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Abstract: Micro Air Vehicles (MAVs) driven by electric propellers are of interest for military and
civilian applications. The rotational speed control of such electric propellers is an important factor
for improving the flight performance of the vehicles, such as their positioning accuracy and stability.
Therefore, this paper presents a nonlinear adaptive control scheme for the electric propulsion system
of a certain MAV, which can not only speed up the convergence rates of adjustable parameters, but
can also ensure the overall stability of the adjustable parameters. The significant improvement of the
dynamic tracking accuracy of the rotational speed can be easily achieved through the combination of
the proposed control algorithm and linear control methods. The experimental test results have also
demonstrated the positive effect of the nonlinear adaptive control scheme on the flight performance
of the MAV.

Keywords: nonlinear adaptive control; dynamic tracking; electric propeller; micro air vehicle;
hardware-in-loop experiment; flight test

1. Introduction

In recent years, the study of Micro Air Vehicles (MAVs) driven by electric propellers has gained
considerable momentum. Some substantial progress has been made towards designing, building and
test-flying remotely piloted high-performance MAVs, and there exist many commercially available
MAVs as well as laboratory prototypes [1-3]. Such MAVs are intended to lower the total system cost,
and are easy enough to operate with minimal training. Moreover, the electric propellers can also
reduce the noise signature in practical use.

In general, the thrust force of a MAV largely depends on the rotational speed of the electric
propeller while the MAV performs low-speed flight missions [4], and the characteristics of the rotational
speed system strongly affect the flight dynamics, stability and reliability of the MAV. Therefore, it is
essential to develop a reliable control scheme to ensure an accurate rotational speed of the electric
propeller, which can contribute to the significant improvement in the flight performance of the MAYV,
and new applications for both military and civilian markets.

The studies have been conducted for electric MAVs, as well as other propeller-based propulsion
systems, mainly including multidisciplinary design optimization [5,6], system modeling [7-9], and
control design [10-15]. Although the optimization of the electric propulsion systems of such MAVs
is extremely crucial, most of the previous investigations were limited to either aerodynamic and
structural analyses of propellers [16-18], or the optimization of electric motors [19,20]. Until recent
times the rotational speed of the electric propeller was mainly regulated according to the altitude
control signal without a closed loop speed control [21,22] or it was based on the linearized model
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around an operation point [23], thus resulting in degrading the flight performance of the MAV, such as
the positioning accuracy and stability. Although the conventional method can guarantee the stability
of the test plants with moderate flight performance, it largely depends on a lot of information and
knowledge derived from the plants, and easily fails to achieve a satisfactory flight performance in the
presence of parametric uncertainties.

The purpose of this study is to present a nonlinear adaptive control scheme for the electric
propulsion system of a certain MAV, based on which the significant improvement in the dynamic
tracking accuracy of the rotational speed can be easily achieved by further using linear control
techniques. The control performance of the nonlinear adaptive controller is to be verified by a series of
experimental tests.

This paper describes the rotational speed control problem of the propeller of the prototype
electric MAV in Section 2. The modeling of the rotational speed system of the propeller is presented
in Sections 3 and 4 provides the nonlinear adaptive rotational speed control of the propeller. The
experimental results are shown in Section 5. Finally, conclusions are drawn in Section 6.

2. The Rotational Speed Control Problem of the Propeller of the Prototype Electric MAV

The prototype electric MAV, 0.8 m in height and 0.55 m in diameter, is shown in Figure 1.
A duct is formed through the fuselage, and a propeller is mounted to the middle portion of the
fuselage. Four deflecting vanes are mounted along the longitudinal and lateral axes of symmetry
below the propeller to provide pitch, roll and yaw movements. Most of the anti-torque generated by
the propeller is compensated by the stators configured inside the duct while the remaining anti-torque
is balanced by the deflecting vanes. A center-symmetric landing gear consisting of four legs, i.e., left,
right, front, back, made from glass fiber—reinforced plastics is installed on the MAV [2]. The propulsion
system mainly consists of an advanced lithium battery, a brushless DC electric motor with an electronic
speed controller (ESC), a subminiature encoder, and a propeller. The propeller driven by the electric
motor can provide sufficient thrust force to lift the MAV.

