the rotor load torque with the rotor rotational speed
using the common empirical aerodynamic model [9],
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τl = cτlω
2 (1)

where τl is the rotor load torque, ω is the rotational speed
of the motor, and cτl is the torque constant. The constant is
calculated by fitting equation 1 to the speed and torque data
collected from the RCbenchmark steady-state experiments.
Once the torque constant is found, the torque is assumed to
be a function of the speed for the step-response tests. Al-
ternatively, the torque constant could be calculated from the
diameter and pitch using equations from [10].

3.2 Motors
The motor converts electrical energy to mechanical ro-

tational energy required for the propeller to generate thrust.
In addition to the capabilities of the motor, this study includes
a model for the moment of inertia of the motor according to
its geometry and mass. Motors are also tested separately to
isolate the system before adding propellers. In addition, the
testing was performed with motors with quite a large range of
speed constants to ensure that the models used are applicable
to an extensive range of UAV Motors. Table 2 lists the motors
used in this study

Motor
KV

(rpm/V )
D× H
(mm) Mass (g)

Emax ECO II-2004 3000 24.7×19.2 16.4
Emax ECO II-2004 2000 24.7×19.2 16.6
Emax ECO II-2807 1500 33.9×34 46.9

MN1806 2300 23×23.8 18
MN3110 700 37.7×37.1 80

Table 2: Motors Used in Case Study.

3.2.1 Dynamic Response
For the dynamic response, the model used is the one

proposed by Magnussen et al. [14, 6]. As per that model, the
equation of motion of the rotor is,

Jrω̇ =
KT

R
(V −KEω)− τl (2)

where Jr is the rotor moment of inertia, KT is the motor
torque constant, R is the motor internal resistance, KE is the
motor voltage constant, and V is the voltage input. WhileKT

and KE are considered equal, the manufacturer does not give
them directly but can be derived through the motor speed con-
stant. The equation for this conversion, retrieved from [10],
is,

KT = KE =
V0 − I0R
KV V0

(3)

whereKV is the motor speed constant in rad/V s, V0 is nom-
inal voltage, and I0 is the nominal no-load current. Rotor
moment of inertia Jr is found through

Jr = Jm + Jp (4)

where Jm is the motor moment of inertia and Jp is the pro-
peller moment of inertia. The model will be simulated to
compare the expected rise time to the experimental data.

3.2.2 Current Model
According to the literature [10], the current through

the motor is a function of the voltage, motor parameters and
torque. The governing model is

I =
V

Vin

(
τlKV V0
V0 − I0R

+ I0

)
(5)

where I is the current through the motor and Vin is the input
voltage.

3.3 ESCs
An ESC is a device that converts the DC voltage from

the battery to a three-phase alternating signal required for the
brushless DC motors. The effect on the response when using
different protocols will be considered. For the rest of the test,
oneshot42 protocol will be used for consistency for the rest of
the tests. The ESC used is the Foxeer Reaper F4 128K BL32.

3.3.1 ESC Protocols
The main aim is to understand the effect of different

ESC protocols on the response of the rotors. The protocols
tested are PWM50, PWM500, oneShot125, oneShot42, multi-
shot, dshot 150, and dshot300. Dshot600 and dshot1200 was
not tested due to the capability of the control module.

4 RESULTS

4.1 Propeller Constant Model
The appropriate motors for each propeller were run at

different ESC inputs. Following the procedure from section
2.1.1, steady-state data was extracted. For each propeller,
equation 1 were fitted which is evaluated to ensure a proper
fit. All of the fits were found to have very low root mean
square error (RMSE) and high R2.

4.2 Moment of Inertia Model
As finding the moment of inertia is quite a complex pro-

cess, the equations that were suggested within the literature
were used to fit the response of the rotor system used. Under
this, the assumption was made that the ESC only provides a
time delay at the start of the response without having any ex-
tra dynamics. This assumption is that the rotor dynamics will
only affect the response’s rise time. The first-order approxi-
mation of the response, from [6], is given by,

ω

V
=

KT

τrs+ 1
(6)

where τr is the rotor time constant.

τr =
JrR

K2
T + cτlRω

. (7)

The moment of inertia of each rotor pair is found by
performing a fit for each input step and comparing it to its
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rise time. The relationship between rise time and the time
constant is,

Tr = 2.2τr (8)

where Tr is rise time.
First, the motors were run without a propeller and their

moment of inertia was found. Multiple data points for the
moment of inertia were found for each motor, and the mean
and standard deviation were studied. The data was consid-
ered satisfactory as the standard deviation for the moment of
inertia was less than 5%. Next, as we aim to find models that
depend on data given by the manufacturer, we fit the moment
of inertia to the diameter and mass properties. Through that,
a fit was found as below,

Jm = A1 +A2mmd
2
m +A3mmdm (9)

whereA1, A2, A3 are constants,mm is the mass of the motor,
and dmis the motor’s outer diameter. The constants are found
to be A1 = 1.77× 10−5, A2 = −0.098 and A3 = 2.71.

