Tang et al. EURASIP Journal on Wireless Communications and Networking

(2018) 2018:212
https://doi.org/10.1186/513638-018-1229-8

EURASIP Journal on Wireless
Communications and Networking

RESEARCH Open Access

New Smith predictive fuzzy immune PID

@ CrossMark

control algorithm for MIMO networked

control systems

Yinging Tang, Feng Du’, Yani Cui and Yu Zhang

Abstract

Aiming at the problem of network-induced delays for multi-input multi-output networked control systems (MIMO
NCS), a new Smith predictive fuzzy immune PID algorithm is introduced to effectively reduce the adverse effect of
network-induced delays about stability in MIMO NCS, firstly, by using the v-norm type to decouple the coupling plant.
Based on the generalized plant after decoupling, the new Smith predictor is designed. Then, an modified fuzzy immune
feedback control algorithm is used to tune PID controller parameters online. When there is a model mismatch
or parameter perturbation, the set-point tracking performance and robustness of output response can be significantly
optimized. The proposed algorithm does not contain the network delay prediction model and does not need to
measure, estimate, or identify the network delay. It can be used in MIMO NCS where the network bandwidth is
constrained and the network-induced delays are large. Numerical examples with Ethernet protocol are built to
illustrate the correctness and effectiveness of this new algorithm.

Keywords: New Smith predictor, Improved fuzzy immune PID (proportion integration differentiation) algorithm,
Multi-input multi-output networked control systems (MIMO NCS), Network-induced delays

1 Introduction

Sensor, controller, and actuator nodes transmit data via
networks, which form a kind of complex network con-
trol system (NCS). The rapid development of interdis-
ciplinary research has made NCS successfully applied
in modern industry [1, 2]. Multi-input multi-output
networked control systems (MIMO NCS) is con-
structed when the plant contains multiple input and
multiple output variables [3]. MIMO NCS can not only
achieve remote control, but also enable nodes to share
information and resources. The practical challenges
faced by MIMO NCS are more complicated when com-
pared to single-input single-output (SISO) NCS. For
example, each output is usually controlled and influ-
enced by several inputs at the same time, that is, coup-
ling or cross influence. Due to the insertion of the
wired or wireless communication network, the intelli-
gent nodes in the control system compete for network
resources, which will cause some extended problems,
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for instance, network-induced delays, packet losses,
packet disorder, and network scheduling [4].
Considering the random delay and packet loss prob-
lem caused by network bandwidth constraint, the clas-
sical Smith predictor has strong advantages in
compensating delay and has been successfully applied in
SISO NCS [5]. In [6], an adaptive Smith predictor has
been studied, where the predictive delay is adapted based
on the delay information. In [7], a digital Smith pre-
dictor based on delay compensator is proposed. Based
on linear matrix inequalities, the uncertain system model
is remodeled as Lyapunov equation for the stability ana-
lysis. In [8], a controller is designed in terms of Smith
predictor and incomplete differential proportion integra-
tion differentiation (PID) method. The output has super-
ior performance when there are large delays in network
channels. In addition, a modified Smith predictor is
proposed in [9] to reduce the negative effects of net-
work-induced delays and disturbance. In [10], a Smith
predictor is designed to compensate the delay and
combined with proportion differentiation (PD) control
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algorithm and neural network to diminish estimation
error.

In [5-10], Smith predictor can only be applied to the
case where the prediction models of the plant and the
delays are determined. However, it is very hard to accur-
ately predict both models of time delay and plant. In
[11], two modified Smith predictors have been given to
compensate for delay effects. They do not need to know
the prediction model of network delay. Zhang et al. [12]
introduce a modified Smith predictor and presents an
adaptive PID control method to overcome the effect
about model errors of the plant. The study in [5-12]
considers the SISO NCS, rather than the Smith compen-
sation of MIMO NCS. Garrido et al. and Giraldo et al.
[13, 14] have studied the Smith predictor of MIMO con-
trol systems, but focused on the decoupling instead of
network delays.

