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In autonomous aerial refueling (AAR), the vibration of the flexible refueling hose caused by the receiver aircraft’s excessive closure
speed should be suppressed once it appears. This paper proposed an active control strategy based on the permanent magnet
synchronous motor (PMSM) angular control for the timely and accurate vibration suppression of the flexible refueling hose. A
nonsingular fast terminal sliding-mode (NFTSM) control scheme with adaptive extended state observer (AESO) is proposed for
PMSM take-up system under multiple disturbances. The states and the “total disturbance” of the PMSM system are firstly
reconstituted using the AESO under the uncertainties and measurement noise. Then, a faster sliding variable with tracking error
exponential term is proposed together with a special designed reaching law to enhance the global convergence speed and
precision of the controller. The proposed control scheme provides a more comprehensive solution to rapidly suppress the
flexible refueling hose vibration in AAR. Compared to other methods, the scheme can suppress the flexible hose vibration more
fleetly and accurately even when the system is exposed to multiple disturbances and measurement noise. Simulation results

show that the proposed scheme is competitive in accuracy, global rapidity, and robustness.

1. Introduction

Unmanned aerial vehicles (UAVs) [1, 2] have been widely
used in civilian or military fields in recent years, which
include but are not limited to target tracking, combat radius
increasing, flight range extending, and battle operational
efficiency improving. As an effective method for increasing
the endurance and range of aircraft by refueling them in
flight [3], UAV autonomous aerial refueling (AAR) has
attracted an increasing interest over the last decades from
both theoretical and practical aspects covering aircraft con-
trol, sensor systems, and their integration [4-8]. Generally,
there are two refueling methods [3]: flying boom method
and probe-drogue refueling (PDR) [9-11]. And the PDR is
getting to be a universal refueling equipment due to its low
cost and wide operational aspects [11].

However, there have been a growing number of cata-
strophic failures involving the PDR [3, 12]. Among the
failures, the flexible refueling hose vibration problem during
autonomous aerial refueling (AAR) coupling [13], which is
the result of excess closure speed caused by the receiver pilot,
plays an extremely dangerous role to the AAR safety. The
closure rate of the receiver aircraft must be constrained
within a required range. The refueling coupling flight will
fail to latch below the minimum speed, whereas a violent
reverberation through the flexible hose (namely, the hose
vibration, as shown in Figure 1) can lead to equipment
severe damage at a higher closure rate. When the receiver
aircraft probe couples the drogue at a higher closure rate,
it will definitely cause excessive slack of the refueling flex-
ible hose as the probe pushes the drogue forward. Then,
the internal hose tension will rapidly decrease, and the
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FIGURE 1: The refueling hose-drogue assembly vibration due to
excessive closure speed.

hose will violently vibrate under the action of the unpre-
dictable aerodynamic forces. Finally, tremendous high load
torques on the hose and the probe rises, and equipment
damage occurs. The refueling hose vibration greatly con-
straints the AAR’s success rates and security. This drastic
hose vibration requires some vibration suppression strate-
gies to ensure the flexible refueling hose-drogue assembly
stable even under unexpected excessive closure speed and
multiple disturbances.

During coupling, the conventional pod is equipped with a
tensator [13, 14] (spring-loaded take-up device) to retract
any slack in the hose as the probe pushes the drogue forward.
If the tensator malfunctions or being subjected to an exces-
sive closure speed during coupling, slack in the hose can
form. Then with the rapidly decreasing hose tension, the
violent hose vibration occurs due to aerodynamic forces
[15]. The vibration will generate high internal loads on
the hose and exert high loads on the probe. While these
extreme loads only exist for a fraction of a second, they
result in critical damage to the refueling assembly and
the receiver probe, which eventually lead to a potentially
catastrophic accident. The refueling hose vibration has
been a serious constraint to the success rates and security
of AAR. Therefore, the vibration must be rapidly sup-
pressed once it appears via specially designed hose take-up
control system.

Although some experiments and model analysis are con-
ducted to further research dynamic characteristics of the flex-
ible refueling hose vibration [13-15], the conventional
suppression methods do not show satisfactory performance
in a more adverse condition. The Boeing Company con-
firmed that the reel take-up speed lagging behind the
closure speed was responsible for the failure by numerical
simulation [14]. That means, although every pod is
equipped with a tensator to suppress the hose vibration
at present, the tensator may not be the sufficient effective
strategy. Alden and Vennero [16] invented a new refueling
pod with a reel driven by a permanent magnet synchro-
nous motor (PMSM), and it provides another chance for
high-performance suppression methods for the vibration
by integrating the PMSM and high-precision position sen-
sors. Wang et al. [15] designed an active integral sliding-
mode back-stepping control strategy for the PMSM to
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suppress the refueling hose vibration on the basis of the
relative position between the tanker and the receiver. This
strategy achieves satisfactory performance on the condition
when the PMSM model is precise enough and the equip-
ment’s working environment is ideal enough. However,
the internal and external disturbance of the PMSM control
system and the measurement noise have not been taken
into consideration.

Unfortunately, during the AAR, the PMSM installed in
the pod is in an extremely hostile environment [3], multiple
known or unknown strong disturbances can easily disable
the PMSM control system designed based on the nominal
model and ideal environment. The complex working envi-
ronment may be caused by the drastic vibration of the
tanker’s wing, the uncertain load by the hose-drogue, and
other unknown uncertainty and disturbance. Meanwhile,
due to the rapidly drastic changing dynamic of the flexible
hose vibration, an antidisturbance rapid response control
system needs to be designed for the PMSM based take-up
system to suppress the hose vibration.

Although there are many existing schemes for PMSM in
practical [17, 18], we modestly find that few works focus on
the PMSM tracking control and its extended applications if
the following conditions are all considered at the same time:
(1) only the position sensor is equipped and the speed sensor
is unavailable; (2) the position sensor measurement signal
is polluted by white noise; and (3) multiple internal and
external disturbances concurrently exist in the PMSM
drive system [19]. It should be specially pointed out that
the dynamic of PMSM is an essential nonlinear subject to a
wide range of disturbances/uncertainties in many high-
performance applications. According to Yang et al. [19], the
disturbances/uncertainties in PMSM systems can be classi-
fied as unmodeled dynamics, parametric uncertainties, and
external disturbances. The unmodeled dynamics generally
include the motor body structure-induced torque (such as
cogging torque, flux harmonics, and other factors), dead-
time effects, and measurement error effects. Parametric
uncertainties contain the uncertainties of the mechanical
parameters and electrical parameters. The load torque, fric-
tion torque, and other mechanical factors are usually classi-
fied as the external disturbance. In the AAR, the load
torque caused by the hose-drogue assembly is actually the
primary important part of the external disturbance. In
order to simplify the description and to separate from the
external disturbances, we regard the unmodeled dynamics
and parametric uncertainties as the internal disturbance in
this paper.

However, most of the existing literatures on the PMSM
controller design generally focus on the handling of either
condition (1) or (3) [18-22]. The condition (2) has never
been synchronously considered together with (1) and (3) in
the existing works. This paper focuses on the designing of
the PMSM tracking control system which satisfies the rapid-
ity and accuracy requirements of vibration suppression and
capable of handling all of those scenarios together.

