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Abstract
This paper investigates the networked flight control system for a laboratory 3 degrees of freedom

(3-DOF) helicopter, and presents a novel networked guaranteed cost proportion-integration-differen-

tiation (PID) attitude tracking control method with consideration of time-varying delay and packet

dropouts. As the 3-DOF helicopter characteristics of multi-input multi-output ( MIMO) , channel

coupling, and nonlinearity, a genera linear time delay system is modeled by analyzing the motions

on elevation, pitch, and travel axis. By using the reciprocal convex approach, the free weight ma-

trix, and the cone complementarity linearization ( CCL) method, the PID tracking controller param-

eters can be designed if the related linear matrix inequalities ( LMIs) are feasible. Finally, a practi-
cal experiment of laboratory 3-DOF helicopter is given, and the experimental results show that the

proposed method is effective.

Key words: time-varying delay, packet dropout, networked flight control system, tracking

control

0 Introduction

The laboratory 3 degrees of freedom (3-DOF)
helicopter, acting as a good experimental platform for
aerial vehicles controller, has attracted wide atten-

tion' 3!,

It is the abstraction of aerial vehicles sys-
tems, which maintains similar actuator, sensor, and
driving principle. In 3-DOF helicopter, there are many
important characteristics such as multi-input multi-out-
put ( MIMO ), nonlinearity, coupling. Therefore, it
plays a very good role in verifying the control algo-
rithm. In recent years, the considerable attention has
been given to the analysis and control of helicopters.
For instance, the attitude tracking problem for a 3-DOF
laboratory helicopter has been addressed by robust con-
trol approach in Refs[4,5]. In addition, model pre-

dictive control'® | sliding mode control'™® | nonlinear

)
control method*™®’ | fuzzy control technique'"’, back
stepping-based approach'"”’ | and Heo control mecha-
nism' " have been used to track the desired references
for helicopters. Unfortunately, all the methods men-
tioned above have been proved to be effective but only

limited to the local control. The information interaction

between the aerial vehicles and the ground control cen-
ter is a prerequisite for the remote control. Therefore
the 3-DOF unmanned flight system is a typical net-

Y451 However, the

worked control system ( NCS
communication network between them will be affected
by factors such as weather, electromagnetic interfer-
ence, network congestion, intermittent failure of com-
munication equipment and so on, which inevitably
leads to non-ideal network quality of services ( QoS) ,
e. g. , network-induced delays, data packet dropouts.
These will make the analysis and synthesis of 3-DOF
16471 To the best of the au-

thors’ knowledge, the problem of networked tracking

helicopter more complex

control for a 3-DOF helicopter has not been investiga-
ted and still remains challenging, which motivates the
present study.

Although many advanced control theories and
practical design techniques have been proposed, most
control loops are still proportion-integration-differentia-
tion (PID) with a wide range of applications'™®’. Re-
cently networked PID control methods have also devel-
oped. For instance, by gain and phase margins ap-
proach, Ref. [ 19 ] proposed a novel normalized P1/
PID controller for NCSs based on analyzing the stability
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and robustness of system under the effect of network-in-
duced delays. In Ref. [20], speed senseless and sen-
sor-fault tolerant optimal PI regulator for networked DC
motor system with unknown time-delay and packet
dropouts was presented based on bilinear matrix ine-
quality. In Refs[ 21,227, by using a novel technique,
PID controllers were converted into output feedback
controllers. However, the helicopter flight control sys-
tem is a typical MIMO high order system, and has
strong channel coupling and nonlinear characteristics.
The mentioned networked PID methods are difficult to
apply directly to the trajectory tracking control.

Inspired by the above, the modeling of 3-DOF
helicopter and the networked PID tracking control are
investigated in this paper, and a networked guaranteed
cost PID controller to achieve attitude tracking control
of a 3-DOF helicopter under network constraints ( net-
work-induced time-varying delays, data packet drop-
outs) is designed. The main contributions of this paper
can be identified as follows. (1) Network-induced de-
lays and data packet dropouts are taken into account,
and the 3-DOF helicopter is modeled as a time delay
system. (2) A systematic networked PID design meth-
od with the NCSs structure is presented.

