Highlights

Distributed sliding-mode cloud predictive formation control of
networked multi-agent systems with application to air-bearing
spacecraft simulators

Chuanguo Chi, Dong Lin, Clara-Mihaela Ionescu, Guo-Ping Liu

+ The proposed SMCPC scheme combined the advantage of SMC and CPC.

+ Designed multi-step state predictor for NCS delay compensation based on SMC.

+ SMCPC ensures desired performance and feasibility in multi-agent formation control.
+ Control scheme verified by practical ABSs formation control experiments.



https://www.elsevier.com/locate/conengprac
http://www.elsevier.com/locate/conengprac

Distributed sliding-mode cloud predictive formation control of networked
multi-agent systems with application to air-bearing spacecraft simulators™

Chuanguo Chi ®4, Dong Lin ¢, Clara-Mihaela Ionescu %¢, Guo-Ping Liu ®>*

a Center for Control Theory and Guidance Technology, Harbin Institute of Technology, Harbin 150001, China
b Center for Control Science and Technology, Southern University of Science and Technology, Shenzhen 518055, China

¢ State Grid Fujian Electric Power Research Institute, Fuzhou 350007, China

d Research Group on Dynamical Systems and Control, Department of Electromechanical, Systems and Metal Engineering, Gent University, 9052 Gent, Belgium

¢ Flanders Make Consortium, core lab MIRO, Tech Lane Science Park 131, Gent, Belgium

ARTICLE INFO ABSTRACT

Keywords:

Distributed cloud predictive control
Sliding-mode control

Networked multiagent systems

Formation control

Control of air-bearing spacecraft simulator

This paper investigates the application of distributed sliding-mode cloud predictive control scheme in
networked multi-agent control systems (NMACS). A sliding-mode cloud predictive control (SMCPC) scheme
based on the cloud control system is designed. Combining the advantages of variable structure control (VSC)
of sliding-mode control(SMC) and the advantages of cloud predictive control (CPC) in handling network delays,
the network delay is actively compensated while ensuring the stability and output consistency of the NMACS.
Also taking advantage of the small online computation of SMC, reduces the burden of CPC in processing big
data and increases the computation rate. In addition, the scheme includes multi-step state prediction and output
prediction as well as coordinated optimization among multiple agents. By optimizing the cost function design,
the SMCPC scheme is guaranteed to achieve the desired control performance in multi-agent formation control.
And the feasibility of the control scheme is verified by stability and consistency analysis. The applicability
of the control scheme in practical applications is verified by air-bearing spacecraft simulator (ABS) formation

control experiments.

1. Introduction

With the rapid development of information technology (IT) and
artificial intelligence (AI) in recent years, the research on networked
control system (NCS) and multi-agent control system (MACS) has be-
come increasingly more advanced and expanded (Oh, Park, & Ahn,
2015; Qin, Ma, Shi, & Wang, 2016; Zhang, Han, Ge, Ding, Ding,
Yue, & Peng, 2019; Zhang, Shi, Wang, & Yu, 2017). The controlled
objects and control networks are also becoming more intelligent. This
leads to many challenges for traditional local control strategies and
centralized control schemes in solving advanced control problems (Yu,
Liu, & Hu, 2022b). The development of the Internet of Things (IoT)
and cloud computing provides a good solution to this situation (Liu,
2017). Increasing transmission rates of the internet and cloud com-
puting capabilities provide an efficient and stable distributed control
platform for (MACS). As the rapid development of today’s smart home,
driverless, smart grid and telemedicine, etc. Some complex MAC and
various different intelligent objects are connected through the network
to realize the cloud control (Pang, Zheng, Li, Liu & Han, 2021; Yu,

Liu, & Hu, 2022a). With the powerful computing ability of the cloud
platform, it greatly reduces the user’s requirement for local hardware,
while making remote control become possible (Sasaki, Suzuki, Makido,
& Nakao, 2016; Shengdong, Zhengxian, & Yixiang, 2019). Cloud control
and IoT have been closely connected to our lives and their applications
have penetrated into all industries (Sang & Xu, 2017). This not only
drives economic development, but also promotes the advancement of
technology and industry. There is no doubt that it will bring a new
information revolution, and the ability to integrate these new tech-
nologies will be of great strategic importance for industry 5.0 (Maxim,
Copot, Copot, & Ionescu, 2019).