Inrecent decades, the sliding-mode control (SMC) [23, 24]
has been successfully applied to many uncertain systems
and areas [25, 26], due to its superiorities such as strong
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robustness, order reduction, easier implementation, and
design simplification [27]. Among the SMC methods, the
terminal sliding-mode (TSM) controller has drawn much
attention. It has been further developed to the nonsingular
terminal sliding mode (NTSM) [27] and has been applied
to many plants [28, 29]. It has shown its fast finite time con-
vergence, strong robustness, and preferable ability to handle
the uncertainties and external disturbances. Besides, the
adaptive extended state observer (AESO) [30], which pos-
sesses the excellent ability of state estimation and noise fil-
tering, is proposed for a class of nonlinear systems with
uncertain dynamics and sensor measurement noise. The
gain of extended state observer (ESO) is automatically
timely tuned to reduce the estimation errors of both states
and “total disturbance” against the measurement noise.
Most important of all, it provides another preferable way
for the reconstruction of the PMSM system states and “total
disturbance” on the condition when the sensor signals are
polluted by noise.

With the NTSM controller and the AESO, an NTSM con-
trol scheme is proposed based on the “controller + observer”
structure [24] for the PMSM tracking control with multiple
disturbances (external and internal) and measurement noise.
The designed control method provides another considerable
choice for the problem of refueling hose vibration suppres-
sion which requires special consideration of the PMSM
take-up control system’s ability of the antidisturbance and
rapid response. Based on those considerations, following
works are investigated.

Firstly, to ensure the desired antidisturbance ability of
the closed-loop system, the internal disturbances, external
disturbances, and the items which are independent of the
virtual control in the PMSM’s speed subsystem are regarded
as the “total disturbance,” and then AESO is used to recon-
stitute the “total disturbance” and the system states in the
presence of angular position measurement noise. This
reconstituted “total disturbance” is further used for compen-
sation during the controller design to improve the antidis-
turbance performance.

Secondly, to further improve the tracking rapidity and
accuracy of the PMSM take-up system, a nonsingular fast ter-
minal sliding-mode (NFTSM) controller with faster conver-
gence performance is proposed for a class of uncertain
nonlinear system with multiple disturbances. Some new
strategies are introduced into both the sliding variable and
reaching law. On one hand, a fast terminal sliding variable
with tracking error exponential term is proposed to acceler-
ate the convergence speed on the sliding surface. On the
other hand, a terminal attractor with negative state exponen-
tial term is adopted for the reaching law to bring the sliding
variable to the sliding surface and to eliminate the singular
problem in the controller.

Thirdly, a new control scheme based on the NFTSM and
AESO is designed and is well applied to the practical prob-
lem of the flexible aerial refueling hose suppression in
AAR. The unexpected multiple disturbances and the mea-
surement noise are all taken into consideration during con-

troller design, and the angular speed sensor is needless for
the feedback.

The paper is organized as follows. Section 2 describes the
formulation of the PMSM tracking control problem. In Sec-
tion 3, the nonsingular terminal sliding-mode control
scheme with adaptive extended state observer is proposed
with the relevant proofs. Section 4 applies the proposed con-
trol scheme to the PMSM tracking control for vibration sup-
pression with a variable length link-connected dynamic
model of the hose-drogue assembly, and then, comparative
simulations are conducted. Finally, conclusions are given in
Section 5.

2. Problem Formulation

2.1. Model of the PMSM System. The accurate mathematical
model of the PMSM [15, 31], when there are no magnetic sat-
uration, hysteresis, eddy current loss, or friction of the
reducer, excluding sinusoidal magnetic field distribution,
can be described in the d-q coordinate system as

9=w,
3P B T
W= l//fiq——w——L,
2] J J W
1
. R V% u
NI I £ P
q LSq LS LS

. R Puwi Uy

i;=——iy;+ Pwi, + 2%,

d Ls d q .

where 9 is the PMSM rotor angular position, w is the
PMSM rotor angular velocity, iy, i> Ugs and u, are d, q axis
currents and voltages, respectively. R, L, P, y, ], B, and T}
are the stator resistance, stator inductance, the number of
pole pairs, the stator flux linkage, the moment of inertia,
the viscous friction coefficient of the PMSM, and the load
torque, respectively.

When the internal disturbance, external disturbances,
and the angular position measurement noise are considered,
the PMSM’s speed subsystem S, can be transformed into the
form of

9=,
3P B T
S:{ o=~ Zo- "k vd, +dy = F +bii,
2] J J
y,=0+mn;,

(2)

where d,, denotes the internal disturbances, d., denotes
the external disturbances except T;/J, y, is the output,
n; is the measurement noise of the position sensor, b, =
3Py./2], and F,=—(B/J)w— (T,/]) +d;, +d, is defined
as the sum of the internal disturbance, external
disturbances, and the items which are independent of the vir-
tual control in the PMSM’s speed subsystem and it is taken as
the total disturbances of subsystem. The disturbance d, =
d,, +d,, satisfies d, < I,, where [, is a constant that is greater
than zero.

Actually, the ideal model (1) always faces the challenge of
many unavoidable disturbances when the PMSM is applied
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F1GURE 2: The configuration and variable length modeling of a hose-drogue aerial refueling system.

to vibration suppression of the flexible refueling hose in
AAR. Generally, the PMSM-based refueling hose-drogue reel
in/out servo system which is used to suppress the vibration is
equipped at the long wingtip of the tanker, as shown in
Figure 2. The PMSM system faces different disturbance exist-
ing concurrently under this tough work environment. On
one hand, besides the unmodeled dynamic, the PMSM
system works under the integrated effect of the strong wing
vibration and strong electromagnetic interference. These
may provoke the strong and fast-changing parametric
uncertainties (belong to the internal disturbances according
to above definition). On the other hand, the unpredictable
dynamics of the hose-drogue assembly and the unpredictable
vibrational states of the tanker wing will definitely lead to the
unpredictable and fast-changing load torque and friction tor-
que (belong to the external disturbances). Moreover, the
demanding work environment will generally make the mea-
surement noise of the sensors inevitable. According to (2),
the total disturbances F; will directly affect the dynamics
of the speed subsystem S;, and the measurement noise
n; will definitely affect the closed-loop performance via
the feedback channel. Ultimately, the total disturbances
and the measurement noise will definitely impair the
closed-loop performance. Thus, these disturbances and
measurement noise should be considered during the con-
troller design.

Generally, the two loop scheme [18, 21] (current loop
and speed loop) is usually employed during the PMSM
controller design due to different features and required
qualities of these two control loops. Actually, the mechanic
inertia of the speed loop is greater than that of the current
loop. However, the electric inertia of the current loop is
very small and it requires fast electromagnetic torque

response, which makes its sampling frequency very high.
Hence, the current control loop algorithm is usually
desired to be as simple as the proportion integral (PI) con-
troller or the proportion integral derivative (PID) control-
ler [18]. Therefore, the controllers usually employ a
structure of cascade control loops including a speed loop
and two current loops. Here, two PI controllers are
adopted in the two current loops to stabilize the current
tracking errors of d-q axes, respectively. Usually, the refer-
ence i;* in the d current loop is set to be zero to maintain
a constant flux operating condition. The reference current
i," is determined by §,.