Recently, some other research methods on the
network-induced delays of MIMO NCS are progressing
steadily [15]. For the short delay issue of MIMO NCS
less than one sampling period, the following references
have been studied. Ma and Zhao [16] construct a modi-
fied Lyapunov function and obtains the asymptotically
stability conditions for MIMO NCS. The output con-
troller design method is obtained based on stability
analysis. In [17], based on dynamic matrix control
(DMC) of the MIMO impulse response model, a
MIMO network DMC algorithm for stochastic delay is
established, and the problem of system stability is
transformed into a class of LMI solvable problem. Zhao
and Hua [18] propose a new discrete-time MIMO reset
controller design method to handle the MIMO NCS
network-induced delay problem. In the above studies,
the network delays are considered to be short delays of
less than one sampling period. It is assumed that both
delays (sensor to controller, SC; controller to actuator,
CA) are equal. In addition, there are no data packet
losses between the channels. The main idea is to model
the stochastic delays as determinate constant delays be-
fore compensating. The conclusions reached are rather
conservative and cannot be applied to MIMO NCS with
long network delays.

Aiming at problems of the delays caused by model-
ing error and communication constraints, [19] pro-
poses an iterative algorithm for solving MIMO NCS
stability criteria and static output feedback control
laws with time-varying delays. Li et al. [20] model the
MIMO NCS with bounded delays, packet loss, and
packet timing disorder as a Markov chain jump linear
system and raise a guaranteed performance control
design algorithm. Du et al. [21] model the MIMO
NCS as a switched system and obtain asymptotically
stable conditions with bilinear matrix inequalities. In
[22], for a kind of complex MIMO NCS with network
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delay, packet loss, and interference, it gives the pro-
portional term of the controller that satisfies the net-
work transmission conditions to ensure the integrity
of the system. Aim at the double-input double-output
NCS with stochastic delays, reference [23] uses a re-
cursive optimal control algorithm to improve system
output performance. Garone et al. [24] design linear
quadratic Gaussian (LQG) optimal controllers for
MIMO NCS with time delays. Wu et al. [25] consider
that CA delays are stochastic and variant at any mo-
ment but upper bound.

Yang et al. [26] model the random delay as a Bernoulli
distribution system that satisfies certain probability. In
[27], the random delay is constructed as a Takagi-Sugeno
fuzzy system. Then, it designs a controller to overcome
the influence of delays. In [28], a virtual observer is set up
for MIMO NCS with large network-induced delays. First,
the input and output time delays are integrated and then
assigned them to the output. Then, an observer is used in
the virtual plant with time delays. In [29], for wired and
wireless heterogeneous MIMO NCS between sensors and
controllers, the communication topology of distributed
sensor nodes is described by a direct graph. Then, the
Markov chain and Bernoulli distribution are adopted to
characterize the network-induced delays and packet drop-
outs respectively. In [30], for a case of up-link and
down-link channels with limited bandwidth and affected
by Gaussian noise, the two-degree-of-freedom controller
and the Youla parameter optimization method are used to
achieve the optimal tracking response.

The above research on the network-induced delays
of MIMO NCS usually needs to estimate the delays,
build mathematical models, and add buffer compensa-
tion delays. For multi-loop MIMO NCS, if buffers are
added to each channel, the delays will be artificially in-
creased, which will reduce the stability of the system.
On the other hand, it is usually assumed that the con-
straints such as time delays and packet losses are inde-
pendent of each loop, which is not valid for MIMO
NCS with couplings. In actual MIMO NCS, the net-
work delays are usually random, time-varying, and un-
certain and are usually longer than a few tens of
sampling periods. It is hard to accurately predict the
network delays [31]. These factors have caused more
challenges compared to other control system without
time delay.

The rest of this manuscript is made up of the follow-
ing parts. Firstly, the methods/experimental is pre-
sented in Section 2. Then, the problem formulation of
MIMO NCS with network-induced delays is given in
Section 3. In succession, Section 4 develops new Smith
predictor. Section 5 uses the improved fuzzy immune
to adjust the PID parameters. In Section 6, the correct-
ness and superiority of the modified method are proved
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by some illustrative simulations. Finally, Section 7 is
the summary of the article.

2 Methods/experimental

With respect to the problems of delay compensation in
MIMO NCS, a modified control method in terms of
new Smith predictive and improved fuzzy immune PID
method is proposed. This method first decouples the
system using v-norm type. A new Smith predictor was
applied to move the network delays out of the MIMO
closed loop control system. Then, a robust controller
adopts improved fuzzy immune PID control algorithm
that uses fuzzy rules to adjust the three nonlinear func-
tions of the proportional, integral, and differential pa-
rameters, respectively. Finally, the illustrative instance
is built under the Ethernet environment in MATLAB
software. The simulation result indicates that this
method can overcome large delays and packet losses
and has stronger robustness.

