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In order to achieve better motion accuracy and higher robustness of the shipborne rocket launcher position servo system driven
by a permanent magnet synchronous motor (PMSM), a passivity-based controller based on active disturbance rejection control
(ADRC) optimized by improved particle swarm optimization-back propagation (IPSO-BP) algorithm is proposed in this paper. The
convenient method of interconnection and damping assignment and passivity-based control (IDA-PBC) is adopted to establish the
port controlled Hamiltonian system with dissipation (PCHD) model of PMSM. To further enhance the robustness and adaptability
of traditional ADRC, an BP algorithm is introduced to on-line update the proportional, integral, and derivative gains of ADRC.
Furthermore, to improve the learning capability, the improved PSO algorithm is adopted to optimize the learning rates of the back
propagation neural networks. The results of numerical simulation and prototype test indicate that the proposed IPSO-BP-ADRC-
PBC controller has better static and dynamic performance than the ADRC-PBC and BP-ADRC-PBC controller with fixed learning

rate.

1. Introduction

Due to the merits of strong firepower, high firing rate and far
gunshot, shipborne rocket launchers are gaining more and
more momentum as an indispensable and important oppres-
sive armament in naval warfare [1, 2]. Basically, the response
rate and firing accuracy depend on the rocket launcher posi-
tion servo system [3]. However, on the technology ship-
borne rocket launchers are not equivalent to ordinary rocket
launchers; the stability of firing accuracy is influenced not
only by the nonlinearity and strong uncertainty of rocket
launcher position servo system but also by the ship swing
[4, 5]. In order to improve the accuracy and robustness of the
rocket launcher, some well performance and high precision
alternative current servo systems are studied with intelligent
control algorithms in many articles [6-8].

With the advantages of simple mechanical structure,
high torque-to-inertia ratio, high efficiency, small torque
ripple, and ease of control, permanent magnet synchronous
motor (PMSM) has been widely used in some fields of
high performance and high precision, like numerical control
tools, industrial robots, rocket launchers, and so on [9-11].

The strong robustness and the high accuracy of position
are considered as two the most important factors of high-
performance position servo system [8,12]. However, the pres-
ence of nonlinearities and uncertainties such as variable load,
strong impact moment, nonlinear friction moment, and vari-
able parameters induced by varying working conditions badly
limits the performance of rocket launcher position servo sys-
tem. Due to the unavoidable uncertainties and inherent non-
linearities of rocket launcher position servo system, it is not
easy to improve the field oriented vector control performance
only adopting the traditional PID controller [13, 14].

In recent years, with the development of nonlinear con-
trol theory, many advanced control theories have already
been developed and applied to the position servo system
of PMSM, like predictive functional control, sliding mode
control, robust control, fuzzy-sliding mode control, adaptive
control, recurrent Elman neural network, particle swarm
optimization, and so on [15-21]. However, these advanced
control methods as mentioned above have the advantages
and drawbacks, respectively. Generally, the robustness of con-
trol system can be significantly improved at the cost of its
motion accuracy and vice versa. For example, the robustness
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FIGURE 1: The principle block diagram of shipborne rocket launcher position servo system.

of sliding mode control comes at the expense of the proverbial
chattering and the phase delay.

In order to achieve high tracking accuracy and excel-
lent dynamic performance, a novel and effective strategy is
required to resolve the conflicts between the tracking accu-
racy and robustness of the servo control system. Fortunately,
the active disturbance rejection control (ADRC) technique is
a new type method, which has been successfully applied to
the motor drive system for many years [8, 22-25]. ADRC has
many advantages, including high robust, fast response speed
and good control precision, which can be designed without
accurate mathematics model. However, more than about ten
parameters of an ADRC controller should be adjusted to
achieve good control performances and strong robustness
during the control process, which result in poor operation.
Nowadays, the ADRC-based control solutions for PMSM
have been reported in many control research literatures, like
sliding mode-adaptive disturbance rejection control, fuzzy-
adaptive disturbance rejection control, and so on [13, 25].

The interconnection and damping assignment passivity-
based control (IDA-PBC) controller is firstly designed for
PMSM by Petrovic, et al. [26]. The IDA-PBC methodology,
also called a passivity-based control (PBC) theory, is firstly
and systemically developed by Ortega et al. [27]. For its
“almost” global stability, it is very easy to analysis and realize
the stability and position tracking of servo control system
with a PBC method. Presently, the passive control method has
received more and more attention [28, 29].

Particle swarm optimization (PSO) algorithm is a global
optimization algorithm, which has a strong ability to find
the global optimal solution. However, the PSO algorithm
has some defects, such as slow convergence speed and easily
falling into local minima. The back propagation (BP) algo-
rithm, on the contrary, has a strong ability to find local
optimal solution; but its ability to find the global optimal
solution is very weak [7, 30]. Taking advantages of PSO and
BP, a PSO-BP controller is designed to further enhance the
robustness and adaptability of traditional ADRC. For increas-
ing the BP learning capability, the improved PSO algorithm
is adopted to optimize the learning rates of back propagation
neural networks [31, 32]. In order to improve the convenience
and performance of the ADRC controller, an improved
ADRC strategy based PSO-BP algorithm is designed to on-
line update the proportional, integral, and derivative gains of
the nonlinear state error feedback.