Figure 1. The prototype electric Micro Air Vehicle (MAV).

The rotational speed control of the electric propeller is desired for a high-performance MAYV,
because the characteristics of the rotational speed are nonlinear, and strongly affect the flight dynamics,
stability and reliability of the MAV. It is, however, noted that, until recent times, the rotational speed
of the electric propeller is only regulated according to the signal from a command signal generator
without a closed-loop rotational speed control structure under fairly stable conditions, thus degrading
the flight performance of the MAV. Therefore, the goal of this study is to design a reliable rotational
speed controller for the electric propeller.

3. Modeling of the Rotational Speed System of the Propeller

The analysis of the basic principle model is crucial for the development of a proper controller to
improve the control quality of the rotational speed system. With regard to the aim of this study, the
schematic diagram of the motor that conveys detailed information about the electrical components of
the motor is shown in Figure 2, where the no-load current is known and is compensated by the ESC.
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Figure 2. The schematic diagram of the motor.

The equations that describe the motor electrical components are as follows [24]:

. di
u=&m+uaf+% (1a)
1
eg = Kivw (1b)
T = Kgia (1c)

where u (V) is the armature voltage, i, (A) the armature current, R, (Q2) the armature coil resistance, L,
(H) the armature coil inductance, e, (V) the back electromotive force, Ky (rad/s/V) the motor voltage
constant, Ko (Nm/A) the torque constant, T (Nm) the torque generated by the motor, w (rad/s) the
rotational speed of the motor.
Considering that the MAV performs low-speed flight missions, the propeller approximately
produces a torque according to [25]
T, = kyw; @)

where k, (Nm s?/rad?) is the propeller moment constant, T, (Nm) the propeller torque, w, (rad/s) the
rotational speed of the propeller.
The following conditions hold
wp=w, T, =T 3)

under the assumption that the propeller is mounted on a propeller shaft which is driven through a
rigid connection with the main drive shaft of the motor.
Substituting Equations (2) and (3) into Equation (1) yields

AW + ayw? + bow = u 4)
2Lk, Rk 1 - . .
where a7 = , 40 = ,and by = —. The characteristics of the rotational speed system in
K K K
Q Q v

Equation (4) are a nonlinear differential equation, and the coefficients of the equation are difficult and
expensive to accurately obtain in practice, which results in the fact that most existing autopilots for
MAVs with electric propellers, such as the widely used Pixhawk® (Zurich, Switzerland) autopilot [26],
only employ a proportional-integral-differential (PID) controller to simply and directly control the
altitude without a closed-loop rotational speed control structure under fairly stable conditions. The
behavior of the rotational speed directly and greatly affects the flight dynamics, and then indirectly
and greatly affects the flight performance, such as the positioning accuracy and stability. The control of
the rotational speed is therefore important to the improvement of the flight performance of the MAVs.
In addition, some reasonable assumptions must be made preliminarily to simplify the adaptive

control design as follows:
a1 > 0,a9>0,byp >0 (5a)

u>0 w=>0 (5b)

It is finally noted that such assumptions are based on the fact that the rotational speed of the
propeller remains high enough to lift the MAV.
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4. Nonlinear Adaptive Rotational Speed Control of the Propeller

4.1. Nonlinear Adaptive Control Algorithm

As for the rotational speed system in Equation (4), we first propose the following nonlinear
control scheme:
U = kay W + kayw? + kpyw + kpwr (6)

where r denotes the input signal of the rotational speed system; k,, kqy, kj, and k; are adjustable
parameters, which need to be tuned adaptively.
Substituting Equation (6) into Equation (4) yields

ﬁ1w+ﬁ0w+f30 = br 7)

where
ay = ay — kay, 4o = ag — kay, bo = by — kp,, b = ky (8)

Thus far, the nonlinear differential equation of the rotational speed system in Equation (4) is found
to be inevitably transformed into a linear form by using the nonlinear control scheme, which, however,
can contribute to the simplification of the adaptive laws.