1 Modeling of 3-DOF helicopter

The 3-DOF laboratory helicopter from Quanser
Consulting Inc. (see Fig. 1) acts as an ideal experi-
mental platform. As described in Fig. 2, the 3-DOF la-
boratory helicopter refers to the motion of elevation,
pitch, and travel axis.

Fig.1 The 3-DOF laboratory helicopter platform

As shown in Fig. 1 and Fig. 2, the two DC mo-
tors, known as the front motor and the back motor, are
installed at the end of the helicopter frame respectively
to drive two propellers. The helicopter attitude is con-
trolled by the thrust forces F;, and F, which are genera-

ted by two propellers. A positive voltage applied to the
front motor causes a positive pitch while a negative
voltage applied to the back motor causes a negative
pitch. A positive voltage to either motor also causes an
elevation of the body. If the body pitches, the thrust
vectors result in a travel of the body as well.

Pitch axis
b p>0

Back motor |
Front motor

Counterweight  ~~  Elevation
p axis

My .g
Fig.2 The free-body diagram of 3-DOF helicopter

At the other end of the arm, it carries a counter-
weight, which makes the effective mass of the helicop-
ter light enough to be lifted using the thrust from the
motors. The thrust forces acting on the elevation,
pitch, and travel axis from the front and back motors
are defined and made relative to the quiescent voltage
or operating point.

v, = Lg(mew - L,m, - L,m,) (1)

2 LK,
Obviously, the helicopter has only 2 control in-

puts, namely, front voltage and back voltage, whereas
it contains 3 outputs, that is, pitch, elevation, and
travel angles. The aim of this paper is to design net-
worked guaranteed cost PID tracking control system to
regulate and track the elevation and travel angles of the
3-DOF helicopter. In order to obtain the linear 3-DOF
state space model, the physical parameter values are
considered as shown in Table 1, which are obtained
from the Quanser helicopter laboratory and user manu-
al.

1.1 The dynamics model of elevation axis

Taking into account the motion on elevation axis
as shown in Fig. 3, it can be concluded that the motion
is determined by the torque, which is generated by F|
= F, + F,. Considering the actual movement of a heli-
copter, the varying of pitch and elevation are small,
thus cos(p) = 1 and cos( &) = 1 can be obtained, and
the Eq. (2) can be formulated based on the quiescent
voltage V, .
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J,e = (Fy+ F,)cos(p)L, — T,cos(¢)
’“‘"Kf(Uf"'Ub)La (2)

where p is the elevation angular, ¢ is the elevation an-
gular, & is the elevation angular acceleration, the

forces F and F, are obtained by the control voltages U,
and U, , respectively. J = mei + m, L. + m,L =

m,L> + m,L is the elevation rotary inertia.

w T w

Table 1 Parameters of the 3-DOF helicopter platform
Parameter K, L, L, L,
_ Propeller force- Distance between travel Distance between travel Distance between pitch
Definition : . : ; ;
thrust constant axis and helicopter body axis and the counterweight axis and each motor
Value 0.1188 N/V 0.660 m 0.470 m 0.178 m
Parameter i m, me, m, m,
o Effective gravity Total mass of two Mass of front/back Mass of the
Definition : : ; : :
on elevation axis propeller assemblies propeller assemblies counterweight
Value T, =mglL, —m,gL, m, = m, +m, 0.713 kg 1.87 kg
F, ponent of thrust forces F,sin(p) will cause a torque

[, —Ple——1,
O M,
M, A

G
Elevation
axis

Fig.3 Schematic diagram for elevation

Letm, = m; + m,, the linear expression Eq. (3)
of the elevation angular acceleration can be obtained.