3 Problem formulation

The common structure of the MIMO NCS, in which a
network exists in forward and feedback paths simultan-
eously, is illustrated in Fig. 1 [21, 32].

As shown in Fig. 1, the system includes the plant matrix
G(s), r sensors, m actuators, and controller matrix C(s).
The SC delays are 7}, 72--- 77, while the CA delays are
1 T2 R A
ca’ ca ca’

For systematic analysis, we make assumptions as
follows:

Assumption 1 Clock driven is adopted by all sensor

nodes, and the same sampling period is T where T > 0;

T
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event driven are used by controller nodes and actuator
nodes

Assumption 2 After every sensor samples the plant, the
single is transmitted to the controller by single data packet

Assumption 3 Because the rapid development of
hardware, the delays caused by sensor sampling are
included in SC delays, while the delays caused by
controller calculating are included in CA delays

For a class of MIMO NCS, simplified structure is
shown in Fig. 2, which contains # sensor nodes, n actu-
ator nodes, and a centralized controller node.

In Fig. 2, G(s) represents the matrix of multivariable
plant. Usually, the expression of G(s) is as follows:

Gu(s) Gua(s) Gin(s)
G(s) = | 0 Gul) Gl (1)
Gu(s) Guls) Gun(s)

where Gj(s) = Goyj(s)e™®* and i, j=1, 2..., n.. Gu(s) is
the stable, proper, and delay-free transfer function, and
0;; denotes the corresponding dead time delays. The sys-
tem contains # input variables and # output variables. In
Fig. 2, D(s) = [D1(s) Dy(s) ---D,(s)] is the vector of load
disturbance. C(s) represents controller matrix, e ™ are
the SC delays, and e ™* are CA delays. The reference in-
put vector is R(s) = [Ry(s) Ry(s) ---R,(s)] and output vec-
tor is Y(s) = [Y1(s) Y5(s):--Y,,(s)].

According to the expression of G(s), there is an inter-
related coupling effect in plant. That is, a change in one
input signal in the system will cause the quantities of
multiple outputs to change, and each output is also af-
fected not only by one input. For the complex MIMO

u(k) (k)
k[ Actuator 1 ’— M—
oee G(s) cee
R | S I R
‘ A A
1 2 m r 2 1
Network
} TL(Z TC(I Tca ctwor TSC TSL' TSC
L A_A_ A __ _ 11
Controller
C(s) <
)
Fig. 1 The structure of MIMO NCS
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D(s)

C(s)

R(s) (I

G(S) Y(S)

Fig. 2 The simplified structure of MIMO NCS

NCS, the essence of control, first of all, needs to design
a reasonable decoupling device to eliminate the coupling
between the loops. That is, the plant is corrected to
weaken or eliminate the correlation among the loops,
and the multivariable system turns into several inde-
pendent single loop systems. Therefore, G(s) needs to
satisfy its determinant which is not equal to 0, that is,
det[G(s)] = 0. Only when the plant is steady and nonsin-
gular can decoupling control be realized.

From Figs. 1 and 2, it can be seen that MIMO NCS dif-
fers from conventional multivariable control systems in
that signals between nodes are transmitted over the net-
work. Due to the limited network bandwidth, data colli-
sions and network congestion often occur when multiple
nodes transmit data in the network, and network-induced
delays are inevitable. The network-induced delays of
MIMO NCS are random, time-varying, and uncertain.
The set-point response transfer function matrix and dis-
turbance response transfer function matrix of MIMO
NCS available in Fig. 2 are shown below.

H,(s) =
H,(s)

G(s)[I + C(s)e"casG(s)e'?cs]_le‘rcasC(s)
I+ C(s)e ™*G(s)e ™*]"

—

2)

From Eq. (2), we can find that the characteristic equa-
tion is |I 4+ C(s)e ™*G(s)e ™| = 0. It contains the delay
exponential terms e ™* and e . Since the delay T,

occurs after the controller, it is impossible to predict its
exact value. In addition, the network-induced delays
make the internal coupling of the multivariate plant
more complex, and the dynamic performance and stabil-
ity analysis of MIMO NCS become more difficult.
Therefore, designing an appropriate controller elimi-
nates the network-induced delay index terms e ™* and
e " from the transfer function matrix. Considering the
compensation and control of network delays from the
structure is the focus of this paper. At the same time, it
is necessary to make the system output responses have
the ability to overcome the uncertain disturbances.