As networked multi-agent control (NMAC) technologies are increas-
ingly utilized in science and engineering (Knorn, Chen, & Middleton,
2015), the operating environments, communication networks, dynamic
characteristics, and task objectives of the agents are also becoming
increasingly complex (Ning, Han, & Ding, 2021; Zhao, Hua, & Guan,
2019). In the complex MACSs, such as communication satellite, smart
grid, intelligent robot, UAV (Huang, Liu, & Hu, 2022) etc., each agent
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has its own characteristics, which also leads to the singularity and lim-
itation when they perform tasks (Tan, Yue, Li & Liu, 2020). Networked
control realizes the interconnection of multi-agent through common
interaction protocol, which makes the communication among multiple
agents of the same or different categories work together (Ge, Yang,
& Han, 2017; Zhang, Han, & Yu, 2015). It enlarges the application
scenario of agents, solves the limitation of single task target of single
agent, and improves the stability of agents. In the networked multi-
agent control system (NMACS), communication delay is inevitable
due to the existence of remote communication (Pang, Luo, Liu, &
Han, 2020). Therefore, predictive control method has been extended
to various fields involving NMACS to solve the problem of time de-
lays (Tan, Wang, Wu, Huang, & Miao, 2021). In order to solve the
huge amount of computation in NMACS and the big data burden
of real-time communication, cloud computing is introduced into the
control system. By designing a CPC scheme that synchronizes big
data processing to the cloud, this reduces the workload of the user’s
hardware system (Chi, Liu, & Hu, 2022). Many researches on cloud
control systems (CCS) are well-known and the applications have also
covered the industrial field (Xia, 2015). In the literature (Liu, 2020)
professor Liu innovatively applied CPC to NMACS. CPC as a branch of
CCS, the existing research mainly focuses on cloud computing based
predictive control (Liu, 2022) and data-based predictive control (Tan,
Miao, Wang, Wu & Huang, 2020; Xia, Xie, Liu, & Wang, 2013). Through
theoretical studies and simulation experiments of CPC has achieved
great improvements in dealing with communication constraints, it still
presents many challenges in practical engineering applications. Such
as large computational effort, slow processing of real-time big data
information, and poor synchronization of control protocol parameters.

In order to solve the above problems, this paper combines the
advantages of distributed CPC and SMC to study the distributed forma-
tion control problem of NMACS. When dealing with practical control
problems, it has become a common choice to combine the advantages
of different control algorithms to achieve control objectives. Regard-
ing the integration of SMC and predictive control advantages, the
SMC+MPC control scheme has been studied. Ferrara, Incremona et al.
investigated a model-based control scheme based on a combination of
model predictive control (MPC) and integral sliding mode (ISM) con-
trol (Ferrara, Incremona, & Magni, 2013, 2014; Incremona, Ferrara, &
Magni, 2017). Fesharaki designed a MPC+SMC scheme for the nominal
system to recover the nominal performance of the uncertain system
while ensuring the system achieves the desired performance (Fesharaki,
Kamali, Sheikholeslam, & Talebi, 2020). Xu proposed a novel digital
integral terminal sliding mode predictive control scheme based on
output (Xu, 2015). Garcia-Gabin combining SMC design techniques
with MPC for air-conditioning solar power plants (Garcia-Gabin, Zam-
brano, & Camacho, 2009). Shi proposed a new terminal unconstrained
MPC scheme by embedding an implicit SMC law in the designed
terminal cost function (Ji, Ren, Liu, & Shi, 2021). Above works on
MPC+SMC, the advantages of MPC and SMC are combined to improve
the robustness of the system.

Based on the advantage that SMC requires less online comput-
ing (Ionescu & Muresan, 2015), the introduction of SMCPC can further
reduce the computational load of the system, improve the computa-
tional speed and achieve fast and accurate tracking effects by com-
bining the advantages of two advanced control methods. Furthermore,
due to the introduction of computers and microprocessors in networked
control, the main goal of designing control systems has focused on
the study of discrete-time control. In the design of control methods,
there usually exists some discrepancy between the actual device and its
corresponding mathematical dynamics model, which leads to the uncer-
tainties of the controlled system. Predictive control has great challenges
in dealing with uncertainties and model errors, and how to ensure the
robustness of the closed-loop system in this case is a difficult research
area (Li, Yang, Sun, & Xia, 2014). As SMC is a variable structure control
strategy (Steinberger, Horn, & Fridman, 2020), the system structure is

not fixed, so it can be changed according to the current state of the

system during the dynamic process to make the system move according

to the predefined “sliding mode” state trajectory. SMCPC can obtain

the optimal control even when the system model is not very accurate or

there are disturbances, and ensure the robustness of the control system.
The principal contributions of this paper are listed below.

(1) A distributed SMCPC control scheme is designed, where SMC
ensures the stability and robustness of the system and CPC
deals with the time delay existing in the NCS. Combining the
advantages of the two control methods realizes the coordinated
control of the NMACS and compensates the communication
delay between the cloud nodes.

(2) In order to actively compensate the delay existing in the NCS,
a multi-step state predictor based on SMC is designed, and
based on the state prediction, the output vector, the sliding
mode function vector and the ABS velocity vector are predicted,
respectively.

(3) Through the optimized design, the desired control performance
of SMCPC in multi-agent formation control is ensured. And the
feasibility of the control scheme is verified by stability and
consistency analysis.

(4) Finally, the validity of the control scheme in practical applica-
tions is verified by ABSs formation control experiments.