2.2. Command Transformation for the Vibration Suppression
of Refueling Hose. In the AAR, it is assumed that the reel is
driven by a PMSM to deploy or retrieve the hose through a
reducer. A probe-drogue refueling system includes a reel
mechanism, a refueling hose, and a drogue shown in
Figure 2. A set of iterative equations of the hose’s three-
dimensional motion is derived subject to hose reeling in/
out, tanker motion, gravity, and aerodynamic loads account-
ing for the effects of steady wind, atmospheric turbulence,
and tanker vortex. The details of the model of the hose-
drogue assembly can be found in [15].

Considering the mechanical inertia [15], the load torque
T can be written as the transfer function of the first link hose
tension T, of the hose-drogue assembly: T} = (r/i)(1/(s+ 1))
T, where r is the radius of the reel and i is the reduction ratio
of the reducer.

The most effective way to suppress the violate vibration
of the refueling hose is to stabilize the hose tension by real-
time active hose reeling in/out based on the relative position
between the tanker and the receiver. The refueling hose
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F1GURE 3: Block diagram of the PMSM control system for refueling hose vibration suppression in AAR.

length change L can be expressed as a function of the angular
position 9 of PMSM as follows:

-, (3
where L is also a function of the relative distance between
the probe and the pod during coupling, which is calcu-
lated as

L=A\/Ax? + Ay? + Az2 - L, (4)
where A = L/Ly, as shown in Figure 2, reflects the degree of
hose slack. L, is the initial length of the hose before coupling,
and Ax, Ay,and Az are three spatial components of the relative
distance between probe and pod [16], which can be accurately
measured by three position sensors, respectively, installed on
the tanker, receiver, and drogue. Therefore, the length control
of the hose (hose reeling in/out) can be transformed into the
rotor angular position control of the PMSM through (1).

As the vibration suppression dynamic process which is
decided by the excessive closure speed of the receiver aircraft
during coupling is very short (usually, lasts only about 1 sec-
ond to 2 seconds [13]), the control schemes which cannot
work timely and rapidly will result in the shake of the hose-
drogue becoming longer and more intense. During the hose
vibration suppression process, one expects the fluctuations
of the load and the hose to be as stable as possible, and this
expectation can be achieved by designing a control scheme
that can track the angular command rapidly and timely. Con-
sequently, the task here is to design a controller for the speed
loop that tracks the given angular signal (which is trans-
formed from the relative distance between the drogue and
the end of the pod after successful coupling) as soon as possi-
ble under the condition that various disturbances and mea-
surement noise of the sensors exist.

3. The Nonsingular Fast Terminal Sliding-
Mode (NFTSM) Control Scheme with
Adaptive Extended State Observer (AESO)

As assumed in the introduction, the speed sensor is unavail-
able and measurement noise exists in the position sensor;

hence, the states and disturbance should be reconstructed
during the control system design. The recently proposed that
AESO provides a befitting choice to reconstruct states and
disturbance of the PMSM with measurement noise. With
the reconstructed system by AESO, a new nonsingular fast
terminal sliding-mode control method, which not only accel-
erates the error convergence but also reduces the overshoot,
is proposed here. The structure of the proposed control
scheme is depicted in Figure 3.

3.1. System Reconstitution via AESO. The adaptive extended
state observer (AESO) is proposed for the nonlinear systems
with the uncertainties both in the plant and in the sensor
[30]. The gain of ESO is automatically timely tuned to reduce
the estimation errors of both states and “total disturbance”
against the measurement noise. The theory of AESO can be
briefly described as follows [30].

Consider the following class of nonlinear uncertain con-
tinuous systems with measurement noise.

X(t)=AX(t) + BF(X(t),t) + BB,U(ih),

Y(ih) = X, (ih) + n;,
telih,ih+h),i=0,1,...,
(5)

where

o I 0
0
A= ,
0 O I
—0 0 o 0 mnxXmn
6
- (6)
0
B= ,
— I mnxXm




X=0" X" - X" X, X"eR", jen={12,
..,n} are continuous state vectors. X,(t) is the output
to be controlled, Y(ih) € R™ is the measured output
which contains the measurement noise vector n;€R™,
and h >0 is the sampling period. B, is a known nonsingu-
lar matrix and the control input U(¢) implemented by the
zero-hold-device, that is, U(t)=U(ih) for t € [ih,ih+h).
In addition, it is important to remark that F(X(t),t) €
R™ in (5) includes both uncertain internal dynamics
and external disturbances in the system (5), namely, the
“total disturbance.”

Remark 1. There are some assumptions for the system (5)
that should be declared:

(A1) {n;};° is a white random sequence and E(n;n;")
< R, where R is a known matrix.

X(0)-X(0) | | X(0) - X(0)
F(0) - F(0) | | F(0)- F(0)
and F are the estimation of X and F and P, is a
known matrix.

(A2) E <P,, where X

(A3) (F(X(t), 1) = F(X(ih), ih)) (F(X(1), 1) = F(X(ih), ih))"
< Q, where t € [ih, ih + 1) and Q is a known diagonal
matrix.

A1-A2, which essentially assume the noise and the initial
estimation errors to be bounded in the mean square, are rea-
sonable due to the bounds of the sensor noise in practice. A3
implies that the varying of the uncertainty function F(-) in
one sampling period is bounded.

The goal of the AESO is to get the precise estimations of
the states X jT, j={1,2,...,n} and the total disturbance
F(X(¢),t) despite the existence of various kinds of uncer-
tainties and measurement noise, as the engineers usually
desire. These precise estimations can be used to design the
control input for the PMSM.

Note that the discrete error is usually decided by the
sampling rate which is fixed by the hardware and the estima-

tion error &(ih) = [X(ih) - X(ih) F(ih) - E(ih)]". Lemma 1
shows the formulas and the properties of the estimation
error &(ih).

Lemma 1 [30]. Let A1-A3 hold, and the AESO for the general
integral serial system is given as

X(ih +h) 4 X@wl
R =A| + L, (Y (ih) - X, (ih))
E(ih+h) E(ih) )
BB,U(ih)
+ b
0
L; =Z\PiC(CTP,-C+ ﬁR){ (8)
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P, =(1+6)(A-LCT)P,(A-L,CT)"
oy 1 (9)

+L,RL;” + 1+§ Q.
Moreover, the estimation errors {&(ih)}, are uniformly

bounded in the mean square and E(E(ih)E(ih)") <P, Vi
0. There exists a positive definite matrix P* so that lim P; =

P*, where
S W
1 1 —1
1! n!
_ A B 1
A =exp hl=10 I I,
0 0 (n—1)!
0 o0 I
— hn -
—1
n!
hrtfl
_ h A B B I
B=| exp (h-) |dr| | = | =D |,
0 0 0 0
hl
L 0
"Q 0 0
hZ(n—l)_ 0
Q=m(n+1) Q ,
0
0 0 Q
1
0
C= ,
0

(10)

Consequently, for the model (2) of §; with measurement
noise used in AAR can be rewritten as

2] (o [
a(t) 0 0]|w(t) 1 1|
Y (ih) = 9(ih) + n;,
telihih+h), i=0,1,...
(11)

The PMSM system can be reconstituted via the nominal
AESO (12), according to (7), (8), and (9).
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With the AESO (12), the system states 9, w and the total
disturbance F, can be well estimated even with the output
measurement noises #;.