In order to achieve better motion accuracy and higher
robustness of the shipborne rocket launcher position servo
system, a passivity-based controller based on ADRC opti-
mized by IPSO-BP algorithm for the shipborne rocket
launcher is proposed in this article. The remaining parts of the

paper are organized as follows: a certain rocket launcher posi-
tion servo system is introduced in Section 2. The port con-
trolled Hamiltonian system with dissipation (PCHD) model
of PMSM is established in Section 3. The primary concept of
active disturbance rejection is briefly introduced in Section 4.
The inside loop PBC controller is built in Section 5. In
Section 6, an improved ADRC-PBC strategy is established for
the rocket launcher position servo system; aiming to enhance
the control performance, an on-line IPSO-BP controller is
adopted to adaptively optimize the adjusting parameters of
ADRC. In Section 7, the proposed approach is verified by
using MATLAB/Simulink. The effectiveness of the proposed
method is verified by a series of tracking experiments, which
are conducted on the semiphysical simulation platform in
Section 8. Finally, some conclusions are presented in the
Section 9.

2. Certain Rocket Launcher Position
Servo System

The principle block diagram of shipborne rocket launcher
position servo system is shown in Figure 1. The system is
mainly composed of fire control computer, Servo control
computer, D/A converter, Servo amplifier, AC motor drive,
PMSM, Reduction ratio (i), Shaft angel sensor, RDC model,
and so on. Its working principle is that the elevation angle and
azimuth angle of rocket launcher are sent to the servo control
computer, which are obtained by the fire control computer
via ballistic calculation unit; according to the setting target
angle value and practical target angle value, the digital signal
control voltage is calculated with the control algorithm by
the servo control computer; the practical target angle value
is measured by the shaft angel sensor; after being conversed
by D/A, the corresponding analog control signals are sent to
the servo amplifier; after the isolation and enlargement by the
power circuit of the servo amplifier and AC servo controller,
these signals can drive the permanent magnet synchronous
motor; finally, the mechanical power is transferred to the
variable load through the reducer, so as to make the rocket
launcher work under control.

3. The PCHD Model of PMSM

3.1. The PCHD System. The position servo system of ship-
borne rocket launcher is a strong nonlinearity and uncer-
tainty control object, which is deeply influenced by working
conditions, disturbances, or environmental changes. Mean-
while, taking account of parameter variations shift with
temperature, all kinds of losses such as the copper loss, iron
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loss, and so on, the PMSM model is a strong coupling, time-
varying, and nonlinear system. However, the stability of firing
accuracy is influenced not only by the strong nonlinearity
and uncertainty of rocket launcher position servo system,
but also by the ship swing. It is difficult to reach excellent con-
trol performance for PMSM with traditional vector control
methods.

PCHD system is a new kind of passive system. For its
“almost” globally stabilization objectives, the schemes based
on energy-shaping and port controlled Hamiltonian (PCH)
have attracted more and more concerns [32]. The PCH system
can be defined as

BH (x)

x=]J(x)——+g)u

ey
O0H (x)

ox

y=g" (x)

When the energy dissipation is introduced into the PCH
framework by means of terminating some ports with resistive
elements, the PCHD system can be described as

H (x)

x= U(x)—R(X)]aax

+g(x)u,

2)
(x)

—g()

where x € R” is the state vector and u, y € R™ is the input
and output vector, respectively. R(x) is the dissipation matrix,
J(x) is matrix of internal interconnection, and J(x) =
—J%(x), H(x) is the stored energy function.

3.2. The PCHD Model of PMSM. Irrespective of hysteresis
losses, friction coefficient, and damping torque coefficients,
the mathematical model of PMSM can be represented in a
synchronously rotating d-q reference frame as

di,
L, dl —Rgiy +nywLgi, +ug,

di,
L, i - ~Ryi, = 1,0, L 4ig — 10,9, + t,, 3)
]_ STL-TL=Np [‘/’f ( Lq) idiq] T

where 1, u, are the stator voltages of the d- and g-axes
components, respectively; iy and i, are the stator currents
of the d- and g-axes components, respectively; L; and L,
are the rotor inductance of the d- and g-axes components,
respectively; y  is the rotor flux of the permanent magnet; R,
is the stator winding resistance; n,, is the polar pair; w,, is the
mechanical angle velocity of PMSM,; 7, is the electromagnetic
torque; J is the rotor inertia; 7; is the load torque.
The stator flux equation is

Ya=Laig+ vy,
. (4)
Vg = Loig

where y,; and y, are the stator flux of the d- and g-axes com-
ponents, respectively.