2. Problem description
2.1. NMACS via distributed SMCPC

NMACS is composed of multiple agents interacting through a net-
work to achieve one or more common goals. Due to the large number of
agents, complex communication network, heterogeneity of agents, un-
stable dynamic characteristics of the system and other factors, NMACS
may be very complex (Cao, Liu, & Zhang, 2023; Pang, Bai, Liu, Han &
Zhang, 2021). At the same time, with the increase of equipment in NCS
comes a heavy hardware and data processing burden. Distributed CCS
can reduce the over-reliance on local hardware devices when dealing
with the problem of NCS. By distributing the analysis and processing of
data to different clouds, the control of large-scale complex networked
systems becomes more convenient. This paper discusses the CCS with
different cloud nodes interconnected for distributed control as shown in
Fig. 1. In the proposed distributed CCS, each cloud controller controls
an agent independently and communicates with other cloud controllers
through the network. Different cloud controllers may exist in the same
cloud node or different cloud nodes, which inevitably causes a series
of problems in the system, such as uncertainty in network communi-
cation, packet loss, external interference, time delay, and so on. How
to improve the stability and processing efficiency of the system has
become a problem that must be solved in the networked multi-agent
control system. Based on the above-mentioned problems, this paper
introduces SMC into distributed networked multi-agent control system.
A SMCPC control scheme is proposed, this scheme is a control method
based on SMC and distributed CCS. The proposed SMCPC has the
following advantages: (1) It can realize multi-agent cooperative control,
coordinate the control among multiple agents through distributed cloud
controller, and resist the influence of external interference and system
parameter changes while ensuring the control accuracy, so that the
whole system has better robustness and coordination. (2) Control tasks
can be assigned to the cloud node for computing, making full use of
the efficient performance and storage capacity of the cloud platform,
and improving the computing efficiency and response speed. (3) The
real-time monitoring and remote operation of the system status can be
realized through the monitoring platform based on the cloud control
system, which makes the maintenance and management of the system
more convenient and efficient. (4) SMCPC can be applied to the control
of nonlinear systems because both sliding mode control and predictive
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Fig. 1. Topology structure of distributed cloud control system.

control can deal with nonlinear systems. At the same time, constraints,
such as control input and system status, can be considered to ensure
that the system will not exceed the limits during operation. In short,
SMCPC has the advantages of multi-agent collaborative control, strong
robustness, efficient utilization of computing resources, real-time mon-
itoring and remote operation, applicable to nonlinear systems, handle
constraints. It also and can be applied to complex industrial control
systems and intelligent manufacturing and other fields. This paper will
carry out detailed design and research on SMCPC scheme through
formation control.

2.2. Formation control

Networked multi-agent formation control is a technology that real-
izes multi-agent cooperation to complete a task through mutual com-
munication and cooperation. In this technology, each agent can sense
the surrounding environment and communicate with other agents to
complete the task cooperatively (Zheng, Pang, Wang, Sun, Liu, & Han,
2022). In networked multi-agent formation control, agents can com-
municate through different protocols, such as distributed algorithms
and game theory. Distributed algorithm is an algorithm based on local
information and cooperation to achieve global goals, while game theory
is a mathematical model used to analyze the interaction between
agents (Ning, Han, & Zuo, 2019a, 2019b). The networked multi-agent
formation control technology can be applied to many fields, such as
UAV formation control, robot formation control, spacecraft formation
control, etc. In this paper, the SMCPC control scheme is designed to
achieve formation control, which makes the agents more efficient, safe
and reliable when they cooperate to complete tasks.

3. SMCPC scheme
3.1. Control objective

For a general distributed networked cloud control system in Fig. 1.
Assuming there are N controllers distributed in M clouds. The ith
controller controls the corresponding subsystems, and each subsystem
composed of sensors, actuators, and ith agent i € N, N = {1,2-- N}.

For the convenience of explanation, the following assumptions are
made for each variable.

(1) s; represents the communication delay between the sensor of the
ith agent and its controller, and a; represents the communication
delay between the actuator of the ith agent and its controller;

2) 4; ; represents intra-cloud delay, which means the communica-
tion delay between the ith agent and the jth agent located on the
same cloud node; n; ; means the inter-cloud delay, which means
the communication delay between different cloud nodes; c;; rep-
resents the actual communication delay between the controller
of ith agent and the jth agent;

(3) On the premise of fixed communication topology, each con-
troller only communicates with its adjacent controller in the
same cloud node or the controller in the adjacent cloud node.
The communication delay between the ith and jth controllers on
the same cloud node is equal to the intra cloud delay, i.e. ¢;; =
d;;. The communication delay between ith and jth controllers on
different cloud nodes is equal to the delay between two cloud
nodes, i.e. ¢;; = n;;.

(4) All communication delays s;, a;, n;;, d;; are bounded constant
integers, which are integer multiples of the sampling period T

(5) All agents are controllable and observable.