Referring to the above transformed model in Equation (7), the ideal model of the rotational speed
system can be represented as:

A1 W + A0 Wi = bt 9

where w,; is the model output; a,,1, 4,0 and by, are the model parameters determined directly according
to the desired performance requirements.
The tracking error between the outputs of the model and the plant

€= Wy —w (10)
can then be derived as follows:
Ap1e + amoe = —8a, W — Opy W — Opy + Opr (11)
where X R
8y = A1 — 81,84y = Ao — Ao, S, = —bo, &y = by — b (12)

As for the error system given by Equations (11), we consider the Lyapunov function candidate
V= 05(umle + A2+ Ao + A ISE A 152) (13)

where A, Agy, Ay, and Ay, are optional positive numbers. From Equations (11) and (13), the derivative
of the Lyapunov function candidate can then be derived as

V = ~a06® + 80, (N 00y — ) + 80y (Ngb0p — ew) + 80y (A8, —€) + 8 (A "8y +er)  (14)

We assume that
=Ag, (e + pa),
= Ay (60 + pw),
=Ny (€+ 1),
5h = =Ny (er +pr),

(15)

where 1 is an optional time-varying parameter and satisfies the condition:

sgn (1) = sgn (a1 + amoe) (16)
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The derivative of the Lyapunov function candidate can then be rewritten as follows:
V = —a,06% — 1 (am1é + amoe) (17)

Thus, we can conclude that V is a negative definite.
From Equations (8), (12) and (15), we can obtain the following adaptive laws:

kay = Aay (e + 1) o,

kgo = )\uo (e“l‘ }l)w

7:%0 =Ap, (e+ 1),
khZAb(E‘F},L)T‘.

(18)

It is worth noting that, in contrast with most existing adaptive laws, the term p introduced here can
contribute to the improvement of the convergence rates of adjustable parameters, as discussed below.

However, the nonlinear control algorithm cannot be normally executed at the zero rotational
speed because the input signal r will be blocked in this case, as shown in Equation (6). Therefore, we
should reset # = iy if W < Wyin and ¥ < Upin, Where Uiy, is a predefined minimum control value,
Wmin a predefined minimum rotational speed.

4.2. Comparative Analysis of the Learning Performance of the Proposed Adaptive Laws

In literatures, most existing adaptive laws for the similar system as that shown in Equation (7) do
not contain the optional parameter 1, which is usually disadvantageous to the further improvement
of the adaptive learning performance. It is important to note that the optional parameter u in the
proposed adaptive laws can significantly speed up the convergence rates of adjustable parameters. For
example, as for the identical Lyapunov function candidate shown in Equation (13), we have

. _amoezl H= 0
V= _amO62 —A (amlé + am06)2k+2 ’ n= A (amlé + amOE)Zk-"_1 ’ k= O; il/ T (19)
—aype? — Asgn (ay1e + amoe) (ape + amoe), 1= Asgn (aye + amoe)

where A > 0. From Equation (19), the introduced terms in V for the case with y, such as ¢, can greatly
contribute to the convergence rates of adjustable parameters. We can therefore conclude that the
learning performance of the proposed algorithm with p is superior to that without p, such as most
existing adaptive laws.

However, due to the unpredlctablhty of the input signal, large amounts of experimental test
results suggest that kal, kuo, kbo and kb should be restricted in a bounded range by means of soft limiting
strategies in order to avoid the over-learning problem of ad]ustable parameters and suppress the
oscillation of adjustable parameters, as shown in Section 5. Here, kgl,kgo,k;70 and kb are restricted
as follows:

—08ay < kay < gy,

~Say < kay < Bay, 20)
—py <Akh0 < dpy,

—&p < kp < Oy

where 8, 84y, Op, and §;, are threshold values.