By Substituting formula (4) into formula (3), the math-
ematical model of PMSM can be also described as formula

(5):

dyy R
rn L, “ | [va] [ug+ YR,
d = d R + Ld ’
ﬂ —W, - V/q u
dt L, 1 5)
Lda)e =T, -1, = np [v/diq - qud] -1
n, dt

where w, = n,w,, is the electrical angle velocity of PMSM.

The input and output state vector of the PMSM system
can be defined as follows:

X Lgig ig
x=|x|=|Li,|=D|i, |,

X3 Jw, | w,

ud-
u= ,
u

D= diag(Ld,Lq, Lz) .
n
P

The system state space representation is described as

-R, 0 Y, iy 10 0
. Ug 0
x=| 0 =R, -y, ig |+]01 + Tr»
_ 0 Hq __1 (7)
V’q Va W, 00 n
P

4T
y=[ia lq] :
The energy of the PMSM system is described as

2
n
He=2( Lads La2s 252,
Ly L, J
(8)
0H (x) . T
- lig iy we] .
The PCHD model of PMSM can be obtained by formula
(2), which is given as

x=[J(x)-R(x )]a (x)+g(x)”+f
—_— )
X . . 1T
y=gT() ox [d q] g
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FIGURE 2: Schematic diagram of the ADRC.
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4. A Preliminary to ADRC

Active disturbance rejection control (ADRC) is a novel
robust control frame, which is systematically proposed by

Generally, large h, can help reduce noise and big r can
help raise tracking efficiency. The function of fst(e) is a
nonlinear operator, which can be expressed as

lal <d

-rsgn(a), lal>d,

_r<ﬂ>
fst(x, (k),x, (k),r,h) = { d)’

-d
% () + 2" Zsgn (y k), |y ®)|> d,

Professor Han and his research group. In order to overcome a %{

the shortcomings of traditional PID controller, the ADRC x, (k) + M, | y (k)| <d,,
controller is optimized and improved to be independent h (11)
of system model, which can automatically compensate for d=rh,

internal and external disturbance estimations [33, 34]. The

conventional ADRC controller is composed of three parts: dy = dh,

tracking differentiator (TD), extended state observer (ESO),
and nonlinear state error feedback (NLSEF) control law. The
schematic diagram of ADRC is illustrated in Figure 2.

4.1. Nonlinear Tracking Differentiator. In order to avoid the
rapid fluctuations of the control signal and get the smooth
regulation of tracking reference signal, the tracking dif-
ferentiator is adopted to acquire the tracking signal and
corresponding differentiator signal. The NTD controller is
improved based on the traditional TD. Compared to the
traditional TD controller, the NTD controller can better im-
prove the quality of differential signal. The definition of NTD
process can be described as

x; (k+1) = xq (k) + hx, (k),
x, (k+1) = x, (k) (10)
+ hfst (x, (k) — y; (k), x, (k) , 1, k),
where y,;(k) is the desired trajectory of control system; r is the

speed factor; hy is the filtering factor; h is the sampling step;
x, (k) and x, (k) track y,(k) and y,(k), respectively.

ay = \/d* + 8r|y (k)|

¥ (k) = x, (K) + hx, (K).

4.2. Extended State Observer. An extended state observer
(ESO) is designed to measure and compensate for the total
disturbances in real time. All the unknown factors are
regarded as the unknown disturbances. The ADRC controller
can make an otherwise unknown plant to run like a nominal
one. A commonly employed third order ESO can be de-
scribed as

e(k) =z, (k) - y(k),
zy (k+1) =z, (k) = h[z, (k) — Bye (k)],
z, (k+1) = z, (k) + h[z; (k) — Bp,fal (e (k),a;,8,)] (12)
+ byu (k),
zy (k+ 1) = z3 (k) — hfysfal (e (k) , oy, 6,)

where z,(k) and z,(k) represents the tracking signal of
y(k) and the differentiation of z,(k), respectively; z;(k) is
the extended state, which represents the estimated total



Shock and Vibration

disturbance. «,, «,, 8y, 8, and b, are the parameters decided
by control system. The nonlinear function fal(e(k), «, ) can
be defined as

le (k)|* sgn (e (k)), e (k)| >,
fal (e (k),«,8) = (13)
s gfiz le (k)| < o.

Under three orders, f3;;, B, and f3,; are the observer gains,
which can be determined according to the forms (14) [22].

ﬂm =1

.1
ﬂoz - 2%’ (14)
2
Bos = 52,12

4.3. Nonlinear State Error Feedback Controller. With different
functions of NTD and ESO, the NLSEF controller is adopted
to drive the state error to zero point. the NLSEF controller is
a nonlinear PD controller, which can be described as

ey(k+1)=xy(k+1)—-z, (k+1),

e k+1)=x,(k+1)—2z,(k+1),
15
uy (k+1) = pifal(e, (k+1),05,8,) )

+ Byfal (e, (k+1),04,65),

where 8, and S, are the proportional and derivative gains,
respectively. a5, oy, 8, and §; are the parameters decided by
the control system.