In order to simplify the design, analysis and performance descrip-
tion of SMCPC scheme to be introduced, here only considered a linear
multi-agent system. However, as described in Section 2, this scheme
is also applicable to NMAC with nonlinear dynamics, uncertainty and
interference. Therefore, the following system with N agents is consid-
ered:

x;(k + 1) = A;x;(k) + Bju;(k)

@
yi(k) = C,'x,'(k)

where x; € R"M,y, € R'i and u; € R™ are the state, output and
input vectors of the system respectively, i € N,N = {1,2,...,N}.
A; € R">"i B, € R">™"i and C; € R!""i are the matrices of the system.

According to the state and state estimation information obtained by
the ith agent at time k, the state X; and the desired state X, of the next
N cycles are predicted. The cost function J; is constructed through the
prediction information of the obtained agent and adjacent agents, and
the predicted value V; of the cooperative term vector is added to the
cost function, which can measure the formation effect. The value of
the cooperation term vector V; needs to ensure the minimum value of
the performance index function J; by calculating the partial derivative
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Fig. 2. The proposed distributed sliding-mode cloud predictive control scheme.

of J; with respect to V; and making the partial derivative equal to 0,
the value of V; can be obtained. The predictive output vector U; of the
controller is a function of V;, from which U, can be obtained. U, is used
in the state value prediction of the next cycle, and the predicted value of
the cycle closest to the current cycle among all predicted values is taken
as the actual control quantity of the system, that is, ; = I,; x U;. The
above solution steps are represented by the flowchart of Fig. 2. It should
be noted that any shape such as §(k +i|k — j), the symbol of (k +i|k — j)
indicates that the value of signal s at k+i time is predicted based on k—j
time and all information beifore that time. In this article, a practical
distributed networked sliding-mode cloud predictive controller will be
designed for the mathematical model of ABS, and a detailed control
design method will be given.

3.2. ABS dynamics

As shown in Fig. 3, three degrees of freedom (3-DOF) ABS was
selected the research target, the control system contains three output
signals, which are the X-axis coordinates, Y-axis coordinates, and
attitude angle ¢, respectively. Fig. 4 shows the geometric architecture
of the ABS, and the distribution of the thrusters. Where thrusters 1, 4
provide a force f,, along the Y, axis, thrusters 2, 3, 5, 6 provide a force
[y along the X, axis, and a torque f; for rotation about the Z, axis.
Define the ABS inertial coordinate system (ICS) O — XY Z and body-
fixed coordinate system (BCS) O, — X, Y, Z,. In the ICS, the vector y =
(dy.d,, ¢)" represents the position, attitude angle state of the ABS, and
v = (dx,dy,q'b)T = (vy, Uy, )T is the velocity and angular velocity. The
velocity and angular velocity of the ABS in the ICS v, = (U4, vy, )T
The thrust of the ABS in the ICS and BCS are f = (f,, f. fr)T and
f» = (Faps Fypr f1)T respectively. The dynamic equations of the ABS in
the ICS are derived from Newton’s second law.

. 1 . 1 . 1
Oy = ;fml}y = ;fy,CO: jfT

where, m and J are the mass and rotational inertia of the ABS.

To allocate control inputs to the six thrusters, coordinate transfor-
mation rules are introduced. The mathematical conversion relations of
the physical measurements in the BCS and ICS are as follows:

T ; T
(e 1y #l =Rlfe 1o £l @
where R,[" is the conversion matrix from the ICS to the BCS.
cos(p) —sin(¢p) O
Rl =|sin(¢) cos() 0 (©)]
0 0 1
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Fig. 4. Geometric architecture of ABSs.

3.3. SMCPC scheme design of ABS

In order to realize the control algorithm and simplify the control
scheme design and performance analysis, the continuous mathematical
model of the control object spacecraft simulator needs to be discretized.
The discrete mathematical model of multi-agent system with space-
craft simulator as control object is obtained. The state space matrices
A;, B;, C; are as follows:

% 0 0
m o o 7, 0 0 op
01 0 0 T, 0 O 02
L0010 0 7|, o o 2T7
“Tlooo 1 0 ofT L 4
000 0 I 0 meo
0 0 0 0 0 1 o 79
[0 0§
[1 0 0 0 0 0
c=[o 1 0 0 0o olien
0 0 1 0 0 0

For the research object spacecraft simulator, x; = [d,;, d);, §;, Uy;» Uy o;]7,
T T
Vi =ldy.dy. ¢l :ui:[fxiafyiale] .



The design of the SMCPC for the ABS focuses on attitude and
position control problems. It mainly includes two steps:

(1) Designing a stable sliding-mode surface to ensure that the system
state enters the sliding-mode surface and gradually converges to
the origin point.

(2) By using the approaching rule design control law to ensure that
the system state can reach the sliding-mode surface in finite
time, regardless of the initial state.