. KL (U +U K.L,V,

2= F: u( f b) _ f~a’ s (3)

2 2 = 2 2
mlL, + m,L, mL, + m,L,

1.2 The dynamics model of pitch axis

Considering the motion on pitch axis as shown in
Fig.4, it can be inferred that the motion is caused by
the pitch rotary inertia, which is generated by F, = F,
- F,. Therefore, the dynamics model Eq. (4) of pitch
axis can be established.

]p[')- = (Ff_Fb)Lh =Kf(Uf_Ub)Lh (4)
where p is the pitch angular acceleration, J, = 2mei is
the pitch rotary inertia. Then there is

. KU, -U)L, KV,L,

- 2ml; - 2ml;

(5)

L, re—
A B
Pitch )

axis

Fig.4 Schematic diagram for pitch

1.3 The dynamics model of travel axis
When the pitch axis is tilted, the horizontal com-

about the travel axis, which results in an acceleration
about the travel axis. Assume the body pitches by an
angle p as shown in Fig.5. The dynamics model of
travel axis can be described as
J, A = L,Fsin(p) = L,(F,+F,)sin(p)

= LK,(U; + U,)sin(p) (6)
where A is travel angular, A is travel angular accelera-
tion, J, = fo +m,L; +m,L. is travel rotary inertia,

and £} = L; = L} + L.

b Travel
axis

Fig.5 Schematic diagram for travel

F,cos(p) is the required force to maintain the
helicopter body pitches by an angle p. Hypothesizing
the pitch angle p is small, sin(p) = p and cos(p) =
1. Thus A can be described approximately as

j~- L

2mL, +2mL, +m,L,
Define
d d d '
L = L2 = )
x(t) [6‘ p A i dt/\ Jadt f)tdt] ;
u(t) =[U; U,]", y(t) =[e p A]". According
to Eq. (3), Eq.(5) and Eq.(7), the linear state

space representation for the 3-DOF helicopter system

(7)

can be modeled as
{Jé(t) = Ax(t) + Bu(t)

8
y(1) = Cx(t) B)



HIGH TECHNOLOGY LETTERSIVol. 27 No.3|Sep. 2021

313

Assume 3 Define 7, = 77 + 7, where 7 and

7, represent network-induced time-varying delays
which exist in sensor-to-controller and controller-to-ac-
tuator channel, respectively. The maximum number d

of consecutive packet dropouts in NCSs has an upper

bound d.

Actuator

ZOH

u(ey |

A3-DOF unmanned
helicopter

(1)

A 4

Sensor

where A =

ro 0 01 0 0 0 07
0 0 001 0O00O0
0 0 00 01 00O
0 0 00 0 0 0O
0 0 00 0 0 0 0},
o - thme=2Lim)e o0 5 g

2m,Ly, +2m,L, + m,L,

1 0 00 0 0 0O
-0 0 1 0 0 0 0 O
_ 0 0 -

0 0
0 0
LK, LK,

- 2mL. + m,L: 2mL, +m,L,
1 K 1K |
jmeh _?meh
0 0
0 0
L O 0 =
1 000 0 O0O0DO
C = [0 1 00 0 0O 0] ,
001 0O0O0O0O0
K = [lfn ki ki ku ks kg ky kls],
kyy ky kyy o hy ks kyg ky ko

Obviously, it can be seen from the dynamic Eqs
(2) = (7) that the 3-DOF helicopter is a typical MI-
MO model, which has 2 input variables U, and U, , and
3 output variables p, & and A. Therefore, the 3-DOF
helicopter is under-actuated. And the outputs of the 3
channels are coupling. For instance, the pitch angle p
is coupled in the elevation equation, and p also affects
the travel A in the travel axis equation. Only when the
range of pitching angle p and elevation angle ¢ is very
small at the same time, the proposed method could be
used to obtain the linearized state Eq. (8). However,
the actual 3-DOF helicopter is still a typical system
with strong coupling, MIMO, and nonlinear.

As shown in Fig. 6, the 3-DOF helicopter as the
controlled plant is assembled in the network. There-
fore, it is a typical networked control system architec-
ture. Before further proceeding, the following assump-
tions are made, which are common in NCSs research.