5. The Inside Loop PBC Controller of PMSM

5.1. The Inner Loop PBC Controller. It is a convenient way
to take control of the PCHD system with the interconnec-
tion and damping assignment and passivity-based control
(IDA-PBC) method. In order to be asymptotically stable
at the desired equilibrium of PMSM control system, the
original closed loop energy function H(x) is transformed
into the desired closed loop energy function by adding
the interconnection and damping assignment. The injection
of interconnection and damping assignment is applied to
accelerate the system energy dissipation and make the system
quickly to converge to the equilibrium point x,,. After adding
the feedback control rate law u = f(x), the state space
function of the closed loop system can be described as

0H, (x)
ox

% =[J;(x) - Ry (x)] (16)

where J;(x) = J,(x) + J(x) and R;(x) = R,(x) + R(x); J;(x)
is the desired matrix of internal interconnection; J;(x) =
-] d(x)T, R;(x) is the desired dissipation matrix.

In particular, we define the desired matrix of internal in-
terconnection J,(x) and the desired dissipation matrix R, (x)
as

[0 ]12 ]13
]a (x) = _]12 0 ]23 s
L-Ji5 =J»3 O
(17)
rry
Ra (x) = r2 >
L 0

where J|,, 13, J53 and ry, 1, are the indeterminate parameters
of internal interconnection and dissipation, respectively.

As we all know, itis Ly = L, to the implicit permanent
magnet synchronous motor. When the control strategy of
iy = 0is adopted, according to the principle of maximum
torque per ampere (MTPA), the desired equilibrium of the
PMSM system (3) can be computed as

T

* * * a1 e ] *
x"=(x] x5 x3) = <0 L, n_2w3> ) (18)
p

The desired closed loop energy function H,(x) is described
as

Hy(x) = % (x-x*)' D (x—x"). (19)

According to the theory of energy formation and the principle
of interconnection and damping configuration, we can get
formula (20) as

~[Ja(x) =Ry (x)] D' x*

=—[J,(x) =R, (x)] D'x + g (x) B (x) + &.

(20)

In particular, we set J1, = 1, Ji3 = =Y, Jo3 = Yy -
¥. According to formula (17), the passive controller can be
designed as

_ . . ok L .
Uy = —ryig + (zq - 1q) - L,
(1)
ug = —ig+ 1, (i7 —iy) + v;0] + Lyigw, + Ry,

5.2. Stability Analyses. The concepts of PBC can be conve-
niently employed to explore the stability of control system.
First, according to formula (19),

Hd(x):%(x—x*)TD_1 (x—x")>0, (22)

we can obtain that H,;(x*) = 0, if and only if x = x".
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FIGURE 3: Diagram of the ADRC-PBC controller.

Second, according to J;(x) = J,(x) + J(x), J;(x) =
~J4()", Ry(x) = R,(x) + R(x), Ry(x) = Ry(x)", Hy(x) =
H(x)+H,(x) = 0 (Hy(x") = 0), and formula (16), we can get

aH (x)

%= [J(x) = R(x)]

O0H (x)
ox

8H (x)

+[Ja () - R, ()]

Ud (x) =Ry (x )]

o0H
= [ () - Ry ()] dx(x),

0"H, (x) : (23)

ox
8 Hd (x)

Hy(x) =

aHd (x)

[J4(x) - Ry (x)]

0H, (x)
ox

_ aTHd (x)
ox

B 0"H, (x)
ox

Ja ()

As R,(x) is a positive definite matrix and J;(x) is an anti-
symmetric matrix, we can know that

T
0 I;_)Id (x)]d x) OH, (x) _ 0,
X ox
(24)
aTI;d (x)Rd( )aHd (x) >0,
x

Then, we can obtain that (aTHd(x)/ax)Rd(x)(aHd(x)/
0x) = 0, if and only if 0H,(x)/0x = 0.

But above all, Hd'(x) = —(aTHd(x)/ax)Rd(x)(aHd(x)/
0x) < 0. At last, according to formula (19), we can get

aI_Iad (.X) — D—l [x _ X*] ,
X
(25)
asz (x) - p!
ox: '

So, we can obtain that Hd(x*) = 0at x = x" and the
Hessian matrix of H,(x): aHj(x*)/ax2 > 0.
By above study, we can get these conclusions as

® Hy(x) 20, Hy(x") = 0, ifand only if x = x™;
® H,(x) < 0,Hy(x*) =0, ifand only if x = x*;
(® The Hessian matrix aHé(x*)/ax2 > 0.

In conclusion, x™ is the global desired stable equilibrium
of the closed loop system; basing on the La Salle invariant set
principle, the closed loop system is asymptotically stable at
equilibrium point.