4 The principle of new Smith predictor

4.1 V-norm decoupling control

The classic Smith predictor and v-norm decoupling
structure of MIMO NCS are depicted in Fig. 3. G(s)
and C(s) denote the plant transfer function matrix and
the centralized controller, respectively. N(s) is the
decoupler that is decoupling the plant to single loops.
The v-norm decoupling matrix is composed of the for-
ward matrix W(s) and the feedback matrix K(s). G,,(s)
denotes the transfer function matrix of generalized
plant prediction model after decoupling. R(s) refers to
reference input vector, and D(s) refers to input interfer-
ence vector. Y(s) stands for the output vector. e ™ and
e '=* are network delays; e " and e "= are network
delay prediction models.

G,(5) .
N(s) D(s)
w A — =
oo lew e el o wob e [ Do
\
j &% G, (5) gt K(s)
e_’rXL‘S
(D
Fig. 3 The classic Smith predictor and v-norm decoupling structure
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In Fig. 3, open loop decoupling control is first
performed on G(s) so that Gi(s) = G(s)N(s) becomes a
diagonal matrix. From Fig. 3, Gg(s) = G(s)N(s) =
G(s)(I - W(s)K(s)) 'W(s) can be obtained and make
the following transformation:

Gi'(s) = W (s) I-W(s)K(5))G ™' (5)

(W (s)—K(s))l.j = (G} (S)G(S))l.j

(3)
(4)

Since W(s) represents a diagonal matrix and the diag-
onal elements of K(s) are all zero, they can be obtained
as follows:

W(s) = Ni(s) = G ' (s)Ge(s) (i=1,2...n) (5)

(6)

W(s) is chosen as the unit matrix to simplify the de-
coupling process. Then, N;(s) = G, (5)Gi(s) = I, so Gils)
= Gy(s). But, in order to make the decoupling compensa-
tion off-diagonal element K(s) available, let Gi(s) = G;
_(s) where G;;_(s) is the minimum phase part of the diag-
onal elements of the plant. In addition, the off-diagonal
elements of this decoupled matrix are Ny(s)= -G
,’l(s)Gij(s) .

K(s) = Nj(s) = -G (s)Gi(s)

4.2 Classic Smith predictor for MIMO NCS

After decoupling control, the generalized plant G(s) is a
diagonal matrix. In Fig. 3, we first calculate the inner
loop on the controller side.

C'(s) = [+ C(s)

X (G (s)-e ™Gy, (s)e“‘“"‘s]‘IC(s) (7)

For the outer loop after decoupling, the transfer func-
tion matrix of closed loop is shown below.

Y(s) = [I + G(s)e ™*C* (s)effscS]-l
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Y(s) = [1+ Ge(s)e ™ T (5)Cls)e™]

~TaST—1 (9)
Gi(s)e ™ T (s)C(s)R(s)
where  T(s) = I+ C(s)(Gyu(s)—€ =Gy, (s)e %) . If
G,,,(s) = Gi(s), and the estimation models of the network-
induced delays are accurate, that is, e™™ = ¢™™=* and
e TemS — 7% | the transformation of formula (9) is
obtained:
Y(s) = G(s)e ™[+ C(s)Gi(s)] 'C(IR(s)  (10)
It can be proved that the characteristic equation of the
system is as follows:

[T+ C(s)Gr(s)| = 0 (11)

From Eq. (11), we can see that the characteristic equa-
tion of the system no longer contains the network delay,
and there is no dead time delay in both C(s) and Gg(s).
Therefore, the Smith predictor can overcome the impact
of the network delays on MIMO NCS stability. However,
accurate predictions of network delays are difficult. And
delay 1., occurs in the process of data transmission from
controller to actuator. Advance precise prediction in the
controller node is impossible with the delay of subse-
quent data transmission. Regardless of the prediction
method used, there will be prediction errors between
Team and Tg,.