For the discrete system of Eq. (1), design the sliding mode surface
as:

s(k) = ce(k) + é(k),c > 0 )

Where e(k) is the tracking error and é&(k) is the second derivative of
the tracking error, ¢ represents the sliding surface parameter. Define a
switching band surrounding the switching surface.

S¢={xeR" -¢ < s(x)<+&} (5)

The discrete system starts from any state, reaches the switching surface
s in finite steps, and then moves on it to reach the quasi-sliding mode.
By designing the sliding surface, the system can achieve fast and stable
control of the system state, thus enabling the system to achieve accurate
tracking performance.

Considering the rapidity and smoothness of the sliding-mode con-
troller and the output range of the controller, the exponentially ap-
proaching rule is used to design the control law. When the sampling
time is T, the following discrete exponential reaching law can be
obtained:

s(k+ 1) = (1 —qT)s(k) — €T sat(s(k)) (6)

where, € > 0,9 > 0,1—¢qT > 0, sat(s(k)) denotes a saturation function. In
order to eliminate the chattering effect in the control of sliding-mode
variable structures, the commonly used sign functions are replaced by
saturation function.

-1, s<=¢
sat(s(k) =<3 ks, |s|<{ k= % o
1, s>¢

where ¢ > 0 indicates switching bands. Replacing sign function with
saturation function can eliminate chattering to some extent, but at the
same time, it sacrifices robustness. Therefore, parameter ¢ should be
adjusted reasonably in the experiment to achieve the optimal effect.

Further, we can obtain the sliding surface of the attitude sliding
mode controller for ABS:

sp(k) = cyeqy(k) + e, (k). cp > 0 8)

where, e, = ¢ — ¢, indicates the attitude angle error, ¢, = @ — @,
indicates the angular velocity error, ¢, > 0 is the sliding surface
parameter, ¢, and o, are the desired attitude angle and desired angular
velocity, respectively. When the system is in the sliding-mode, s, = 0,
the calculation yields:

ey =ey(0)e™ 9 9

This makes the attitude angle stable and the attitude error satisfies the
exponential convergence.

From (8) the mathematical relationship between sgk+ 1) and the
input torque f; can be obtained:

sp(k+1) =cyey(k + 1) + &, (k + 1)
=cpe,(k+ 1)+ ik + 1) — gk + 1) 10)

frk+1)
J

=cge,(k+ 1)+ gk +1)

Then, from (6) and (10), the attitude angle control law can be derived
as

frik+1) =T ( gk + 1) = cyeq,(k+ 1) + (1 = g, T)s (k)

an
— ey Tsat(sy(k)) )

Similarly, the position control rate can be obtained:

fxk+1)=m ( Ok +1)— cxevx(k + 1D+ (1 —q,T)s,. (k)
12)
- eszan(sX(k)) )
fylk+1)=m ( Uyg(k +1) - cyeuy(k + D+ -q,T)s,(») 13
13
- eyTsan(sy(k)) )

where, s5,(k) and s (k) are sliding-mode functions, c,(k) and c,(k) are
the coefficients of the sliding-mode function.

sc(k) = cxe (k) + e, (K), ¢ >0 14
sy(k) = cye (k) + euy(k), ¢, >0 (15)

From (11), (12) and (13), the expression of the overall control input
u can be derived as

ulk + 1) = =1, (S.e,(k+ 1) = vg(k + 1) + S,sar(sy) + S;5,) (16)
where
m 0 0 ¢, 0 O
L;=]0 m 0S5,=|0 ¢ 0
0 0 J 0 0 ¢4
e 0 0 o, 0 0
S.=|0 ¢ 0}S,=l0 0, 0
0 0 &4 0 0 0
s.(k) sat(s, (k)
sy = s,(k) |, sat(sy) = | sat(s,(k))
sp(k) sat(s (k)
e, (k+1) Oyg(k + 1)
ey(k+ 1) =|e, (k+ 1) 0ogtk +1) =|0,yk + 1) |,
euk+1) gk + 1)

0,=qT-1,0,=qT-1,04 =g, - 1.

Hence, the attitude and position control of the single ABS can be
realized by utilizing (16). Further, in order to realize formation control
of multiple ABS and eliminate network delay in distributed networked
control, multistep state CPC will be introduced into SMC.

The predictive controller i(k + ilk — s;) is designed for the control
input u; of the discrete system (1):

a(k + ajlk = 5) =T, ( 8, 0,0k +alk - 5,)

= S, vq(k+a) =0y (k+a)

+ 8, sar(3, )k + a;|k — 5;) a7

+ 8,5,k +alk=s))

+ ¢k +a;lk —s;)

In the above equation, the form likes f(k + a;|k — s;) representation

of the prediction vector at time k+a; based on all the data at time k—s;
and before that time. In this way, the error caused by the information
transmission delay in the system is compensated by prediction. Cooper-
ative item ¢;(k+q;|k—s,) is added in the controller design. Collaboration
item ¢;(k + a;|k — s;) is a correlation function based on the interaction
between multiple spacecraft simulator, which can help the spacecraft
simulators maintain the desired formation. Set the control time domain
length of the predictive controller as N, and the optimized time domain
length as N,. Eq. (17) is expressed in vector form as follows:
Uk +a,lk = 5)) = = I, ( S, Vilk +a;lk = ;)