From an application perspective, the optional parameter i, together with soft limiting strategies,
can not only speed up the convergence rates of adjustable parameters, but can also ensure the overall
stability of adjustable parameters, which is especially crucial for the flight safety of the MAV. 1t is
finally important to note that, in fact, the determination of the optional parameter u and the threshold
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values of soft limiting strategies according to the constraint condition in Equation (16) are dependent
on some 4 priori information of the controlled system, such as the range of the input signal.

4.3. The Nonlinear Adaptive Control Diagram

For the controlled system given by Equation (7), the final design goal is generally to achieve a
high-quality tracking performance. The schematic block diagram of the nonlinear adaptive control
system, shown in Figure 3, is then constructed, where w. denotes the command signal of the control
system, ¢;; the error between the command signal w, and the model output w,.

Ideal D,
model
l ro The generalized plant
Adaptive e
laws =
@ =) €n Linear r Nonlinear | u Electric |
—>0—> > —1
controller controller propeller
T

Figure 3. The nonlinear adaptive control diagram.

As mentioned above, the proposed adaptive laws are mainly used to accommodate
parametric uncertainties and eliminate the tracking error e as much as possible, which can theoretically
ensure that the generalized plant, mainly including the electric propeller and the nonlinear controller,
asymptotically has the same characteristics as the ideal model in Equation (9), and based on this, the
linear controller with the model feedback is designed to minimize the error ¢, by means of linear
control techniques. As a consequence, the rotational speed w can precisely track the command signal
We.

5. Experimental Tests

In this section, we will first describe the details of the real-time hardware-in-loop (HIL)
experimental setup used for validation purposes. Finally, extensive experimental tests will be carried
out along with necessary discussions and evaluations.

5.1. The HIL Experimental Setup and Description

The component parts of the rotational speed system, mainly including a propeller, a DC motor
with an ESC (DUALSKY® XM6355DA and XC9036HYV, Shanghai, China), a subminiature encoder with
resolution of 20 (JL25, Changchun Institute of Optics, Changchun, Jilin, China), and a digital signal
processor (DSP)-based hardware platform with an optional high resolution external timer module,
are shown in Figure 4. The software of the nonlinear adaptive control system runs on the hardware
platform that can provide reliable support for high precision timer and synchronization operations.
The subminiature high resolution incremental encoder is mounted on the end of the main drive shaft
to measure the actual rotational speed of the propeller. The command signal generator, including a
MAV mathematical model and an autopilot, is normally used to generate the command signal used as
input to the rotational speed system according to the flight missions. The schematic diagram of the
experimental setup is shown in Figure 4, but to be safe, the MAYV is fixed to a post.
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Encoder

Rotational speed

P ‘ measurement

=)

Figure 4. The hardware-in-loop (HIL) experimental setup.

The prototype MAV

Considering that the propeller only rotates in a fixed direction, namely a clockwise direction or a
counter-clockwise direction, the actual rotational speed of the propeller can be determined by scanning
the interval time between two neighboring A-phase or B-phase pulses from the incremental encoder,
which is implemented based on the high resolution external timer module on the hardware platform.

The predefined parameters are described as follows:

(1) Model parameters: a,,; = 1.0 x 1074, a0 =5.0x 1073, b, =75 x 10~ 2;
(2)  Initial values of adjustable parameters: kg, (0) = 4.0 x 1074, kg, (0) = 0, ky, (0) = 5.5 x 10~ 3
(3)  Adjustable parameter: k; (t) = 1.5 x 10~ 2;
Adaptive learning algorithm: A, = 1.0 x 1079, Agy = 2.0 x 107, Ap, = 1.0 x 1074,
=100 (ay1e + amoe);
(4)  Soft limiting elements: kal,kuo,kbo,kh € (—1.0 x 1073, 1.0 x 10’3),‘
(5) Linear controller: PID controller.

On the one hand, the proper choice of the initial values of adjustable parameters can speed up
the convergence rates of the adjustable parameters, while, on the other hand, from Equations (7) and
(9), kp can be artificially fixed to reduce the learning variables and simplify the adaptive learning task
without any modification of the adaptive laws, both of which can contribute to the adaptive learning
performance. Otherwise, the adaptive learning process of adjustable parameters probably lasts longer.
Then, a series of real-time HIL experimental tests are conducted to assess the control performance of
the proposed nonlinear adaptive control scheme based on the above assumption.