4.3 New Smith predictor method for MIMO NCS

We address the deficiencies in Section 4.2, a new modi-
fied dynamic Smith predictor is presented in Fig. 4. The
key to the modified Smith predictor for MIMO NCS is
that the information flows via the network delays which
are the real data packet transmission delays. Therefore,
we do not need to measure, estimate, or identify the net-
work-induced delays online. It realizes the compensation
of the delay from the structure and avoids adding buffer
to estimate delays and saves network bandwidth

8
Gi(s)e ™ C*(s)R(s) (8) resources.

The transfer function matrix in Fig. 4 of the inner loop

Substituting (7) into (8), we can get consisting of C(s) and G,,,(s) is:
N

D(s)
R(S) C(S) I e*TmS Gk (S) Y(S)
Y, (s) |
“©0 G,(5)
e_rxcs ’
L |
Fig. 4 The new Smith predictor for MIMO NCS
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C'(s) = [I+ C(s)Gm(s)] " Cls) (12)

The transfer function matrix of the inner loop consist-
ing of C(s), 7™, G,,(s), and e is:

B*(s) = [I+ e ™°C(s)e ™Gy, (s)] e ™ C(s) (13)
Then, the outer loop is:
Y(s) = [I 4 Gi(s)B*(s)e ™°C* (s)e"“ST1 (14)

Gi(s)B*(s)e ™ C*(s)R(s)

If G, (s)=Gis), the (14) can be transformed as
follows:

Y(s) = Gr(s)e ™1+ C(s)Gi(s)] " C(s)R(s) (15)
The characteristic equation of the system is:
L+ C(s)Gr(s)| = 0 (16)

Similarly, from Eq. (16), it can be seen that when the
new Smith predictor is used, the characteristic equation
no longer contains the estimated exponential terms of the
network-induced delays. It effectively reduces the stability
influence to the system. From Fig. 4 and Eq. (15), com-
pared with the new Smith controller and the classic Smith
controller, the superiority of this method is that the actual
transmission delays of the network data replace the esti-
mation models of the network-induced delays, thus elim-
inating the need to measure, estimate, and identify the
network delays. Therefore, the new Smith method can re-
duce the output deviation due to inaccurate estimation
models. Furthermore, during the process of the sensor
sending data packet to the controller, the network-induced
delay T, is completely eliminated from the closed loop
characteristic equation. The controller can be triggered by
the sensor signal regular, but we do not have to worry
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about the delay and packet loss in this process. When the
system bandwidth resources are limited, the system can
tolerate a certain amount of packet losses.

5 Improved fuzzy immune PID algorithm

Due to the model errors produced by mismatch or disturb-
ance, Smith predictor cannot fully realize compensation.
An improved fuzzy immune PID approach is used to
strengthen the robustness of the MIMO NCS when there is
a prediction error or network bandwidth constraint.

5.1 Immune system mechanism

The immune feedback system is an important functional of
the human body, and it is responsible for immune defense,
immune surveillance, and immune self-stability. The im-
mune system produces antibodies that are resistant to for-
eign antigens. Lymph is composed of T cells and B cells. T
cells are produced by the thymus including Ty and Ts. B
cells are formed in the bone marrow. They are very import-
ant for the body immunity. After the antigen invades the
body, the T cells sense the invading antigen and then stimu-
late B cells to excrete antibodies. After a period of immune
response, the differentiation of suppressor cells T is accel-
erated. It secretes inhibitory factors and inhibits the func-
tion of Ty cells and B cells to exert negative feedback
regulation. When there are more antigens, there are more
Ty cells in the body, but there are fewer T cells, which will
produce more B cells. The number of antibodies is much
more. Conversely, the antibody will decrease. After a while,
the body tends to balance. A perfect and harmonious im-
mune feedback system is that the body has a faster
response speed to the invasion of antigen and can be stabi-
lized quickly. The simplified immune system mechanism is
shown in Fig. 5 [33].

Fig. 5 The immune system mechanism

T lymphocyte < Free antigen
A
Lymphocyte T cell Ty - T cell Ts
T, (k) T (k)
+ -
» B lymphocyte » Antibody
Foreigh
antigen
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Inspired by the biological immune feedback mechan-
ism, similar immune feedback PID controllers are hot in
control engineering field. The coefficients of propor-
tional, integral, and differential are usually adjusted in
terms of the changes of the control signal output vari-
able u. The immune feedback controller will have a fast
response time and a small overshoot when the PID pa-
rameters and nonlinear functions f{) are reasonable.
And when the system is subject to external disturbance,
it has strong robustness. It is assumed that the k-gener-
ation antigens are o(k), the cells produced by Ty cells
after stimulation are Tx(k), and the cells that suppress
the antibody secretion of T cells are Ts(k). After Tx(k)
and Ts(k) act on B cells, the antibody produced by all
the stimuli received by B cells is S(k), which has the fol-
lowing formulation descriptions.