Next, the propellers were added to the system, and the
same process was followed to find the moment of inertia of
the rotor system. The moment of inertia of the propellers was
found using equation 4. The data was considered satisfactory
as the standard deviation for the moment of inertia was less
than 5%.In addition, we also compared the resulting moment
of inertia of the same propeller when using different motors to
verify the data quality. Within these, the difference between
the individual moment of inertia was within 10% which was
considered acceptable for the application. Similar to the mo-
tor system, a model for the moment of inertia was used, and
the fit found is

Jp = B1mpd
2
p −B2mpdp (10)

wheremp is the mass of the propeller, and dpis the propeller’s
diameter. The constants are found to be B1 = 0.135 and
B2 = 0.012.

4.3 Dynamic Response
To verify equation 2, the motor was run through dif-

ferent steps of ESC input. The speed and ESC input are
recorded. The ESC input is converted to a reference speed us-
ing the equation from [10]. A SIMULINK model is created
using the equations 2, and the equivalent voltage was used
as input for that model. For each, the experimental data was
studied against the results from simulation. Figure 3 shows
the response for one rotor, specifically the MN1806 using the
T-Motor 6” x 2” Carbon Fiber Propeller. As seen, the two
responses match each other quite well.

Next, we ran the motor through multiple steps with
equal ESC input increments. The process was repeated 10
times, and the rise time was recorded and compared. Figure
4 shows the comparison, and as we can see, the model works
quite well for operating speeds up to 1900 rad/s. The rise time

Figure 3: Time Response of One Step

change with operating speed follows a similar trend showing
that the models used are quite good. The difference between
the experimental and simulated system rise time could be at-
tributed to the limitation in the logging of data. As mentioned
above, the average sampling frequency is about 130 Hz, re-
sulting in a sampling period of about 7.7 ms. Looking at the
results obtained any over or under-estimation of the rise time
was only by about 1-1.5 times that sampling time. While re-
peating and taking the average reduced the error, small errors
are still expected.

Figure 4: Rise Time at Different Operating Speeds

The same procedure was repeated for the different ro-
tors, and the difference between the expected and actual speed
rise times was compared and shown in Table 3 for each trial
point. For each rotor, the models used were found to be able
to estimate the rise time within less than 1 sampling period
with 1 exception. For that rotor system, the rise time was es-
timated to be within 12.6 ms, translating to only a 6% error.

4.4 Current Response
The appropriate motors for each propeller were run at

different ESC inputs. Following the procedure from sec-
tion 2.1.2, data for each time step has been recorded. The
measured current was plotted against the expected current as
shown in figure 5 for the Emax ECO II-2807 1500KV motor
with the HQProp T5.1X4.5 Propeller. It could be clearly seen
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Rotor No.
Absolute

Difference (ms)
Percentage

Difference (%)
1 5.5 9
2 6.1 8
3 4.2 23
4 6.1 16
5 5 12
6 5.3 14
7 7.8 18
8 3 9
9 12.6 6

Table 3: Absolute and Percentage difference between
expected and actual rise time

that the current follows the expected current to a very close
estimation (within 5%).

Figure 5: Current Response for Multiple Steps

Secondly, the model was tested with multiple combi-
nations of propeller and motor to verify its performance and
validity. For each, the RMSE was calculated between the ex-
pected and actual current. As seen in figure 6, 40 trials were
conducted of 8 steps, resulting in a maximum RMSE of 0.3
A. This shows that the model provides a good estimation of
the current in transient phase.

4.5 ESC Protocols
4.5.1 Dynmaic Response

For the testing of the ESC, we connected the ESC to the
MN1806 using the T-Motor 6” x 2” Carbon Fiber Propeller.
We tested the system through each of the different input pro-
tocols. This was repeated 10 times, and the mean, µ and the
standard deviation, σ, of the settling time were recorded. As
seen from Table 4, the faster protocols, consistently have the
lower settling times, both mean and standard deviation. In

Figure 6: Average current error across trials

Protocol Step 1 Step 2 Step 3
µ σ µ σ µ σ

dshot150 101 1.2 98.8 3.5 98.0 3.8
dshot300 105 2.0 103 1.7 99.8 3.1
oneshot42 103 2.9 101 2.2 104 5.3

oneshot125 104 1.6 99.0 8.0 99.4 1.5
multishot 104 1.6 102 4.3 100 6.8

PWM 50Hz 114 4.9 113 7.4 112 7.5
PWM 500Hz 108 2.1 102 4.3 100 9.6

Table 4: Mean and standard deviation of settling time in ms

addition, using PWM at either 50Hz or 500Hz causes an in-
crease in the settling time. This is likely caused by the delay
due to the longer signal of 1 ms - 2 ms when using PWM500
compared to the 125 µs - 250 µs for oneshot125. However,
the difference in settling time between the different protocols
is very small, especially considering systems with propellers
of size larger than 4”. However, this effect might be magni-
fied when working with much smaller propellers.

5 CONCLUSION

In this paper, the transient performance of the actuation
system of multirotor UAVs was analysed. Through only data
provided by the manufacturer for off-the-shelf components,
the rise time for different steps was estimated within 12.6 ms.
This provides a good platform to estimate the performance of
these components within simulations and optimisations with-
out requiring the purchase and testing of the components.

For future work, the aim is to use these models of tran-
sient response within an optimisation, allowing accurate pre-
diction and extensive search space. In addition, expanding
the testing range to other limits to explore different problems
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