6. The Improved ADRC-PBC Controller

6.1. The Outside Loop ADRC Controller. In the double loop
of control system, a PBC controller is used in the current
inside loop and an ADRC controller is adopted in the position
outside loop. The structure of the ADRC-PBC controller is
shown in Figure 3. In a synchronously rotating reference
frame, when the control strategy of i; = 0 is adopted, the dy-
namic mathematical model of PMSM position control loop
can be described as

d*6,(t)
dt?

B 7 1.5npt//fi*
J J J T

where 6; () is the input rotor position; i, is the input stator

(26)

currents of g-axes component; 0,(t) is the rotor position; 7;,
is the load torque; y is the rotor flux of the permanent; n,, is
the polar pair; i, is the stator currents of g-axes component;
] is the rotor inertia; B is the friction coefficient.
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Letx, = 0,(t), x, =d0,(t)/dt = w, fy(x;,x,)=—-(B/]w,
filxy,xp,t) = =1 /], b= 15n,y4/], u =i,
The state equations of the position loop are given as

. de, (t)
e g
d’6, (1) (27)
X, = a2 = fo (x1,2) + fi (51, x5 1) + bus,
y=x= 00 (t) >

where x, is the tracking signal of 6; (¢); x, is the differential of
x5 fo(xy, x,) is the known disturbance of the control system;
f1(x1, x,,t) is the unknown external disturbance; w(t)
folx1,x,) + f1(x;, x,, 1) is the total disturbance.

The structure of the ADRC-PBC controller is shown in
Figure 4. In the ADRC controller, a smooth tracking signal x,
and its differential x, can be obtained by the NTD controller.
The system state values z,, z, and the total disturbance z;,
are estimated by the ESO controller. The tracking error is
e; = x; — z,. The integral and differential of tracking error
are e, = | e;dt and e, = x, — z,, respectively. As we can see
from Figure 4, we can get formula (28):

= Bofal (eg, a5, 8,) + Byfal (e}, «;, 6))

(25 + fo (21:22))
b ,
where f3,, B, and B, are the ey, e, and e, gains of NLSEE,
respectively.
By reasonable setting relative 3, 3, and f3, of NLSEF, the
control capability of the system on disturbance can be well

enhanced and the accuracy of position tracking servo system
can be better improved.

(28)
+ Bofal (ey, 0y, 8,) —

6.2. The Improved ADRC-PBC Controller. In order to achieve
better motion accuracy and higher robustness of the ship-
borne rocket launcher position servo system, a passivity-
based controller based on ADRC optimized by IPSO-BP algo-
rithm for the shipborne rocket launcher is developed in this
article. The structure of the improved ADRC-PBC controller
is shown in Figure 5.

6.2.1. BP Algorithm. As a local approximation approach, the
learning algorithm of back propagation (BP) neural net-
work has a good ability of approach to arbitrary nonlinear

mapping and generalization. Due to the characteristic of
inherent adaptive learning, processing data in parallel, high
fault-tolerance and good robustness, BP neural network is
applicable to the modeling and control of complex nonlinear
systems. The learning of BP neural network can be performed
to the parameters of optimal control law.

The back propagation (BP) neural network is a feed-
forward network, which consists of three layers: the input
layer, hidden layer, and output layer. According to the system
operation state, BP neural network is employed to on-line
regulate the NLSEF parameter of 3, 8, and f3,. The structure
of BP neural network is illustrated in Figure 6.

The three inputs of the BP neural network are the input
rotor position 6 (t), the output rotor position 6,(¢), and the
tracking deviation signal e.

o = x(j)
The number of hidden layer nodes is 4. The input and out-
put of hidden layer are described as

(j=123). (29)

net(z) (k) = Zw(z)
(30)

o? (k) = f(net@ (k)) (i=1,2,3,4),

where w® ] is the weight coefhicients of hidden layer. It re-
presents the weight coefficients of the hidden layer ith neuron
to the input layer jth neuron. The superscripts (1), (2), and (3)
of Chapter 6 indicate that the input layer, hidden layer, and
output layer, respectively. The activation function of hidden
layer neurons can be used for the sigmoid function of positive
and negative symmetry.

f()—

The input and output of output layer are described as
follows:

e (31)

eX+e*

netl(3) (k) = Zw(s) @ (k

o (k) = g (net” (k) (1=1,2,3),

(32)
of (k) = By
of” (k) = By,

of (k) = B,
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FIGURE 5: Diagram of the improved ADRC-PBC controller.
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FIGURE 6: Diagram of the BP neural network.

where wl(f) is the weight coefficients of output layer, which re-
presents the weight coeficients of the output layer /th neuron
to the hidden layer ith neuron.

The activation function of output layer neurons can be
used for the nonnegative sigmoid function.