TH(k) = kla(k)

Ts(k) = kaf (-)o(k)
S(k) = Tu(k)-Ts(k) =

(17)
(ki=kaf (-))o (k)

where f{-) =fiS(k), AS(k)) represents nonlinear function
of cell inhibition and excitation changes. If the antigen
number o(k) is regarded as the error e(k), the B cell
receiving the stimulus is regarded as the control signal
output u(k). We can get the feedback control rules in
Eq. (18):

u(k) = K[(1-nf (u(k), Au(k))]le(k) = kpe(k) (18)
where K=k; and y = ’,i—f In the immune feedback con-
trol systems, K and # are particularly important parame-
ters. Increasing the value of K will promote response
speed, while increasing the value of # will reduce the
output response overshoot. If the parameters are chosen
properly, the system output will have better output
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performance. The output of the general fuzzy immune
PID method is presented in (19).

u(k) = u(k-1) + kykp (e(k)-e(k-1))

hae(k) + kg (e(k)-2e(k-1) + e(k-2)) (19)
where
Kp = K[(1-nf (u(k), Au(k)) K,
K = K|(1-nf (ue(K), Aulk) (20)
Ko = K[(1-nf (u(k), Aue(k) e

Kp K, and Kp are variable proportional gains, integral
gains, and differential gains, respectively [34]. Based on
Eq. (20), the parameters of the PID controller simultan-
eously enlarge or reduce the same multiple. However,
the influence of parameters about proportional, integral,
and differential on the system is different. The classic fuzzy
immune PID control method is not the optimal to deal
with the parameters. In the following, this paper turns the
output of the modified fuzzy controller into three nonlinear
functions corresponding to the PID parameters in order to
realize an independent, online control of MIMO NCS.

5.2 Improved fuzzy immune PID algorithm

The nonlinear expression flu(k), Au(k)) is difficult to obtain
in immune feedback control structure. An improved fuzzy
approach is proposed to describe the nonlinear function of
PID. The rules are determined by the control variables of
the system, which has better flexibility and adaptive per-
formance. Fuzzy logic controller has two inputs and three
outputs. The two inputs are the output signal u(k) and the
change rate of output Au(k), respectively. The outputs are
three nonlinear functions fx(), f{-), and fp(-) that adjust the
PID parameters separately. The structure of new Smith pre-
dictor combined with improved fuzzy immune PID con-
troller is displayed in Fig. 6.

Smith
model
T ! d
|
u | |
r PID controller ; T a } Plant y
| [
| [
[
N | |
- [
Kr| Ki| Kp | [
| |
== ! ) _
} Network } Smith model B
Fuzzy immune control ! I m
Y Au ! |
| [
| [
| [
[
| I
Il |
| Tsc ‘}
[
e !
Fig. 6 The new Smith predictor and improved fuzzy immune PID algorithm
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Equation (21) gives the improved fuzzy immune PID
expression.

u(k) = u(k-1) + Kp(e(k)-e(k-1))+

Rre(k) + Kp(e(k)-2e(k-1) + e(k-2)) @
where
Kp = Ki(1-17,fp(u(k), Au(k)))
K =Ky (1-n,f(u(k), Au(k))) (22)

Kp = K3(1-n3f p(u(k), Au(k)))

As described in Eq. (22), the modified fuzzy immune
PID control parameters Kp,K;, and Kp are adaptively
adjusted by different nonlinear functions. Kp is mainly
regulated by fp(). K; is mainly regulated by fi(-). Kp is
mainly regulated by fp(-). f5(-), fi(-), and fp(-) are the func-
tions that control the signal u(k) and its rate of change
Au(k). The inputs and outputs use a set of Z member-
ship function, triangle membership function, and S
membership function. {FD, FZ, FX, L, ZX, ZZ, ZD} repre-
sents the seven fuzzy set states of the input and output.
The fuzzy logic uses “and,” and the defuzzification
method is “centroid.” According to the dynamic balance
rule of the immune feedback control system, the fuzzy
control rules of nonlinear functions fp(-), f{(:), and fp(-)
can be obtained as Table 1.

Combining the membership function and fuzzy theory
in Table 1, the nonlinear functions fp(), fi(-), and fp(-)
can be tuned online. Refer to the change of the output
form of any loop of the MIMO NCS to optimize the
output performance of the system.