Assume 1 £ is the sampling period of the sen-
sor, and i h, i, € N is sampling instant.

Assume 2 The zero-order-hold (ZOH) is used
to hold the control input when there is no latest control
packet arriving at the actuator.

Network with time-varying delay and packet dropouts

Digital
PID — (1)

Fig. 6 The schematic of networked tracking control
for a 3-DOF helicopter

Considering the network-induced delays and pack-
et dropouts which exist in the communication channels,
the  holding  interval of the ZOH s
[ 4h+7, §h+(d+1)h+7,,). By defining
7(t) =t-ih,r=7,<7(t) <(d+1)h+71y, =
7 can be obtained, where 7, and 7, represent maximum
and minimum network-induced time-varying delay 7,
respectively. Obviously 7(#) is piecewise-linear with
the first derivative satisfying 7(¢) = 1. This character-
istic will be taken into consideration to reduce the anal-
ysis and design conservativeness in next section.

Considering the holding interval of the ZOH, the
state feedback control law can be expressed as

u(t) = Kx(t,h) = K(x(t —7(t)))

te [th+7, tah+7)
where 1, € {i,} represents the data sampling instant,
and the sampled data is transmitted successfully from
sensor to actuator. Therefore, the closed-loop NCS can
be obtained as
x(t) = Ax(t) + BKx(t - 7(t))
{ t e [4h + 7y, tiah +74)
¥(1) = Cx(1)
(9)

The feedback control gain for this system are cal-
culated by using a linear quadratic regulation ( LQR)
approach with the given positive diagonal @ and R ma-
trices. The quadratic cost function is defined as

J = Lw(xT(t)Qx(t) +u" () Ru(r))de

Definition 1 Considering the 3-DOF helicopter
system Eq. (8), if there exist a control law u™ (¢) =
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Kx(t) and a positive scalar J* such that the NCS
Eq. (9) is stable and the value of the cost function sat-
isfies ] < J©,
and #” (t) is said to be a guaranteed cost control law
for the system Eq. (9).

The purpose of this paper is to realize the net-
worked PID tracking control for a 3-DOF helicopter
with the LQR approach and make the cost function or

then J* is said to be a guaranteed cost

performance index J have an upper bound.
2 Main results

In this section, by applying a new Lyapunov-Kra-
sovskii functional, the tuning of PID is converted into
the solution of matrix inequalities. Then the linear ma-
trix inequality (LMI) stability conditions and controller
design for closed-loop system Eq. (9) will be estab-
lished in this section.

2.1 PID control equation
Ife,, p,, and A, are the desired elevation angle,

desired pitch angle and desired travel angle of 3-DOF

helicopter system, the PID controller parameters will

be designed in the following form to meet system expec-
tations, PID for elevation axis:

V, = k,e, + ke, +k,|edt
PD for pitch axis:

Vi =K, (p-ps) +Kp
and PID for travel axis:

P = kA, +kyy /.\e + k).if)‘edt

ked ’ kgi ’ kpp ’ kpd ’ k,\p ’
elements of the control gain K, ande, = & —g,, A, =
A=A

where &

. k,, and k,; are the

2.2 LMI stability condition for networked PID
control

Let fi, fos sy fy: A" — R have

positive values in an open subset D of ™. Then, the

Lemma 12!

reciprocally convex combination of f; over D satisfies;

lﬁllﬁpr(fu%lit 2 f(t) Zf(t) +Iga/x;gl ](t)
subject to g, ;: R" — R, g .(1) = g.(1),
[ﬁ-(t) gj,,-(t)]>0

gi,j(t j;(t) -

Lemma 2 5 (i
with appropriate dimensions, 5(¢) is a function of # and
n<n(t) <q,thenyn(t) 5 +(n-7())5 +2 <
Oif and only if 5, +2<OandnZ, + (n-7)5, +
£ <0.