(33)

The performance index of BP for its weight adjustments is
defined as
1
E(R)= 2 (r(k) - y (b)) (34)

With the gradient descent approach, the iterative func-
tions for the weights of the BP are calculated as

OE (k
Awl(?) (k)y=-n ( )) + ocAwl(f) (k-1), (35)
li
where 7 is the learning factor; « is the momentum factor.
OE(k) _0E(k) dy(k) oAu(k)
ow oy (k) dAu(k) 0% (k)
00 (k) dnet™ (k)
: : > 36
0 netl(3) (k) aw,(f’ (36)
9] netl(3) (k) )
o =0 @,

where u(k) is the output of the NLSEE

For the unknown of dy(k)/0Au(k), it is approximately re-
placed by the symbolic function of sgn[dy(k)/dAu(k)] and
the effect from inaccurate approximate value can be compen-
sated by adjusting the learning rate #.

OE(k) _0E(k) dy() oau(k) 00 (k)
ow) oy (k) dAu(k) 0P (k) dnet™ (k)

(37)
0 netl(3) (k)

(3)
awli3
According to the formula (28) and (30), we can get
0Au (k)
20% (k)
0Au (k)
= fal (ey, a5, 9,),
ao?) (k) ( 0> "5 4)

0Au (k)
20 (k)

= fal (e}, ;,8,),

(38)

= fal (e,, a,,9,) .

Based on the above analysis, the learning algorithm of the
output layer weight coefficients can be described as

A (k) = adw) (k1) + 78>0 (k),
error (k) = r (k) — y (k),

ay (k) (39)

0Au (k)

81.(3) = error (k) - sgn [ ] 9Au (k)

002 (k)
-g' (netl(3) (k)) , (1=1,2,3).

In the same way, the learning algorithm of the hidden
layer weight coefficients can be described as

Aw? (k) = adw? (k- 1) + 180 (k) ,

3
07 = f' (net” (k) Y 67wy (k) (40)

=1

(i=1,2,3,4),

where g'(x) = 2g(x)(1 - g(x)), f'(x) = (1 - f3(x))/2.
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6.2.2. The Particle Swarm Optimization Algorithm. Particle
swarm optimization (PSO) is a swarm intelligence technique,
which is presented by Dr. Eberhart and Dr. Kennedy. It has
more superior performance on convergence speed and global
optimization. The PSO algorithm can be adopted to optimize
the weight coeflicients of BP neural network [30, 33]. It can
overcome the merits in BP neural network such as slow con-
vergence rate, running into local minimum value easily and
SO On.

Particle swarm optimization is a kind of random search
optimization algorithm. A solution to the problem is looked
as a particle. The particle is flying in the space and its
velocity is constantly dynamically adjusted according to its
best position B, ., and the global extreme value g, .. Finally,
an optimal solution is searched out. The position and velocity
of each particle are updated by the formula as

Vigi+1)=wxvy, (i) +¢ xrand ()
X (Poegt = Xia (i)) + ¢ xrand () (41)

X (gbest — Xid (1)) >

Xig (L + 1) = x;5 (1) + v (1) (42)

where v;;(i) is the current particle velocity; v;;(i + 1) is
the updated particle velocity; x,;;(i) is the current particle
position; x,;,;(i + 1) is the updated particle position; w is the
inertia weight; rand( ) is a random number between 0 to 1; ¢;
and ¢, are the learning factors.

Each particle is determined by the fitness value of the tar-
get function. In order to avoid the larger control energy and
overshoot, the fitness function is defined as

F- Loo (@, le ()] + 0 (1)) d, (43)

where e(t) is the systematic errors; u(t) is the input of
controller; w, and w, are the weight values.

Once the overshoots are generated, the fitness function is
defined as

F= L ( le ()] + 0 () +wy le (0])dt,  (44)

where e(t) < 0; w; is the weight values (w; > w,); in general,
w; = 0.999, w, = 0.001 and w; = 100.

6.2.3. The Improved PSO-BP Algorithm. As the same inertia
weight is used to update the velocity of particles, the tradi-
tional PSO algorithm cannot adapt to the complex and
nonlinear optimization process. The adjustment of the inertia
weight can effectively change the search scopes and conver-
gence velocity of PSO. Generally, larger w can enlarge the
ability of global search scopes, while smaller w can enlarge
the ability of local search scopes [2]. In order to achieve a self-
adaptive adjustment of global search ability and local search
capabilities, the on-line updating inertia weight formula of
each particle is described as

k
o (45)

max

w (k) = Wstart — (wstart - wend) *

where w(k) is the current inertia weight; wg,,, and w.,4
are the maximum and minimum of current inertia weight,
respectively; h,,, is the maximum iteration step; k is the
current iteration times.

Taking the advantages of the improved PSO global opti-
mization and the BP local accurate searching performance,
a new algorithm to combine a BP network and IPSO is
developed to overcome the disadvantages of the BP network.
The improved PSO algorithm can be adopted to optimize
the weight coefficients of BP neural network. Each particle
represents the weight of the BP structure, which is defined as

particle (i) = [wﬁ), wgzz)) wg), e wg), wg), wgi)] ,

(46)

particles matrix = [particle (1), ..., particle (m)],

where m is the number of the total particles,i = 1,2,3,...,m.
The flow chart of using IPSO algorithm to optimize the
weights of BP neural network is shown in Figure 7.