3.2. The Nonsingular Fast Terminal Sliding-Mode (NFTSM)
Control. This section focuses on the rapid controller design
of the PMSM take-up system based on a nonsingular
terminal sliding model. Here, a new NFTSM surface and
the sliding mode reaching law are given. Then, the NFTSM
controller is designed for the speed loop and some of its
properties are analyzed.

The conventional NTSM control is proposed to solve the
controller singularity problem and improve the system track-
ing precision. For (2), the conventional NTSM is described
by following nonlinear switching surface [27]:

1
Sp=e + Eezp’q, (13)

where e,=9-9", e,=¢,=9-9 =w-9, >0 is the
designed parameter, and p, q are the positive odd integers sat-
isfying 1 < p/q < 2.

Remark 2. When the sliding mode s, = e, + (1/B)e,?'1=0
is reached, it will reach the equilibrium within the
finite time

(14)

n>

V,(0 .
T, =J ( )(z(PW)/Zq‘BVV({?*q)/ZQ) v
0

where V,, = 0.5¢? and the derivational process of (14) is given
in the appendix.

For system (2) with NTSM (13), the controller can be
designed as

u=-b, (B4 Ble ) sen) 8], 19

where 7, > 0 is the switching gain and 9” is the angular posi-
tion command signal to be tracked. And the NTSM surface
function (15) will be reached in the finite time; furthermore,
the state errors e, and e, will converge to zero.

However, for the NTSM controller (15), in order to
achieve system convergence, the switching gain #, is gener-
ally selected for a bigger value [27]. It will obviously produce
the chattering and influence the convergence precision
during the steady state, and the chattering will further
make the system unstable. From above analysis, it is very
necessary to improve system convergence characteristics
and eliminate system chattering based on the conventional
NTSM controller.

The proposed NFTSM is described as (16), the state
tracking error power item (1/a)e,”’ and the exponential
term (1/7)|e, lexp(|e; |) to improve system convergence speed
in the NFTSM.

1 1 1
s=e + &ela/b"' Bezp/q_,_ E|el|exp(|el|), (16)

where a, b are the positive odd integers satistying a/b > p/q.

Remark 3. For the sliding variable (16), when the states are
far from the equilibrium point, the teams e, and (1/4)|e |
exp(|e;|) mainly affect the convergence efficiency, which
can make the system trajectory converge quickly. When the
states are near to the equilibrium point, the team (1/a)e,**
largely affects the convergence efficiency, and the (1/7)|e, |
exp(|e;|) can still make the system trajectory converge
quickly. So the proposed NFTSM scheme can achieve the
global convergence quickly, not just within the area adjacent
to the equilibrium point.

Besides the sliding surface, the reaching law is also
needed to bring the sliding variable to the sliding surface.
Actually, the terminal attractor, which is widely used in many
sliding-mode control methods, makes the system states
approach the sliding surface in a finite time and improves
the robustness to uncertainties and disturbances. An effective
terminal attractor-based reaching law is proposed as

§=—¢ps — ps™'". (17)

However, if we use (17) as the reaching law for the system
(2) with the sliding surface (16), the item e;p " will arise in
the control input. As 1< p/q <2, thus 1 - p/q<0 and e, 7
will case the singular problem. To eliminate e, '? from the
control input, we design a modified reaching law with termi-
nal attractor on the basis of (17) as

§= (—(/)5—)/5"”")621’/‘1_1, (18)

where ¢>0,y>0 and m,n are the positive odd integers
satisfying 0 < m/n < 1. And in Theorem 3, it can be found



that the control input is absolutely nonsingular with the
modified reaching law (18).

Remark 4. For the reaching law (18), —¢s plays the leading
role to guarantee the faster-reaching speed primarily. When
the system is near the sliding surface, —ys™" plays the leading
role to reduce the reaching speed that makes the system states
reach the sliding surface smoothly.

Based on (2), (16), and (18), then we design the NFTSM
controller:

u=-b"" [[3% ((/55 + ysm/") + /3%622"’/‘1

a 1
14+ Zpan-1y 1 (19)
( + b ! + 7 exp(|ey|)( +|51>>

+ (Fl—é*)].

As p, g, a, b, m, and n are all positive odd numbers and
1<plq<2, plqg<alb, and 0 <m/n <1, thus, 2—p/q>1 and
alb—1>0. Then, we know that the exponential terms of
the errors e, e, are all positive, and no negative exponential
terms appear in the controller (19). That is, no singular prob-
lem will not appear in the controller by the special designed
reaching law.

The convergence characteristic of the closed-loop system
is generally decided by the sliding surface and the reaching
law. When the system is on the sliding phase (s = 0), the con-
vergence characteristic is decided by the sliding surface; when
the system is on the sliding phase, the convergence character-
istic is decided by the reaching law.

Theorem 1 shows the convergence characteristic and the
finite convergence time of the system (2) on the sliding sur-
face s =0. And Theorem 2 shows the convergence character-
istic of the reaching phase.

Theorem 1. For system (2) with the NFTSM (16), when the
sliding mode s =0 is reached, the system states will reach the
equilibrium along the sliding surface s=0 within the time
T,sand T, <T, is satisfied, where

Vu(0)
T, = J (Tl V’(1p+q)/2q +1, V](1a/2b)+(p/2q)
0 (20)

ne

+T, Vf/zq‘ V’11/2 |exp(‘ Vil’l/z ‘)) *q/PdV

Proof. When the system errors (e, e,) reach the sliding sur-
face s =0 and with (16), we get that the system dynamics is
determined by the following nonlinear differential equation:

1 1 1
s=e + &elalb + Eezpl‘f + ﬁ|el|exp(|el|) =0, (21)
ase, =¢ =9-9 =w-9, thatis,
. Loaw 1
=i ==p(e+ L+ el exp(a)). (22

Define V, = 0.5¢%; it can be got that V,, = ¢,¢, and then
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o pl 1q.pl / Lo 1
= Q8= (e Lo e exp(le)

L (am)+(pr 1
= _/),(eqw/q + &eﬁ“ Jrpla) ﬁe‘f/q|el| exp(el|)>.
(23)

As p, g, a, b are all positive odd numbers; hence, V,, <0 is
satisfied when e, # 0. Based on the Lyapunov’s stability crite-
rion, the dynamic s=e, + (1/a)e,*" + (1/B)e,!’4 + (1/n)]e,|
exp(|e;|) =0 is stable and the system states will converge to
the equilibrium. And from (22), it can be known that the only
equilibrium is e; = 0. To get the convergence time T, we

submit e? =2V, into (23) and get
VnP/q _ _(Tl fo*qu +7, V}(f/Zb)Jr(P/z@

+T3Vﬁ/2q’VL/2|exp<’V}1/2|)),

where 7, = 2(P+0/24 8, 7 = 2(@20)+(p129) (B/a), 7, = 2P124(B/).
As V, =(dV,)/(dt), the following can be obtained:

di=Vn _ - d_Vn = (- H)P/q)_""’ av,
v, (-V,)
- (Tl V)24 4 7 a2+ pi2g) (25)