= 1,2) and £ are matrices

Theorem 1 For given scalars0 < 7 < 7, and a
gain K, the closed-loop NCS Eq. (9) is asymptotically
stable, and the upper bound of cost function or per-
formance index J is minimized, if there exist matrices X
>0,Y>0,0, >0,0,>0,R, >0,R, >0, H
> 0, M and U with appropriate dimensions such that

[R2 *]>0 (10)
U R,
= _ (E+tMH 'M' + M(e, -¢,)
. (+ (e, —e;)'M" + (7 —Z)FTHF)

+e (0 +K'RK)e, <0 (11)
= _ (E+TMH 'M' + M(e, -e¢,)
- (+ (e, —e;)™M" )

+e (0 +K'RK)e, <0 (12)
whereM = [M] M, M, M, M.]|",

=[I 0 0 O],e,=[0 0 I O],
=, = * *
=% 52 * "1 r_[A4 0 BK 0],
—31 e A
0 =, B, E,
E,=A"P+PA+Q, +7A'RA + (1 -1)°A'R,A

R1 s :A721 = R1 ,
~22 - QZ Ql Rz’
E, =K'B'P + TZKTBTR A+ (7-7)’K'B'R,A,
&, =-U+R,,
5, = ”K'B'R,BK + (7 - 1)’K'B"R,BK

- (2R, -U" - 1),
Emz =U,Em3 =_U+R2’E44 =_Q2_R2'

Poof Construct a Lyapunov-Krasovskii functional
candidate as

V(i) = ZV(t x),te[th+1, ty,h+7.,),
where V, (t x,) = x"(t)Px(t),
Vet x) = [ #()Q(s)ds + [ (5)Quk(s)ds,

V,(s, %) = Tf f;cT(le;c(v)duds
(7 - T)J ) fx (v)R,x(v)duds,
V(e x) = (7-1(8)) L;(”,\'CT(S)HJ}(s)ds.

Taking the time derivative of V(¢, x,) along the
trajectory of system Eq. (9) yields:

V,(t,x,) =x"(e)Px(t) +x"(t)Px(t) (13)
V,(t, x,) = x"(¢)Qx(¢)
+xT(t =1y ) (@, =@ )Xt =7y )
_xT(t_Tz)sz(t_"'z) (14)

V.1, x) < 25" ()R x(1) —Tf PR ) s
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+ (1 - 7)°x"(1)Rx (1)
-G -n [ FORE S (15)

i

V.(1, x,) < —LTU)J}T(s)Hk(s)ds
+ (7 -7())x"(t)Hx(t) (16)

By using Jessen’ s inequality to deal with integral
items in Eq. (15), Eq.(17) and Eq. (18) can be

obtained as
_IL,;T@)R@(s)ds
T . .
<-[x"(1) x"(t- Z)][_Ile R ][x(t(_t)q-)]
:-xT(t)RIX(l) +xT(t)R1x(t_Z) i
+x' (1~ )Rx(1) ~x" (1 - D) Rx(t - 1)

(17)
- (7= [ FORE()ds
<-E (- 1) ¥ (- 1(0)]
T(t) =T
Ro[x(t - 1) —x(t = (1))]
T =T = = B
- Ax(t-7(1) —x (¢t -7)]
T -7(2)

Rx(t-7(1)) —x(t-5]  (18)

For a matrix U satisfying Eq. (10), Eq. (18)
can be transformed into Eq. (19) by using Lemma 1.
- (7 =) [ ARy (s)ds
x'(t -7)Rx(t - 1)
+7(— 1) (U" = R)x(t - 7(1))
-x"(t-7)U'x(t - 7)
+x" (¢t —7(t) ) (U - R,)x(t - 1)
S-4+x(t-7(t)) (2R, -U" = U)x(t - (1))
+x"(t —7(t))(U" =R)x(t - 1,)
-x"(t-7)Ux(t - 1)
+x"(t -7)(U-R)x(t —7(1))
+x"(t —7)Rx(t - 7)

(19)

By using the Newton-Leibniz formula, and for a

free weighting matrix M with appropriate dimensions,
it is clear that

26" (DM x(2) - x(t - 7(1)) -Lmsc(s)ds] -0
(20)
where &' (1) =
[x"(t) x"(t-1) x"(-7(1)) *x"G-7)].
Eq. (21) can be obtained by using Cauchy ine-
quality.