7. Simulation Result and Analysis

In order to validate the control performance of improved
ADRC-PBC controller for the rocket launcher, a series of
simulations were conducted by using MATLAB/Simulink.
The main selected parameters in the AC system are as
follows: load converted to the motor output shaft moment of
inertia: J = 5.556 x 10> kg-m?, friction coefficient of the sys-
tem is B = 1.43 x 10~* N-m/(rad/s), friction moment of the
load: 7, = 850 kg-m?, system load disturbing moment: 7, =

9.32x10° kg~m2, motor torque coefficient: K, = 0.195N-m/A,
reduction ratio i = 1039, the stator inductance of the implicit
permanent magnet synchronous motor: L; = L, = 21.24 mH,
the PMSM pole pairs: n, = 3, and motor flux magnetic flux:
v, = 0.65Wb.

The parameters in each part of the designed controller are
estimated and shown as follows: the NTD parameters: h =
0.01, hy = 0.1, # = 1000; the ESO parameters: «; = 0.5, a, =
0.25,8, = 0.01,8, = 0.01, By, = 1, By, = 15.8, Bys = 318.5,
by = 526.5; the preset parameters of NLSEF: 8, = 10, 3, = 5,
Bo=1a;=06a =03 a=028,=001,8 = 001,08, =
0.01; the initial interconnection and damping parameters of
the PBC controller: r; = 10, r, = 8; the BP parameters: # =
0.3, « = 0.05; the IPSO parameters: wg,,, = 0.9, W.q = 0.4,
k =40, h,, = 0.001s, ¢, = ¢, =2, m = 30. The simulation
results are as shown in Figures 8-10.

Figure 8 compares the step response of the ADRC-
PBC, BP-ADRC-PBC, and IPSO-BP-ADRC-PBC controller,
through the position response curve added with a 300 Nm
step disturbance at 3.0 s. As it can be seen from Figure 8, when
there is a load disturbance, using ADRC-PBC control algo-
rithm in response to a larger location offset occurs, the max-
imum disturbance value of ADRC-PBC reaches 0.61 degrees
and it needs 0.79 s to recover the reference position. At the
stability and the rapidity, the IPSO-BP-ADRC-PBC relative
to BP-ADRC-PBC controller has better improvements, which
has the shortest adjustment time and the fastest response
speed; when disturbed, it can reach a steady state just in
need of 0.049 s, while that of the BP~-ADRC-PBC controller
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FIGURE 7: Flowchart of using IPSO algorithm to optimize the weights
of BPNN.

is nearly 0.061s. The maximum disturbance value of BP-
ADRC-PBC is 0.39 degrees, while that of the IPSO-BP-
ADRC-PBC controller is just 0.16 degrees. The results of
experiment indicate that IPSO-BP-ADRC-PBC controller has
good interference ability and better robustness.

A dynamic system is shown in Figure 9 to track the loca-
tion of random interference, which is added to the response
curve. At the stability and the accuracy, when the system
parameters are uncertain and external disturbances appear,
the tracking errors of ADRC-PBC and BP-ADRC-PBC con-
trol are 0.199 and 0.132 degrees, respectively. At the same
working condition, the IPSO-BP-ADRC-PBC controller can
enable the tracking servo system to reach the reference
position and suppress the impact of various uncertainties
rapidly by an on-line improved PSO-BP neural network. The
maximum tracking errors of IPSO-BP-ADRC-PBC controller
are just 0.094 degrees, with an improved tracking accuracy
by 40.4% than that of the BP~-ADRC-PBC control system. The
results of experiment indicate that improved PSO-BP-ADRC-
PBC controller has strong anti-interference ability and good
dynamic performance.

Under the control of the ADRC-PBC, BP-ADRC-PBC
and IPSO-BP-ADRC-PBC, the tracking errors in the constant

Shock and Vibration
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FIGURE 9: Step dynamic response curves.

speed tracking of the system are illustrated in Figure 10.
A sinusoidal disturbance is added to the constant speed
reference signal, which has frequency of 0.5 Hz and amplitude
of 0.4 degrees. After entering the steady stage, the maximum
tracking errors of the ADRC-PBC and BP-ADRC-PBC con-
trol system are 0.087 and 0.031 degrees, respectively, while
those of the IPSO-BP-ADRC-PBC control system are only
about 0.021 degrees, with an improved tracking accuracy by
47.6% than that of the BP~-ADRC-PBC control system.