5.2. Experimental Tests and Discussions

Figure 5 shows the experimental results of the proposed nonlinear control scheme during take-off
and hovering flight. It is illustrated from Figure 5a-d that the resulting controlled system can
achieve a good tracking performance within about 10 s even without any reliable and accurate a
priori information about the behavior of the rotational speed system, where ¢ denotes the tracking
error between the command signal w,. and the actual rotational speed w. Thereafter, the tracking error
typically remains in the range of 0.75 rad /s, which is sufficient to meet the application requirements
of a high-performance MAV. Meanwhile, the adjustable parameters of the nonlinear controller also
have good convergence properties as shown in Figure 5e, although they finally fluctuate more or less
around their mean values. It is, however, to note that the control signal from the nonlinear controller
changes rapidly with time, as shown in Figure 5f.
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Figure 5. Experimental results of the nonlinear adaptive control scheme. (a) w. and w; (b) ¢; (¢) w;; and
w; (d) ¢; (e) Adjustable parameters; (f) u.

Figure 6 shows the learning process of adjustable parameters with different p or without soft
limiting elements. The increase of u can obviously contribute to the convergence of adjustable
parameters; however, this results in the significant fluctuations of adjustable parameters in the later
stage of the learning process mainly because of measurement noises. It is even worse that the adjustable
parameters exhibit sharp fluctuations for a longer period of time if removing the soft limiting elements
from the nonlinear adaptive control scheme, as shown in Figure 6b, which can easily render the
over-learning problem of adjustable parameters.
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Figure 6. Comparisons of the learning process of adjustable parameters. (a) Adjustable parameters
with soft limiting elements: Case 1: u = 0, Case 2: u = 1000 (amlé + amoe) ; (b) Adjustable parameters
without soft limiting elements.

Figure 7 presents the experimental results of the optimized PID controller, with the nonlinear
controller removed from the control scheme, where w), is the rotational speed, u, the controller output,
¢p the tracking error between w. and w), in this test case. In contrast to what has been shown in Figure 5,
the tracking error increases significantly from 0.75 rad /s to 8.0 rad /s, although the control performance
is basically acceptable in practice, which also comparatively demonstrates that the proposed nonlinear
control scheme can contribute to the significant improvement in the control performance, as shown
in Figure 8.

0 50 100 150 200 0 50 100 150 200
t(s) t(s)
(a) (b)

Figure 7. Experimental results of the optimized proportional-integral-differential (PID) controller.
(a) we and wy; (b) &p.
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Figure 8. Comparisons of some experimental results of two types of control schemes. (a) € and ¢p;
(b) u and up.

Figure 9 shows the comparisons of some experimental results of two types of control schemes
in a wide range of rotational speeds, where the initial values of the adjustable parameters of the
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nonlinear controller are set to the final values obtained in the first experimental test shown in Figure 5e.
The results have once again verified that the dynamic tracking accuracy of the proposed nonlinear
adaptive control scheme is much more satisfactory than that of the optimized PID controller, as shown
in Figure 9a—c. It is of further note that the achievements largely depend on the fast control capability
of the proposed nonlinear adaptive controller, as shown in Figure 9d.

350+ 350+
300+ 3004
2501 @ 250
% 200 18, 200-|
< 1501 =150-|
3 g
& 100 o S 100
50/ o 501
0 0 . . . ,
0 25 50 75 100
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E .34 g"n 16 “J‘ “ f( N
a& | ( ¢ “F ‘ RA
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t(s)
(d)

Figure 9. Comparisons of some experimental results of two types of control schemes in a wide range
of rotational speeds: (a) w. and w; (b) wc and wy; (c) ¢ and ¢p; (d) u and u.