_ ngmMLmsc(s)ds

< ()& () MH"B'¢(1) +j E () HE(s)ds

(21)
Combining Eqs (13) - (21), the following ine-
quality can be obtained.

V(1) <
T E+r(t)MH'M"
¢ +2M(e, —e;) + (T —r(t))FT(t)Hl“]g(t)

(22)
Ast, < 7(t) < 7,, and according to Lemma 2,
when the conditions Eq. (11) and Eq. (12) in Theo-
rem 1 are satisfied, there is
[5+ r(t)MH'M" ]
+2M(e, —e;) + (7 —7(1))I" (¢)HI"
<-e(0+KRK)e (23)
therefore
V(i) <0 (24)
and the NCS Eq. (9) is asymptotically stable.
According to Eqs (22) - (24), there are V()
<-x"(t)(Q + K'RK)x(t) , and

-V(0) = f V(t)dt
s—waT(x)(Q + K'RK)x(1)dt

= waT(t)Qx(t) +u"(t)Ru(r)ds

Therefore, the cost function or performance index
J has the upper bound.

J= [ ("0)0x(1) + (W Ru(1)) < ¥(0)

The proof is thus completed.

2.3 LMI design conditions for networked PID
control

Theorem 2 For some given constants 0 < 7 <

7, if there exist matrices X >0, ¥ >0, @, >0, 0,

>0,R, >0, R, >0, H >0, Mand U with appro-

priate dimensions satisfying the following matrix ine-

qualities.
R
[ i T: |>0 (25)
2

DefneX = P™', Y = KX, Q, = XQ,X, 0, =
X0,X,R, = XR X, R, = XR,X, and M, = XM X,
1 <j <5. Then, pre- and post-multiplying both sides
of Eq. (28) with diag{P™', P', P, P, P,
R;', R;', H'} and its transpose respectively,
Eq. (26) can be readily reached. Eq. (25) can be al-
so obtained by pre- and post-multiplying both sides of
Eq. (10) with diag{X, X! and its transpose respec-
tively. Similarly, Eq. (27) can be obtained from
Eq. (12). This completes the proof.
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'(XAT+AX+Q1 ) . .
-R, + M, + M}
o 0, -0,
R +M
§ (-RI—R) :
I
(VB e, -0 Ry -v-b (2R T D)
_MS _M3
M, U R, -U-M,
JrM{ ™, M
TAX 0 TBY
(7 - 1)AX 0 (7 -1)BY
V(7 -1)AX 0 V(7 -7)BY
ox 0 0
- RY 0 0
= T Vo
(XA~ +A~X+Q~1 ) y .
-R, +M, + M|
Rl +M2 (QZN_ QIN ) N
_Rl _Rz
I = = = ~ (2R, ~U" - U,
(Y'B" +M, -M") R, -U-M ( G e ))
_Ms ‘Ms
M, U R,-U-M,
VM| VM, JTM;
TAX 0 TBY
(7 -1)AX 0 (tr-7)BY
ox 0 0
- RY 0 0

Then the closed-loop NCS system Eq. (9) is as-
ymptotically stable. Moreover, the delay-dependent

controller gain can be obtained as K = YX .

r (ATP +"PA + Q, ) . .
-R, +M, + M
R, + M, (Qz -0 ) 5
_R1 _Rz
T
(K'B'P+M, -M') R, -U-M ( GR, f] w)
'Ma 'Ms

M, U -(U-R,) -M,
M} JT™M; JTM;

TA 0 TBK
(r-1)A 0 (r -7)BK
(1-1)A 0 V(T-1)A

0 0 0

= RK 0 0

<0
Note that the conditions in Theorem 2 includes
nonlinear terms, such as XR;'X, XR;'X, XH 'X.
First of all, assume that the matrixes L, > 0, L, >0,
L, > O satisfies
-L,=-XH'X, -L,