-alp
+T VIRV exp (V7)) dV,.
Furthermore, as V,,(T,;) =0 and V,(0) =0.5¢,%(0) >0,
we integrate (25) from both sides and get the time T,

V,(0)
uf — (Tl Vglerq)/Zq + T, V&u/Zb)Jr(p/Zq)
JO

+1, V;;I/Zq | Vi/z |exp ( | Viz/z | ) ) *qlpde
Va(0)

uf = (Tl Vglerq)/Zq + T, VS[a/Zb)Hp/Zq) (26)

+ 7, VP VIR exp (VIR Pdv, < T,
v,0)

=" (mvirorey gy,
0

Remark 5. From the proofabove, it can also be known that the
composition of the term (1/a)e,** and (1/n)|e;|exp(le,|) is
better than the choice of single (1/a)e,”?. Assume that the
sliding variable is selected as s, = e, + (1/a)e;”? + (1/B)e,"4,
and then we can easily get that T, <T,= L‘;"(O)
(t,ViPrai2a 4 TZVL“’ZZ’”(P/Z‘?))_q/pan. Hence, (16) provides
another good choice to obtain a faster convergence character-
istic without increasing the gains in the sliding variable.

And Theorem 2 shows that the attractor in (18) will not
affect the existence of the NFTSM (16) during the reaching
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phase. Moreover, the sliding mode s=0 will be reached
asymptotically.

Theorem 2. For the system (2), if the closed-loop controller is
designed as (19), then the NFTSM (16) exists globally and the
system states from any initial positions will asymptotically
converge to the sliding surface s =0.

Proof. Consider the following Lyapunov function:
V,=0.55. (27)
Hence,
Vy=s5= (—¢52 - ysm/”“)ezp/q_l. (28)

Define e = (e, ¢, ), then we divide the e, — e, phase plane
into two regions: D, = {ele; #0,e, #0} and D, = {ele; #0,
e, =0}. Indeed, it should be noted that D, is the axis ¢, in
the e; — e, phase plane.

Suppose [(e,) =e,”'7!, then I(e,) >0 when e, #0.
Namely, when e = (e, e,) € D, we get l(e,) >0, ™1 >0
and

Vo =si= (=¢s’ — ps""" ) (e,) <0. (29)

Thus, the sliding mode s will asymptotically converge to
zero in the region D,, according to Lyapunov stability crite-
rion. That is, the NFTSM (16) exists in the region D,.

Next, we will check whether the sliding mode s will still
converge to zero in D,. Indeed, substituting the control law
(19) into the error dynamic equation of (2) yields

de, ¢,

_ —Blalp) [(¢s+ys™™) + &> P9(1 + (alab)e, ™" + (1/y) exp(le; ) (1 + ey |))] .

FIGURE 4: The relative coupling profile.

€ =6,

ézzFl—é +b1iq:—ﬁg
30
: (¢S+y5m/”)+322‘1’/4<1+ibela/b—l (30)

[0

+pelle)(+lal)|

From (30), we get the slope equation of the phase path.

(31)

de, ¢

As p, g, a, b, m, and n are all positive odd numbers and
1<p/lq<2, and a/b> 1, thus we get (32) when e, >0 and
e, =0.

1y By
(1 + et ” exp(le;[)(1+ |51|))} <0.
(32)

Equation (32) means that the phase path is perpendic-
ular to the positive axis e; when it crosses the positive axis
e;, and phase path direction is straight down from the
positive axis e;, as shown in Figure 4. Moreover, the
motion speed of e= (e}, e,) is not equal to zero. Similarly,
the phase path is perpendicular to the negative axis e,

€

when it crosses the negative axis e;; the phase path direc-
tion is straight up, and the motion speed of e = (e;, ¢, ) is also
not equal to zero.

The state trajectory in the reaching phase is shown in
Figure 4. " = (), ¢,) (e, €,)™,i=1,..., 6 are the possible
locations for the system initial states throughout the whole
phase plane. The region D, is then separated into six regions
(A, B-1, B-2, C, D-1, and D-2) to illustrate the state trajectory
of any possible initial states during the reaching phase.
Indeed, as concluded above, the system state’s movement
speed is not zero when it crosses the axis e; (namely, the sys-
tem state is in D,). Therefore, although the state trajectory
may cross the axis e; (such as ™, i=1,3,4,6), the state e
will not stay in D,. In these cases, the states e™!, i=1,3,4,6
will cross the axis e;. Then, they will asymptotically converge
to the sliding mode s =0 like the initial states which do not

cross axis e, (such as, e, i =2, 5).
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3.3. The Proposed Control Scheme for PMSM Tracking
Control. Based on the design and analysis of the AESO and
NFTSM above, Theorem 3 gives the proposed controller for
the PMSM angular position tracking control to suppress
the hose vibration problem in AAR coupling.

Theorem 3. Under Assumptions A1-A3, for the system (2)
with the NFTSM (16), if the AESO is designed with (7), (8),
and (9) and the closed-loop controller is designed as (33), then

the system trajectory will fast converge to zero. Moreover, no
occurring of singularity is ensured during the whole process.

b [ ) o (F=5) - ple o "

1
) a/b-1 , = —~ ~
I |

where ¢, =z, - 9" and ¢,=2z, - 9, z, and z, are the state
estimations from AESO, and F, is the estimation of the “total
disturbance” from AESO. 9" and 9" are the reference from
command filter [32], and $=¢, + (1/a)e,"" + (1/B)e,?9 +
(1/m)[ey|exp([ey ).

Proof. Consider the following Lyapunov function:
1
V= 552. (34)
Therefore,
T g,/ 1 5 >
V=si=s(e 1+ — b + — exp([e;]) (1 +]e,])
' )
+ %ezplq_léz).

Substituting the control (33) and system (2) into
(35) yields

Ves(eo(1e a0 L exp(E D0+ )
ab n
P, pig1 _g
+ 'quz (F1+b1u 9 ))
=s(e,(1+ 22 “/b*1+1exp(|§ N(1+]e,])
2 ab 1 " 1 1

+ %ezp/qfl (Fl _[3 (¢S+ Am/n) _ﬁgfézzfp/q

1 - ek .
Hsab-1  © = = _ _ _
<1+ A +ﬂexp(\el|)(l+|el\)) (F-9) 9))
=s(e(1+ 2ottt L e )1+ 2))
2 ab 1 " 1 1

P p/q-l( - Sin 95 2-pig
+ e F,-F - Sty —PE
Bq% 1~ ﬂ (¢ ) ﬁp 2
. a = a1 l > e
(1+ Zae s L en(@pu+Fa)) ) ).