- SV (k+a) =V, (k+a)

+ S, Sgn,sat($,)(k + a;lk = s;) 18)

+ 8, Sk +ajlk = s;) )

+ Gk +alk—s;)



where, each vector is a new vector set obtained by combining the
predicted values of the original vector at different times. Their specific
expression is:

[ gk +a,+ NJk=s) |
U[(k+a,-|k—s[): u,-(k+a,-+l\.]u—1|k—si)

a;(k+a;lk —s;)

[ o,k +a;+ N Jk—s;) |
X b(k+a +N, —1[k—s,
Vitk + a;|k = 5;) = bkt a+ S k=5

O;(k + a;lk —s;)

udi(k +a;+N,)

k i+N,—-1
Vi lk+ay =| alEr @ T N D
Ud[(k+a,-)
o
DNl
S, = ( )' 3
(=1°r
[ 5, (k+a+ N k=)
. s (k+a,+N, —1lk—s)
Sik+a;lk—s)=|"% L !
8,,(k+a;lk —s;)
[ tk+a,+NJk—s)
. ¢(k+a,+N,—1lk—s;)
Gk +alk—s)=|" ! :" !
¢(k+a;lk—s;)

and matrix I,;,S,,.S,, and S, are the Kronecker products of the
original matrix and the N, + 1 unit matrix Iy ;1 +1) 1-€
Lng; = Lng; @ TN +1)x(v,+1) Se; = Se; & LN, +1)x(N,+1)

Se, = Sg, ® I(NM+1)X(NM+1)’Sq, = Sq, ® I(Nu+l)><(N,,+l)

The cost function with cooperation term of the predictive controller
based on spacecraft simulator is designed as follows:

Sk =Y
j€hn;
=Yy (kta;+1)) = (Yitk+a;+1k-s)

‘ Wy ((F+a,+ 11k =5, = ¢
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~ Y, (k+a;+1) ))” 2

R 2
+ ”VVi‘gl-(k+ai — 1k —s;) ‘

where

[ Sk +a;+ NyJk—s)
Bkta+1[k—sp= |HETaTN,=1k=s)
ik +a + 1]k —s,)

[ $i(k+a+ N,k = s;—¢;)
Y(kta+1]k=s;—c;) = Jilktai+ Ny = 1k=s; = ;i)

j),-(k+a,-+l|k—sj—cjl-)

Vaitk +a; + Ny)

Ydi(k+a,~ +1)= |yzk+aq; +Ny— 1)

Yaitk +a; + 1)

and h;,i € N, represents the collection of agents in the topology of
networked control system that directly communicate with the ith agent.
W;; and W; are the weight matrices to be designed. || - || denotes the
Euler norm.

The cost function J;(k) is used to determine the collaboration term
@,(k+a;|k —5;) of ith agent. J;(k) is composed of two Euler norms. The
first norm considers the output error of the ith agent and its adjacent
agents in topology #; with N, + 1 step, which can be used to measure
the formation state. The second norm is related to the amplitude of the
cooperative term &,(k + g;|k — 5;), by adjusting the weight matrices W, ;
and W, 6;(k+a;|k—s;) is small enough to make the actual output of the
controller within the constraint range. J;(k) takes the minimum value
and assigns it to €,k + a;|k — s,), that is
B,k + a;k — 5;) = min J;(k) (20)
Next, each prediction vector in (18) is solved in turn to complete the
design of distributed cloud prediction controller.

4. Design of SMCPC controller
4.1. Multistep state predictor

The multistep state predictor is used to predict the system state
vector in each stage. In step k, for the control cloud node, the following
information is known: the system output y; of step k—s; and all previous
steps; input signal u; of k + a; — 1 step and all previous steps. The ith
multistep predictor of agent state vector, which can be designed in
three steps.

Stepl : Predict the state vector X; from step k — s, to step k + ;.

For the cloud control node of the ith spacecraft simulator, all output
values y;(k—s;) at and before time k—s; are known at time k. In addition,
all control inputs u;(k+a;—1) at time k+a;—1 and before are also known.
Thus, the prediction of k —s; to k + a; can be realized.

A state observer is designed to realize the first step of prediction:

Ritk—s; + 1|k —s;)= A;x;(k—s;lk—5;,— 1)
+ Buy(k—s)+ L; (((i(k—s;)) (21)
- Cxik=silk—s;,=1))
Subsequent states are predicted using state space expression (1),
Rk +plk—s)= AR(k+p—1lk—s,)
+ Bu(k+p—1) (22)
p=-s5;+2,—s;+3,...,q.
where, %;(k + plk — s;) denotes the prediction of system state at time

k + p based on all known information at time k — s;. Iterate Eq. (22)
repeatedly to obtain the general expression of state from k —s; to k+a;:

N 5;-1 .
Rk +plk—s) = AFPTHA = LiCHR (k= 51k — 5, = 1)
+ Afﬂl_lLiyl’(k —=s;)
pts; s (23)
+ D AT Bk + -5, = 1),
I=1
p=-s5;+2,—-5;+3,....,q.