. = - XR'X

i

i=12 (29)

=

=

)

_Q2 _ng % * % % % % <0
VM -H #* * * * *
0 0 - XR'X * 2 * *
0 0 0 - XR}'x * * "
0 0 0 0 -XH'X = %
0 0 0 0 0 -0
0 0 0 0 0 0 -R'-
(26)
% * * * * * i
* * * * %k *
* * * * * %
- Qz -R, * * * * % <0
ﬁMI -H * * * *
0 0 -XR'X * s %
0 0 0 -XR;'X *
0 0 0 0 -0 *
0 0 0 0 0 -R'-
(27)

Poof Applying Schur complement to Eq. (11),
it is easy to see that Eq. (28) is satisfied;

* * * * * ]
* * * * * * *
* * * * * * *
-0, -R, * * * * * *
JTM, -H * * * * *
0 0 -R;' * * * *
0 0 0 -R; * * *
0 0 0 0 -H' * *
0 0 0 0 0 -0 *
0 0 0 0 0 0 -R
(28)

Then Eq. (30) can be obtained by using Schur
complement from Eq. (29).

[i;?J _?;;]sso,[

X71
— L
i =1,2 (30)

- R

. <0
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By introducing new variables X, R,y, R,y, Ly,
L,,, Eq. (30) can be rewritten as

[_ﬁN Xy ]SO,[_Rm Xy

XN - L3N Xy - LiN
i=1,2 (31)

where XX, = I, RR,, =1, R,R,, =1, HH, =1,

L.L,, =1, L,L,, = IandL,L,y = I. Therefore, the

nonlinear terms in Theorem 2 could be changed to a

]so

minimization problem subject to LMIs and could be
solved by using the modified cone complementarity lin-

earization ( CCL) algorithms in Ref. [25].
3 Experiment

Considering NCSs with bilateral time-varying de-
lay and packet dropouts, the effectiveness of the pro-
posed approach for networked guaranteed cost PID atti-
tude tracking control of a 3-DOF helicopter is illustra-
ted in this section. To build the model, actual 3-DOF
helicopter parameters in Table 1 can be used.

The block diagram of experimental system, and
the actual experimental system are shown in Fig.7 and
Fig. 8, respectively. PCl, as the actuator and sensor
(acquisition card ), communicates with the controller
(PC2) through different network ports. As shown in
Fig.7, the PCI is connected to the LANs of the labora-
tory through the network cable, while PC2 is connected
to the router through WiFi. In order to facilitate the
implementation of the experimental system, the UDP
communication protocol are adopted. The network de-
lay between PC1 and PC2 can be estimated by Ping
command , which is almost all distributed below 20 ms.

Assuming the sampling period is h, the network
induced delays interval is7, € (0, h). 7 =0 ms and

Acquisition card

Actuator ' ‘
- Cable Cable

Cable

Wi-Fi

Controller
%ﬂ)
2

Fig.7 The block diagram of experimental system

PG

Fig.8 The actual experimental system

7 =160 ms are considered. By using Theorem 2, the
performance of specific states and control sequence can
be controlled by adjusting @ and R, respectively.

By selecting the reasonable weight matrices Q and
R, it is possible to make tradeoffs between the inputs
and system state performance by using a linear quadrat-
ic regulation approach. However, there is no general
rule about the choice of Q and R. Thus, it should re-
sort to trial and error to get reasonable values. After re-
sorting to trial and error, and simulations, the weigh-
ting matrices can be chosen as
O = diag(l’ 0.8,1,1 x10°(-5), 1 x IOA(—S),)’

0.5 x10°(-5), 1.5 x107(2), 5

R = diag(1, 1)

and the corresponding controller gain can be obtained.

_ [ —-15.1982 -6.4354 4.3784 - 13.2680
- 15.1982 6.4354 -4.3784 - 13.2680
-3.2412 6.0808 - 8. 6241]
3.2412 -6.0808 - 8.6241

Then, it is dedicated to illustrate the tuning of the
networked guaranteed cost PID based on the control
gain K, which is obtained by solving the matrix ine-
qualities in Theorem 2.