6 lllustrative examples

In this section, simulation experiments are performed
for a coupled NCS. Double-input double-output NCS
model is built in MATLAB/TRUETIME, the sampling
period T'=0.010s. The network protocol selects Ethernet
with stochastic, time-varying, and uncertain delays. The
initial network bandwidth is set to 880 kb/s, no packet
loss, the minimum frame length is 40 bit, and the inter-
ference node is occupied 58% of the network bandwidth.
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The output performance of the double-input
double-output NCS can be analyzed in terms of plant
matches, parameter perturbation, or network environ-
ment changes. The reference signals are step signals.
Their amplitudes are 10 triggered at ¢£=0.500s and 8
triggered at ¢ = 5.000s.

6.1 Simulation of model matches the generalized plant
6.1.1 Example design

The transfer function matrix of double-input double-
output control plant is given by the following:

1 1.25
G(s) = 0.001.32;— 1 0.0215s +1 (23)
0.0125s + 1 0.02s +1

We address the deficiencies in Section 4.1, the decoup-
ling segment W(s) is the unit matrix, and the deter-
mined decoupler is as follows:

0.0125s + 1.25

0
_ 0.0255 + 1
K(s) =1 0.005s+0.25 . (24)
0.0125s + 1

The Smith model of initial generalized plant matrix
! 0
1

G,u(s) = {0‘0“*1 } The domains of the control

0.025+1
single are {-3, 3} in both loops; the domains of devi-

ation change ratio are {-2.25,2.25}. The domains of
the output functions fp(-), fi(*), fp(-) are {-0.225, 0.225},
{-0.045, 0.045}, and {-2.25, 2.25} respectively. The ini-
tial parameter of PID coefficient of loop 1 is K,; =
0.003; K, =0.040; K,3=0.100,7,; =0.010; #,5 = 0.010;
Ha3 = 0.600. The initial defined value of PID coefficient
of loop 2 isKj; = 0.004; Ky =0.090; K3 =0.100, 7, =
0.010; 7 = 0.010; 73 = 0.600. The network delay dis-
tributions between the nodes are presented in Figs. 7
and 8. The output responses are shown in Figs. 9 and
10, in which the figures contain partial enlarged de-
tails for ease of comparison.

Table 1 Fuzzy rules of the three nonlinear functions fs(), fi(-), and f5()

u

FD FzZ FX
FD ZD/FD/ZX ZD/FD/ZX ZZ/FD/Z
FzZ ZD/FD/FX ZD/FD/FX ZZ/FZ/FX
FX ZZ/FZ/FD ZZ/FZ/FD ZZ/FX/FZ
AuL ZZ/FZ/FD ZX/FX/FZ ZX/FX/FZ
ZX ZX/FX/FD ZX/FX/FZ L/L/FX
77 L/L/FZ L/L/FX FX/ZX/FX

ZD L/L/ZX FX/L/L FX/ZX/L

L ZX 77 ZD
ZZ/FZ/L ZX/FZ/L ZX//ZD L/L/ZD
ZZ/FZ/FX ZX/FX/L L/L/ZX L/L/zz
ZX/FX/FX /L FX/ZX/ZX FZ/ZX/Z7Z
L/L/FX FX/7ZX/L FZ/ZX/ZX Fz/72/77
FX/ZX/FX FX/ZX/L F2/77/7X F2/77/7X
FZ/7Z/FX Fz/77/1 FZ/ZD/ZX FD/ZD/ZX
F2/772/Z FZ/ZD/L FD/ZD/ZD FD/ZD/ZD
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’c:c(s)

r;a(s)

Time(s)
Fig. 7 The SC and CA delay distributions of loop 1T when the model matches the generalized plant

6.1.2 Results and discussion

From Figs. 7 and 8, we can see that the network-induced
delays are random, uncertain, and changing over time.
When the sampling period 7'=0.010s, in the first loop,
the maximum of SC delays reaches 0.176 s and exceeds
17 sampling periods; the maximum value of CA delays
reaches 0.115 s and exceeds 11 sampling periods. Simi-
larly, in the second loop, the maximum of SC delays is
0.187 s, which reaches 18 sampling periods; the CA

delays are more than 11 sampling periods. From the out-
put responses in Figs. 9 and 10, it can be noticed that
under large network delay circumstances, both the pro-
posed algorithm and the new Smith fuzzy with conven-
tion immune PID method can quickly track the
set-point step response and maintain the system stable
in two loops. On the contrary, the output without new
Smith compensation is unstable and has a large over-
shoot whether in loop 1 (the green curve in y;) or loop