5.3. Flight Tests and Discussions

In this subsection, the positive effect of the proposed adaptive rotational speed control strategy on
the flight performance of the MAV is comparatively demonstrated by a series of flight tests. The control
scheme for the flight tests is shown in Figure 10, where we employ the existing adaptive controllers
in [2] or PID controllers in the altitude loops, and the PID controller with or without the closed-loop
rotational speed control structure in the altitude loop. For the MAYV, the control software runs on
the DSP platform, and the sensor units mounted on the top of the fuselage are provided with the
measured states of the MAV. In order to ensure the flight test safety, the following steps are conducted:
(i) vertical take-off to 20 m above the ground; (ii) holding altitude, as shown in Figure 11. During flight,
the serial-based data links provide a link to the ground station computer that allows monitoring the

real-time flight information and uploading remote control commands such as the altitude command
signals from the manual control unit.

h
,,,,,,,,,,,, (O
Alitude Rotagonal i
command i :
Altitude Speed : u
Controller H |
Controller
Attitude MAV
command i ]
Attitude
Controller
T Attitude feedback

Figure 10. The control scheme.
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Figure 11. Flight test.

Some experimental results are comparatively shown in Figures 12 and 13 or Figures 14 and 15
where h is the flight height of the MAV above the ground; 0. and 0 are the pitch command signal and the
pitch of the MAYV; eg is the tracking error between 0, and 0. The comparison of the experimental results
demonstrates that (1) the proposed control scheme can significantly improve the control accuracy of
the flight height of the MAV from about 0.8 m to 0.3 m, as comparatively shown in Figures 12b and 13b
or Figures 14b and 15b; and (2) that the proposed control scheme can effectively and greatly suppress
the oscillation of the rotational speed of the propeller from the approximate range of 100 rad/s to 6
rad/s, as comparatively shown in Figures 12a and 13a or Figures 14a and 15a. The positive effect of
the proposed control scheme on the altitude tracking performance is somewhat obvious in different
cases, and the altitude tracking error is averagely reduced by more than 50%, as comparatively shown
in Figures 12d and 13d or Figures 14d and 15d. We can therefore conclude that the proposed adaptive
rotational speed control scheme can contribute to the significant improvement of the flight performance
of the MAV.
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Figure 12. The experimental results using the existing adaptive controllers in the altitude loops, and
the PID controller without the closed-loop rotational speed control structure in the altitude loop: (a) w;
(b) h; (c) 6. and 6; (d) eq.
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Figure 13. The experimental results using the existing adaptive controllers in the altitude loops, and

the PID controller with the closed-loop rotational speed control structure in the altitude loop: (a) w;

(b) I; (c) 6. and 0; (d) eg.
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Figure 14. The experimental results using the PID controllers in the altitude loops, and the PID

controller without the closed-loop rotational speed control structure in the altitude loop: (a) w; (b) i;

(c) 6. and 6; (d) eq.
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Figure 15. The experimental results using the PID controllers in the altitude loops, and the PID
controller with the closed-loop rotational speed control structure in the altitude loop: (a) w; (b) ; (c) 6
and 6; (d) eg.

It is finally noted that from the comparison of the experimental results, the proposed adaptive
rotational speed control scheme can directly and significantly improve the control quality of the
rotational speed of the propeller, which further results in the improvement of the control qualities
of the flight height and altitude. It is therefore demonstrated both theoretically and experimentally
that the proposed control scheme is effective and essential to further improving the overall flight
performance of such MAVs.

6. Conclusions

This paper presents the nonlinear adaptive control development for the rotational speed system
of the propeller of the prototype electric MAV. The proposed nonlinear adaptive control scheme can
contribute to the simplification of the generalized plant, based on which the significant improvement
in the dynamic tracking accuracy of the rotational speed can be easily achieved by further using linear
control techniques. The experimental test results have demonstrated the performance of the nonlinear
adaptive controller. Note that the nonlinear adaptive control scheme can provide quite a satisfactory
tracking accuracy from the beginning, given the learned parameters.

The resulting dynamic tracking accuracy of the rotational speed is sufficient to meet the application
requirements of a high-performance MAV.
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