1

Step2 : Predict the state vector %; from step k + a; + 1 to step
k+a +N,+1

Since the real value of the required control input ; is unknown, the
predicted value needs to be used instead. The predicted value of control
input u; can be expressed as:

a;(k+a; +plk-s,),p=0,1,...,N,
The expression of state prediction value obtained from Eq. (1) is
Xi(k+a;+plk—s;)=A%(k+a+p—1lk—s;)
+ Bjij(k+a;+p—1) 24)
p=12..,N,+1



By iterating the above formula repeatedly, the predicted value expres-
sion of the state vector in steps k + a; + 1 to k + ¢; + N, + 1 can be
obtained:

N —1 N
Rk + a; + plk — 5;) = ATTA = LC)%(k—s;lk—s5;,~1)

+7,—1
+ AT Ly k= sp)

Ti
ptri—1
+ Y AT Bk +1—s;— 1) (25)
=1
p
+ Y AT Bak+1+a,- 1k —s,)
=1
Step3 : Predict the state vector %; from step k + a; + N, + 2 to step
k+a+N,+c¢
¢; = max {c;j,c;p. ..., ¢;x }, @; is the maximum actuators delay a; of
all agent directly interacting with the ith agent. Since the control input
exceeds the control prediction horizon length, it is advisable to set the
control input ; at this stage to remain unchanged. i.e

i;(k +a; + plk —s;) =a;(k+a; + N, |k —s;)
p=N,+LN,+2,....N,+¢ -1

(26)

where, ¢; = a,—a;+c;, the status value can be predicted by the following
formula:
Xi(k+a;+ N, +plk —s)=Ax;(k+a;+ N,+p—1lk—s,)
+ Bk +a; + N,k —s;) 27)
p=2,3,..‘,Ny—Nu+c',-
Iterate the above formula to obtain (28):
Xi(k+a;+N,+p+1lk—s;)
N, .
= AT - LiC)R (k= sk — 5, — 1)

N, +7;
AP Ly (k= 5)

Ti
+ N, +7;—1+1
+ Y AT By (k41— s, — 1)
=1
N,+1

p+N,—I+1
+ Z 4

+ ZA” "Bk +a;+ N,k —s,)

(28)

Bi;(k+1+a; — 11k —s;)

At this moment, the state prediction of all agents has been completed.

4.2. Output prediction of ABS

The output vector is predicted based on the prediction of the
state vector, and the system output is predicted using the state space
expression (1), that is

Vilk + plk —s5;) = Cix;(k + plk — ;) (29)

where, p = —s; + 1,—s5; +2,...,7;, + ¢; + N,. Next, the prediction vectors
Yi(k+a; + 1|k —s;) and Y,(k + a; + 1]k — 5, — ¢;;) need to completed.
For the prediction of output vector Y;(k + a; + 1|k — s;), the output
predictor sub vectors y; at different times are obtained based on the
multistep state prediction expressions (23), (25) and (28), and then

sorted into matrix form:
Vik+a;+ 1|k —s)= Ic ( Ey%(k—s]lk—s—1)
+Fy yik = 5) + Gy Uj(k — 5;) (30)

+Hy Uk +a;lk = s,) )

where I¢, = [ON},X3E[ I3Nyx3Ny]~

N el Noieo
(A" 4-L,0) AT
T+N A2 T,+N 462
EYi i en A (A -L;C) FY, _ CA L
CiA,-Ti(Ai—LiC-) CAL,
- : 1 |
C‘.A]\;’ytf:?[ CAN;[-H«{— B, CAI]:}+T+C 2B,-
Gy = CA, A B, CA, y+chi w CA! AT .
CAB, CA?B, C fA,-T’ B,
ZNﬁH—Nu IC,AfB, CANy-m N“B C,ANY"'C' ]B
- )
Z[Z)—M+N CAB C[ANy+c Nl g CAN}H’ 5,
¥ CAB, cA%B, CANu+1B
Hy = A"B, AB,
CiBi CfAiB’- Ci/]‘\}' ull;i
C:B; cA B
CiBi

Following the derivation process of Eq. (30), the vector expression
of output prediction ¥;(k + a; + 1|k — s, — ¢; ;) can be obtained
Yik+a,+1k—s;—c;;) =Ig, ( Eyfk—s;—c;jlk—s;—c;—1)