Then,

(36)
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V=s(es (10 gym oL oD+ D)
+ Lo (Fl - (9(s=3) +y(s-3"")

295291 1 9 a1 l s N1+
Bl (1e e s L e 1+ )
_ l(ez)s((ezz—plq _?22—17/‘1)
+ % (622_qu€1a/h_l _Ezz_p/qéla/b_l)
+ (" exp(leg|) (1 + |eg]) =2, "' exp([ey[)(1 + [e,]))
+ @F + (@5 +y5"") — (¢5+V5m/"))
37)

where F, = F, — F, and §=s—-35. Note that &, =e, —¢, and
e, =e, — &, , then according to the inequation theorem:

—P/q -P/q < e, ‘2 —Pla
622—p/qelu/b—1 _ EZZ—p/qEIa/b—l
_ , 2-plq, alb-1 _ = 2-p/ ~ \alb-1
=e," Me —e, (e, —e)
< elu/b—l 2-plq _ a/b—lA 2—p/q + éla/b—lfézZ—p/q
— elulb—l( 2-plq _ > 2—p/q) > a/b—lEZZ—p/q

< e, 0713, [P 4 3,2 PG b1,
e” P exp(ley]) (1 +[ey]) —2," "' exp([e, ) (1 + [ey])
= exp(le;[)(1+ [ey|)e,” " — exp(fe; ) (1 + [2,])
G
<e,” P (exp(le; )(1+ Je;|) —exp([& [)(1+ [&1]))
+exp([e;|)(1+[e,])&,* 7"
e, P (exp([e, +2,[)(1+[e, + &) —exp([e])(1 + [2,]))
+exp([e ) (1+ [e,])&," 7
=e," T exp([e;|)((1+ |e;]) exp(fe,|) -
+exp(fe;[)(1+[e)&,* 7.

(1+[eil))

(38)

Consequently,

VS l(ez)s(|éz|2p/q + (ela/b—1|éz|27p/q +?22_p/qé1a/b_l)

(1 +]ea) exp([21])
~ (L+[a])) + exp(fa ) (1 + [2))2> ")

(¢5+)/Sm/n) ﬁﬂ (¢S+ ysm/n)>

+ (622_1’/‘1 exp(|e,

(39)

Indeed, the errors &,, &,, and F, are the estimation errors
by the AESO. Moreover, from Lemma 1 in Section 3.1,
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TaBLE 1: Parameters of the hose-drogue assembly. TaBLE 2: Parameters of the PMSM.
Parameters Nomenclatures Values Parameters Nomenclatures Values
U Mass per unit length 4.11kg/m R Stator resistance 1.65 Q)
dy Diameter of hose 0.067 m L, Stator inductance 0.0092 H
Cok Skin friction coefficient 0.001 P Pole pairs 4
Cuk Hose drag coeflicient 0.28 Ve Stator flux linkage 0.175Wb
Mgrogue Mass of drogue 29.5kg J Moment of inertia 0.001 kg-m2
ddmgue Diameter of drogue 0.6l m B Viscous friction coefficient 4.831¢>N-m-s
Cdrogue Drogue drag coeflicient 0.831 ! Reduction ratio 10

r i A

N Number of links 24 Radius of reel 0.06 m
H, Flight altitude 7620 m
Vi Airspeed 550 km/h 10 ' ' ' ' ' ' ' '

it can be certainly known that these estimation errors
(¢,, &,, and F,) are uniformly bounded |¢,| < € le,] < €
and |F,|<e r,»and the bounds ¢, , ¢, , and e are determin-
istic if Assumption 1-3 are satisfied. Namely, although states
and disturbance are estimated in the probabilistic framework
by AESO, the bounds of the estimation errors are determin-
istic. Based on this conclusion, we continue the proof using
the deterministic Lyapunov function.

Consequently, the estimation error F, can be small
enough and uniformly bounded via properly turning the
parameters of AESO according to Lemma 1. As 0.5 < p/g <1
and f is selected big enough generally, the (p/(Bq))F, will
be small enough.

Besides, ¢, and e, are the estimation errors of AESO, and
they also are uniformly bounded according to Lemma 1. As s
is the bounded function of ¢~; and e~,, it is also uniformly
bounded. Assume A is the function of the residual error
from AESO,

A= |é2|2_}7/q + (elu/b71|é2|2—p/q +»é~227p/qélu/b71)

# (e exp([2 ) ((1+er]) exp(1a]) - (1+[21])
+exp([e|)(1+ |§1\)§22—p/q) + (¢§+,})§m/n).

(40)

Based on the analysis above, the residual error A can be
bounded by properly turning the parameters of AESO.
Therefore, (39) can be written as

Vsl(e2)<(A+ éf:l)S_ (¢52+ys"””“)). (41)

Hence, V <0 can be satisfied if the ¢ and y are chosen

great enough. Then, 9 — 9" and w — 9" can be achieved by
the proposed control scheme for PMSM tracking control to
suppress the hose vibration during AAR coupling. And from
the controller (33), it can be further known that no occurring
of singularity is ensured during the whole process.

a (m/s?)
(=)
=

-10 1 1 1 1 1 1 1 1
8

v (m/s)
==
—_

8 10 12 14 16 18 20 22 24

s (m)

t(s)

F1GURE 5: The relative coupling profile.

As described in Section 2, the current control loops are
designed with proportion integral (PI) [18]. Here, two PI
controllers are adopted in the two current loops to stabilize
the current tracking errors of d-q axes, respectively.

t
uy =k (i, — ;) + quJ (i, = i,)dt,
) (42)
ug=kgp(ig" —ig) + kdIJ (ig" —ig)dt.
0

Generally, the reference i;* in the d current loop is set to
be zero to maintain a constant flux operating condition, and
the reference current i," is determined by the subsystem S,.
Together with (33), the controller for PMSM in AAR is
completed.

4. Application to the Vibration Suppression of
the Flexible Refueling Hose

The vibration suppression problem of the refueling hose in
AAR coupling is specially selected as an application example
here for the proposed scheme due to its hostile working envi-
ronment where all the assuming conditions presented in the
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(a) Hose vibration history (10 s-25 s)—without

vibration suppression

International Journal of Aerospace Engineering

z (m)
=

>R ogue (litig%asonto probe)

19 "5
—— t=10s t=15s
t=10.75s —— t=20s
—— t=11.25s —— t=25s

—— t=12s

(b) Hose geometry history (selected time)—without

vibration suppression

FIGURE 6: Flexible aerial refueling hose vibration during coupling without control scheme.

introduction section are satisfied. The features of the pro-
posed method can be roundly verified in this application.

Compared with the traditional methods, in order to
describe the complex dynamic characteristics of the host
vibration more accurately, the hose-drogue assembly model
with all links having variable length (by Wang et al.’s work
[15] which is built based on the works of Ro et al. [14]) is
adopted in this paper to model the hose-drogue. The param-
eters of the hose-drogue assembly and the flight condition are
listed in Table 1. Table 2 lists the parameters of the PMSM
used here.

Remark 6. For details of the model of the hose-drogue
assembly (including the models for the skin friction, aerody-
namic forces, and the kinematics and dynamics of the hose-
drogue assembly under multiple flows in AAR), it can be found
in [14] and [15]. Considering the primary motivation and pur-
pose of this work, we will not repeat that in detail.