Asu(t) = [U, U,]" = Kx(t), the following
Eq. (32) can be obtained from the gain K.

U+ U, =2k e +2k,e + 2k, |edt (32)

Considering the schematic of networked tracking
control for a 3-DOF helicopter in Fig. 6, the elevation
control Eq. (33) is

V. = 2k, e, +2k e, +2k,|e,dt (33)
Similar to Eq. (33), the difference of U, and U,

can be also obtained as
U = U, = 2kyp +2kA + 2ky5p + 2k A
+2k18jAdt (34)
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and the pitch control equation in Fig. 6 can be ex-

pressed as
V, = 2kpp +2ksp + 2k A, + 2k A, + 2klgj)tedt
(35)
Difice g7, = 2}:(21%)‘8 +2kig A, + 2 [A,d0) is

the desired pitch angle, which results in the desired
travel angle. Thus, the desired pitch angle p, needs to
be designed to achieve the desired travel angle A, by
the following controller Eq. (36).

Vi =2k,(p —py) +2kisp (36)

Obviously, Eq. (33), Eq. (35) and Eq. (36)
achieve the PID control equation in Section 2. 1 ac-
cording to the obtained control gain K.

In sequence, the problem of tracking desired ref-
erence lrajectories for elevation and travel angles is in-
vestigated. The desired reference signals are given by

ad()—sTW())t() 3 1 (9)
(37)

where w,(s), (i = &, A) denotes the reference input
commands of the elevation and travel angles, respec-
tively. The desired reference signals are defined in
Eq. (37),
input command is a square waveform reference signal

with amplitude of 0 — 15 ° and frequency 0. 015 Hz.

For desired travel angle, a wave with amplitude +20 °

for desired elevation angle, the reference

and frequency 0.01 Hz. And the desired pitch angle is
kept to be 0.

As7 =0ms and 7 =160 ms,
sampling period h =80 ms is taken into account, the

so when the sensor

packet dropouts will not be considered in the first case.
When the sensor sampling period is set to 40 ms, the
maximum number 2 of consecutive packet dropouts can
be set in the second case, and the packet dropouts se-
0010010011 ---0010010011 ( where
0 represents no packet dropouts, while 1 represents
packet dropouts), then the packet dropouts rate rea-
ches 40% . In addition, the PID controller uses the

sensor sampling cycle time for discretization in the ex-

quence is set to -+

periment.

In order to better verify the effectiveness of the
proposed algorithm, in addition to considering the de-
lay of the network itself, the delay in the range of 0 —
60 ms and 0 — 20 ms are artificially added at the con-
troller (PC2) in the 2 cases, respectively.

For above 2 cases, Fig.9 and Fig. 10 show the re-
sponses of elevation, travel and pitch angle, respec-
tively. It can be seen that the system can track the in-
put elevation and travel attitude signals as well as ex-

pected. In addition, the fluctuation of pitch angle is

relatively small, which is consistent with the hypothesis
in Section 2.

30
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Fig.9 Responses of tracking reference signals for case 1

4 Conclusions

The networked guaranteed cost PID attitude track-
ing control of a 3-DOF helicopter has been proposed.
Considering the 3-DOF helicopter characteristics of MI-
MO, channel coupling and nonlinearity, a linear state
space model is established by analyzing the motions on
elevation, pitch, and travel axis. Furthermore, a line-
ar time delay system is modeled with consideration of
the time-varying delay and packet dropouts in commu-
nication network. Based on the reciprocal convex ap-
proach, the free weight matrix, and CCL method, the
which satisfy the
can be obtained by solving the

PID tracking controller parameters,
tracking performance,
related linear matrix inequalities. At the end of the pa-
per, a practical experiment of laboratory 3-DOF heli-
copter is given to illustrate the effectiveness of the pro-
posed method.
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