8. Semiphysical Simulation Test

In order to investigate the efficiency of the proposed IPSO-
BP-ADRC-PBC controller as a strategy in establishing a
rocket launcher control system, a semiphysical simulation
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FIGURE 10: Tracking error curve of the system.

platform is constructed to simulate the working conditions
of the position servo control system. The structure diagram
of semiphysical simulation platform is shown in Figure 11.
The photograph of the semiphysical simulation platform is
illustrated in Figure 12. Based on the components illustrated
in Figure 12, the platform is composed of seven parts,
including test bed, control computer, power amplifier (PA),
loading fixture (LF), precision reduction gearbox (PRG),
actuating motor (AM), and sensor system for measurement.
The loading fixture consists of rotational inertia plate (RIP)
and magnetic powder brake (MPB). The function of LF is
to simulate the load torque, the rotational inertia, and the
frictional resistance moment of the control system. Through
changing the RIP, the rotational inertia variations in the
loads can be well simulated. Similarly, the frictional resistance
moment and the variations in the load torque can be well
simulated by controlling the output torque of the MPB.

In order to compare the robustness of the three control
strategies against external loading disturbances, the square
wave is added as external load disturbance. Figure 13 shows
the response curve of the system with the input step signal
of 50 degrees on the semiphysical simulation platform; when
the time is t = 4.0-4.5s, we add a square disturbance with
amplitude of 2kNm. As shown in Figure 13, the steady-state
error in the three cases is in the range of +0.058 degrees. The
maximum angle errors of the ADRC-PBC and BP-ADRC-
PBC control system are about 0.382 and 0.191 degrees, respec-
tively, while that of the IPSO-BP-ADRC-PBC control system
is only about 0.093 degrees.

As you can see from Figure 13, the ADRC-PBC and BP-
ADRC-PBC control system needs 0.75 s and 0.82 s to recover
the reference position error band, respectively, while that
of the IPSO-BP-ADRC-PBC control system is only about
0.63s. The figure illustrates that the IPSO-BP-ADRC-PBC

1

control system has a smaller steady-state error and has better
robustness.

To verify the tracking accuracy of the position servo
system with the IPSO-BP-ADRC-PBC control system, the
sinusoidal command tracking with a frequency of 0.2656 Hz
and amplitude of 45 degrees is also experimented on the semi-
physical simulation platform. The corresponding tracking
curves of BP-ADRC-PBC and IPSO-BP-ADRC-PBC control
system are illustrated in Figure 14. As shown in Figure 14, the
maximum sinusoidal tracking errors of the ADRC-PBC and
BP-ADRC-PBC control system are about 0.182 and 0.115
degrees, respectively, while those of the IPSO-BP-ADRC-
PBC control system are only about 0.083 degrees, which
can better meet that of the dynamic error indexes for
system design requirements 0.216 degrees or 3.6 mil (360° =
6000 mil).

By comparison, the IPSO-BP-ADRC-PBC controller can
be able to increase the accuracy and robust of control system
effectively, which has a better steady-state and dynamic per-
formance than that of the BP-ADRC-PBC controller.

9. Conclusions

In this paper, the IPSO-BP-ADRC-PBC control method has
been proposed, due to the inherent nonlinearities and the
unavoidable uncertainties of the rocket launcher position
servo system.

(1) The numerical simulations show that, compared with
the ADRC-PBC and BP-ADRC-PBC controller, the IPSO-BP
algorithm can better enhance the robustness and accuracy
performance of the ADRC-PBC controller. When the step
response is affected by a 300 Nm step disturbance, the maxi-
mum deviation of the IPSO-BP-ADRC-PBC control system
is only about 41.0% of that of the BP-ADRC-PBC con-
trol system. In terms of tracking the location of random
interference, under the same working conditions the tracking
accuracy of the IPSO-BP-ADRC-PBC controller is improved
by 40.4% compared to that of the BP~-ADRC-PBC controller.
When the constant speed tracking is affected by a signal
sinusoidal disturbance, the maximum tracking error of the
IPSO-BP-ADRC-PBC controller system is only about 67.7%
of that of the BP-ADRC-PBC control system.

(2) The semiphysical simulation test results show that,
compared with the ADRC-PBC and BP-ADRC-PBC con-
troller, the IPSO-BP-ADRC-PBC controller has the best per-
formance of excellent dynamic and steady-state. When we
add a square disturbance with amplitude of 2kNm to the
input step signal at t = 4.0-4.5s, the maximum angle errors
of IPSO-BP-ADRC-PBC controller are 0.193 degrees and
are only about 48.7% of that of the BP-ADRC-PBC con-
trol system. When the employed tracking reference is a
sinusoidal with the frequency of 0.2656 Hz and the amplitude
of 45 degrees, the maximum sinusoidal tracking error of
IPSO-BP-ADRC-PBC controller is 0.083 degrees and is only
about 72.2% of that of the BP-ADRC-PBC control system.

From the simulation and prototype test results, the IPSO-
BP-ADRC-PBC controller has stronger robustness and better
steady-state performance. So it is proved that the proposed
control scheme in this paper is effective and suitable.
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