The initial hose length before the contact of the probe and
drogue is set as 14.3 m here. And the longer distance the probe
moves forward, the more violent the vibration goes. Therefore,
in this paper, assume that the probe initially contacts the
drogue at 10s and then pushes the drogue forward along the
relative high acceleration coupling profile [13], as illustrated
in Figure 5.

The hose vibration without any suppression can be seen
in Figure 6. Figure 6(a) shows the hose-drogue assembly
vibration history from the time t=10s to t=25s. The hose
vibration envelope during the simulation time interval can
be clearly seen in Figure 6(a). It can be seen that the hose
vibrates at a high frequency, and the vibration amplitudes
involve a wide space range. The refueling hose will vibrate
more and more drastically with the time going on.
Figure 6(b) selects some specific time (t=10, 10.75, 11.25,

12, 15, 20, and 255) to show the hose-drogue geometry his-
tory. It is obvious that the hose-drogue will shake execrably
if no suppression scheme is introduced. It is a great threat
to the safety of the AAR; the hose may even be broken
off, and the receiver aircraft behind also may be damaged.
The drastic shake of the hose indicates that there must be
some control strategies to suppress the hose vibration for
the safe AAR.

Figure 7 intuitively shows the shock forces on the hose-
drogue assembly under vibration. As the drogue is pulled for-
ward, the tension of the selected 24 joints (take the 1st, 13th,
and 24th as examples) on the hose immediately decreases
almost to zero owing to the instantaneous hose slackness.
Then, the geometry of the hose changes, which will further
increase the aerodynamic drags of the joints on the hose.
As the aerodynamic drag choppily changes, the vibration
goes more violent and travels toward the pod. As a result,
the hose tension on the drogue and the force on the probe
become more violent. The increasing forces will even break
the PDR system and cause disastrous AAR accident. This
drastic hose vibration caused by the excessive closure speed
requires that there must be some vibration suppression strat-
egies to ensure the flexible refueling hose-drogue assembly
stable even under unexpected excessive closure speed and
multiple disturbances.

The PMSM tracking control scheme above is applied to
the vibration suppression of the refueling hose. To verify its
effectiveness and superiority, the proposed NFTSM scheme
with AESO and other two control schemes (linear ADRC
[6, 33] with ESO and NTSM with AESO) are applied to
the vibration suppression under strong disturbance and
measurement noise. These methods are all designed based
on the structure of cascade control loops (speed and cur-
rent) shown in Section 2. The PI controller [21] is adopted
for the current loop controller of these schemes. The
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(c) Force on probe by the hose

FIGURE 7: Forces on hose and probe during coupling without vibration suppression.

parameters of the PI may vary from 10° to 10° for different
PMSMs [8, 18]. For comparison fairness, the PI parameters
of these schemes k,, k; are kept same, as shown in Table 3.

For system (2), a strong disturbance with multiple
frequency characteristics is set as d, =3e3(sin(mt) — 0.5
cos(57tt) + 0.5 sin(107¢)). Besides, the Gaussian random
noise with its variance E(n,,%) = (1) is assumed to be the
polluted noise superposed in the output of the system (2).
And it is also assumed that the position of the probe in the
vertical direction is disturbed by a sine disturbance as 0.01
sin(0.27t) after the coupling achieved due to the surrounding
airflow disturbances, and the impact will finally appear in the
PMSM system in the form of load disturbance and the fluctu-
ation in the command signal. The other relevant parameters
of these controllers are listed in Table 3. Contrastive simula-
tions for these methods are conducted in MATLAB/SIMU-
LINK 2011a and implemented on a personal computer with
3.2GHz Core i5 CPU. The simulation sampling period is
set as 0.001s.

It assumes that the control laws all come to work
immediately here when the contact of the drogue and probe
successfully achieved.

TaBLE 3: Parameters of the different control schemes.

Control Parameters Values Parameters Values
schemes
LADRC Ly 200 Ky 50, 100] "
with BSO k. k, 6 ko> kay (600, 600]"
NTSM P > 1 "
with B 100 z se3
AESO " 2e3 kyp ko kap kgt [6,600,6,600]"
R, 12 Q, 0.1%
p 15 q 13
Proposed a 17 b 13
NETSM " 1 " 15
with
AESO a 100 B 100
) 100 Y 100
n 100 kgp Kgps kaps Kar [6,600,6,600]

Ly is the bandwidth of the ESO in LADRC, and Kj is the feedback controller
gains of the PD in LADRC.
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FIGURE 8: Estimation comparisons of ESO and AESO by the proposed NFTSM controller.

Firstly, to illustrate the superiority of AESO in reconsti-
tuting states and “total disturbance” of the system with mea-
surement noise, the proposed NFTSM is used as the unified
controller, and the comparison of ESO and AESO is con-
ducted. Figure 7 shows the observation results of the two
different observers.

In Figure 8, 9, and w, are the real values of the angular
position and the angular velocity, respectively. 9 is the mea-
sured value from the angular position sensor. Based on the
same controller, it is obvious that AESO performs better than
ESO when the sensor measurement noise exists. The recon-
stituted states and total disturbance of AESO are closer to
the real values of the systems, and the observation errors
are much smaller for all the states and disturbance. Although
the existence of the measurement noise whose variance is
(1rad)?, the angular tracking error e, is ensured within 2 ra
d, which is much smaller than the estimation error by ESO.

A similar result can be found in the estimation angular
velocity. The estimation errors for the total disturbance
are especially obvious. It can be seen that the amplitude
of the estimated disturbance F, by ESO may be ten times
of the real value F,, while the F, by AESO is much closer
to the real value F; and the estimation error for F; by
AESO is 5 to 10 times smaller than the ESO’s. Therefore,
AESO possesses the ability to well reconstitute the system
states and disturbance even with measurement noise and
strong disturbance.

Then, the time history of the hose geometries by different
control schemes is shown in Figure 8, and the side view in
XOZ plane for each scheme is also attached to the figures.
It is clear that the vibration in LADRC is still serious on the
condition that the disturbances and measurement noise are
taken into consideration. However, the NTSM with AESO
can suppress the vibration effectively in the same condition,
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FIGURE 9: The hose-drogue assembly’s dynamic motions by different control scheme.

but its effectiveness is slightly poorer than the proposed
NFTSM with AESO. From Figure 9, one can find that the
hose geometries by the proposed NFTSM schemes look more
stable and orderly. The proposed NFTSM with AESO cannot
only track the command (transformed from the hose slack
during the vibration) accurately in a shorter time. As the
probe travels forward, the proposed controller can retract
the hose rapidly and precisely and keep the catenary shape
of the hose steady. The hose slack is maintained at the level
just before coupling, and the hose vibration does not occur
at all. With the compensation provided by the control laws,
the catenary shape of the hose can always be kept steady.
As a result, the vibration can be suppressed accurately and
immediately. Figure 10 shows the drags, tensions on the
Ist, 13th, and 24th joint on the drogue, and the forces on
probe caused by the vibration hose-drogue assembly.