0.2

Time(s)

Time(s)
Fig. 8 The SC and CA delay distributions of loop 2 when the model matches the generalized plant
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Fig. 9 The step responses of loop 1 when the model matches the generalized plant
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Fig. 10 The step responses of loop 2 when the model matches the generalized plant
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Fig. 11 The SC and CA delay distributions of loop 1 when parameter perturbation and communication network change

8 10

2 (the green curve in y,). It indicates that the proposed
new Smith and improved fuzzy immune PID algorithm
has superior output performance compared with the
other two algorithms.

6.2 Robust simulation of parameter perturbation and
communication network changes

6.2.1 Example design

To illustrate the robustness of the new modified Smith pre-
dictor and improved fuzzy immune PID approach, network

bandwidth is reduced to 700 kb/s. The network packet loss
rate is set to 0.35, and the plant becomes as follows:

1.02
0.03s4+1
0.2

-1.27

0.027s +1
-0.02s
0.04s +1

-0.02s -0.02s

G(s) =

-0.02s
0.0127s + 1

(25)

The network delay distributions between the nodes are
shown in Figs. 11 and 12. The packet dropout distributions

0 2 4 6 8 10
Time(s)
041 1
W oat LILA SEREEERERE R
0 h A leJI.ILm\_/HJJ!—\ ’L \
0 2 4 6 8 10

Fig. 12 The SC and CA delay distributions of loop 2 when parameter perturbation and communication network change

Time(s)
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Time(s)

Fig. 13 The SC and CA packet dropout distributions of loop 1 when parameter perturbation and communication network change
A\

10

between the nodes are indicated in Figs. 13 and 14. The
output response curves are denoted in Figs. 15 and 16,
where partial enlargements are included to facilitate com-
parison results.

6.2.2 Results and discussion

From Figs. 11 and 12, we can notice that after the net-
work bandwidth is reduced, the nodes compete for net-
work resources. Congestion causes some packets in the

network channel to fail to reach the destination node in
time. As a result, the data packet dropouts occur and
the network delays also increase. In the first loop, the
maximum of SC delays is up to 0.265 s, which are more
than 26 sampling periods; the maximum of CA delays is
up to 0.444 s, which exceeds 44 sampling periods. In the
second loop, the maximum of SC delays rises to 0.294 s,
which exceeds 29 sampling periods. The maximum of
CA delays rises to 0.451 s, which exceeds 45 sampling

0 2

4
Time(s) 6

Fig. 14 The SC and CA packet dropout distributions of loop 2 when parameter perturbation and communication network change

8 10
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Fig. 15 The step responses of loop 1 when parameter perturbation and communication network change
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periods. Figures 13 and 14 show that there are data packet
losses in the network channels. The distributions of packet
losses are changing at any time. In the first loop, the max-
imum values of SC and CA packet dropouts are 7 and 11
respectively. In the second loop, the maximum values of
SC and CA packet dropouts are 9 and 8 respectively.

When there are large network delays and data packet
dropouts, as can be noticed from Figs. 15 and 16, the
new Smith predictor and improved fuzzy immune PID
show better set-point responses with small overshoot
and are much smoother. Compared with the other two
algorithms, this proposed algorithm has strong robust-
ness and anti-interference ability.

7 Conclusions

Focusing on the structure of MIMO NCS, a new Smith
predictive fuzzy immune PID algorithm is applied to
implement compensation for network-induced delays.
It combines the advantages of Smith compensation
method and artificial fuzzy immune algorithm. Under the
assumption of perfect control, the network delay expo-
nential term is eliminated. The proposed algorithm does
not need to measure, estimate, and identify delays and is
suitable for MIMO NCS where the network-induced
delays are large and time-varying. The illustrative exam-
ples indicate that the output responses of the proposed
algorithm can meet the system control performance re-
quirements in terms of rise time, overshoot, etc. When
uncertainties such as plant parameter perturbation and
network packet dropouts occur, the new Smith predictive
fuzzy immune PID controller can also more quickly re-
cover the system to a stable state with superior robustness
and anti-interference capability.
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