Although the superiority of the proposed NFTSM scheme
over the NTSM schemes has been verified via the hose geom-
etry history in Figure 9, Figure 10 presents more visualized
results to evidence that. From Figure 10, it can be seen that
the proposed vibration scheme ensures the drag forces,
tensions on the hose, and the forces on the probe all much
smaller than those of the NTSM schemes. These smaller
forces indicate that the hose-drogue assembly are more
stable and organized under the proposed scheme. The
vibration can be more effectively suppressed by the proposed
NFTSM scheme.

From Figures 11, 12, 13, and 14, the states and relevant
tracking errors of the PMSM subsystem are shown, respec-
tively. The external load on the probe is shown in
Figure 15. And the length histories of the hose reeling driven
by the PMSM are shown in Figure 16.
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F1GURE 10: Forces on hose and probe by different vibration suppression schemes.

From Figures 11 and 12, the influence of the sensor mea-
surement noise to the system is clearly presented. It can also
be inferred that when the external disturbance is big enough,
it cannot be expected to track the command accurately by a
single controller. The strong total disturbance, including the
internal and external disturbance, should be observed by an
observer and then compensated by the control laws. By the
composition from AESO, the LADRC can track the com-
mand signal with strong disturbance and measurement
noise. However, the simple PD controller in the LADRC
limits the tracking accuracy and rapidity. The NTSM with
AESO shows better track performance and robustness than
the LADRC. However, by obvious observation of the tracking
curve in Figure 11 and the tracking error in Figure 12, a dis-
tinct overshoot still exists nearby t=10s. Namely, the mech-
anism of the NTSM still should be improved for better
tracking performance especially the rapidity, because its
global convergence is limited. By introducing the tracking
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FIGURE 11: Angular position tracking results by different schemes.
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FIGURE 13: Angular velocity tracking results by different schemes.

error exponential term in sliding surface and specially
designed reaching law, the proposed control scheme can
accurately track the angular position command given by
the hose in AAR with almost zero overshoot. Moreover, the
angular tracking error is well guaranteed within 5 rad even
under the existence of the angular sensor measurement noise
with its variance 12 rad and the strong total disturbance, as
shown in Figure 11. And the angular velocity tracking error
can also be ensured much smaller than that of LADRC. From
the tracking result in Figures 11-14, it can be found that the
proposed NFTSM with AESO shows the best performance in
rapidity and precision than the other two.

From Figure 15, the external load by the LADRC is
greater than the other two, and the periodic fluctuation is
caused by the poorer tracking performance of the PD con-
troller in LADRC. The external load by NTSM with AESO
is about 0.5 times of the LADRC’s. However, with the rela-
tively poor transient characteristics (slower tracking speed
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and greater overshoot), the NTSM does not track the com-
mand rapidly enough compared to the proposed NFTSM.
This relatively poor performance during the coupling process
will lead to greater fluctuation of the external load as time
goes on, which will finally affect the stability of the hose-
drogue. It can be seen that the external load by NFTSM is
no more than 15N-m in Figure 15 throughout the refueling
contact process. And although the external load by NTSM
is very close to NFTSM’s, the curve of T is the smoothest,
which indicates that the dynamic of the hose-drogue by this
method is the most stable one. Indeed, this kind of tracking
performance is expected, because we always expect the
hose-drogue to keep stable even with the perturbed contact
process of probe and drogue in AAR. It should especially be
addressed that there is little difference between 21 and 25 sec-
onds for the load torques by the NTSM and NFTSM
methods. From Figures 9 and 10, we know that the hose
vibration by the NTSM method is still more drastic than
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the NFTSM’s. As time goes on, the vibration spreads along
the flexible refueling hose under the impact of the unpredict-
able aerodynamic force behind the tanker aircraft. Then,
according to the formulation T =(r/i)(1/(s+1))T, in
Section 2.2, the load torque T of the NTSM methods will
change greatly and may even become larger than the load
torque by the NFTSM method with the hose vibration
method goes on.

From Figure 16, the length histories of the hose reeling
by LADRC wave intensely due to the strong disturbance.
That means that the degree of hose slack induced by cou-
pling is still high, and the slackness of the hose is still
severe. The refueling hose vibration may still go violent
under the multiple disturbance and measurement noise,
and the tension at the end of the hose will change drasti-
cally and rapidly. Similar to the angular position in
Figure 11, an obvious overshoot also exists in the length
of the hose by NTSM, and this overshoot will last about
0.5 seconds, while it can accurately track the angular posi-
tion command which is given by the hose in AAR with
almost zero overshoot. The hose can be precisely reeled
in/out by the PMSM with almost no error and lag. The
tracking performance of the proposed NFTSM with AESO
is the best. And after the coupling, as the relative distance
between the receiver and the tanker does not change
anymore, the hose length is also maintained to be a con-
stant. And the aerodynamic drags and tensions of the hose
gradually become stable as well, then the vibration does
not occur anymore.

in/out results by different schemes.

5. Conclusion

The permanent magnet synchronous motor- (PMSM-) based
take-up system is adopted for the aerial refueling hose vibra-
tion suppression in autonomous aerial refueling (AAR). A
nonsingular fast terminal sliding-mode (NFTSM) control
scheme with adaptive extended state observer (AESO) is
designed for PMSM take-up system considering external dis-
turbances and measurement noise. A sliding variable with
tracking error exponential term is proposed and a special
reaching law is designed to enhance the global convergence
speed as well as the precision of the controller. The AESO
is used to reconstitute the states and “total disturbance” of
PMSM with the uncertainties both in the plant and the
sensors. Then, the proposed control scheme for PMSM is
applied to the flexible refueling hose vibration suppression
during AAR coupling. Simulations demonstrate that the pro-
posed scheme is more competitive in global convergence
speed and accuracy for vibration suppression with PMSM.

Appendix
The Derivational Process of (14)

When the system errors (e,, e,) reach the sliding surface s =0
and with (13), we get

1
s=e + Bezp/qZO- (A.1)
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e,=6,=9-9 =w-9"; that is, ef7=¢"7=—Pe,.
Define V, =0.5¢%; it can be got that e=2V, and V, =
e;é; and then

s, pl /q - pl / /:
V= e = el = e (A2)

As p and g are all positive odd numbers, hence, V,, <0 is
satisfied when e, #0. Based on the Lyapunov stability
criterion, the dynamic s=e, + (1/f)e,”" =0 is stable, and
the system states will converge to the equilibrium. And from
¢,P"1 = —Be, (A.2), it can be known that the only equilibrium
is e; = 0. To get the convergence time T, we submit e =2V,
into (A.2) and get

Vnp/q _ _2(p+q)/2qﬁvr({7+q)/2q' (A.3)
As V, =(dV,)/(dt), the following is obtained:
. ~al
dr=Dn o AV =—((-v.)") av,
Vi =(=Va) (A.4)

=— (2(P+q)/2fllg VﬁlPW)/Zq) fq/pan.

Furthermore, as V,(T,)=0 and V,(0) =0.5¢,%(0) >0,
we integrate (A.4) from both sides.

(A.5)

n

Va(0)
T = J Z(PW)’Z‘Y[SV,?W)’ZMV”.
0
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