+Fy,y,-(k—s,-—c,-j)+Gy‘U,-(k—s,-—c,-j) 31
+HYIU,-(k+a,-—c,-j|k—s,~—c,~j )

where, I¢, = [OSNyXS(E—c,-j) LETYRIS 03N},><3c,,]~

4.3. Sliding surface function vector prediction

Similar to the prediction of output vector, the prediction of sliding-
mode function vector can be obtained from the prediction value of state
vector

S5, (k+ plk —s;) = S, X;(k + plk = 5;) (32)
where, S, is the sliding surface parameter matrix

¢, 0 0 10

0
=[S, IL]=[0 ¢ 0 0 1 0
0 0 ¢ 0 0 1

S

S:

Through the prediction expression (25) of the second stage state vector
and the relationship between the sliding-mode function and the state
vector (32), the prediction value S;(k + g;|k — s;) of the N, + 1 step
sliding-mode surface function from step k + a; can be obtained:
Sik+ajk—s) = Eg (k= s;lk—s; = 1)
+Fg y,(k = 5)+ Gg Uk — 5,) (33)
+Hg Uy(k + a;|k = s;)

where
S AT,+N _I(A- —L~C») S Ar,+N IL,'
r,+N -2 ‘r,+N“ -2
£y = SA 4= L,C) Fy = SA L
— ._1
| SSI_A,.T’ (A,-—L-C-) SS[AI.T‘ L,
[ s, AYB, S, AB s, AN B,
Gy = S, A B, SSiAfV“B,- .S, A”*N )
| S, B, S,AB; SS,_A,T"’IB[
[0 S, B -~ S,AV'B
0 - S,A"7’B
HS,- = : X :
0 0 S, B;
0 o




4.4. Velocity and angular velocity vector prediction

The velocity and angular velocity vectors are predicted by (34)
0,0k + plk — 5;) = Vi&;(k + plk — s,) (34

where 0; = [0, 0,,.d; 1T are velocity and angular velocity prediction
vectors, respectively; V; is the extraction matrix of velocity and angular

velocity, the specific form is

i

0O 0 0 1 0 O
V=10 0 0 0 1 O
0O 0 0 0 0 1

Through the state vector prediction expression (25) of the second
stage and the relationship between the velocity vector and the state
vector (34), the velocity and angular velocity prediction vector V;(k +
a;|k — s5;) from step k + a; to step N, + 1 can be deduced:

Vitk + a;lk = s)) =Ey %;(k — 5;|k = 5; = 1)
+Fy itk = 5;) + Gy Ui(k — ;) (35)
+Hy Uk +a;k - 5)

where
(VA7 M 4, - L,0)
E, = VA"“" (A, - L,C)
7;—1 :
| ViA/) (4; - L,C)
VAT,+N _lL,
T,+Nu -2
Fy, = VA L
ViA,'T’_lLi
V,f]tv . VAt VA"“]:“ ;B[
u u 7t
G, = | VA 'B, V,-Ai' B,- VA B,
: : L
| vB V.AB, V,-A,-’ B,
[0 VB, Vil
0 VAN B,
Hy = :
0 0 VB,
0 0 0

4.5. Optimal design of controller cooperative terms

Based on (18) and (33), the control quantity prediction vector (35)
can be calculated as
Ok + a;lk = 5,) = = I, ( S, Vo (k +a)) = Vy (k + ap)
+ S, Sgn,sat(3,)(k + a;lk = 5;)
+ (S, Es, + 8¢, Ey)%i(k = s;lk — s, = 1)
+ (StiSi + SEiF‘/i)y,-(k —s;)
+ (8, Gs, + S, Fy Uik = 5,)

(36)

- S, Sk +a) )
Ly, (S Hg, + S, Hy)U(k + a|k = s,)
+ Gk +a;lk —s)

where S, (k + a;) represents the expected value of the sliding surface
function,

sxd,-(k +a;+N,)

i+ N,—1
Syt +ap =| e a T M= h

ssd/_(k +a;)

vy (k+a;+p) + vy (k+a; +p)
cy’dydi(k +a;+p+ vyd‘,(k +a;+p)
| ¢, P, (k + a; + p)+wg (k+a; + p)

Ssa,(k+a;+p) =

p=0,1,....N,.

Rewriting the expression of control prediction vector:
S,‘) = J’,‘(k -

where y;(k — s;) represents the sliding-mode predictive control law
improved by state prediction, which is used for the motion control of
single agent; M, (k + a;|k — s;) represents the part of the control law
related to cooperative control, which is used to maintain the formation.

U,k + a;|k — 5;) + M8 (k + a;|k — s;) 37)

yilk = 55) = = L,y M, ( —S, Vo (k+a) =V (k +a))
+ S, Sgn,sat(Sy, (k + a;|k — s;))
+ (S, Es, + o Ey)i(k = sk =5, = 1)
+ (S, Fs, + S, Fy )ik —s,)
+(S,Gs, +5,Gy)U (k- 5,)

(38)

— 8,84, (k+alk = ;) )

where, M; = (I + 1,,;. S, Hs, + I,,;, 5. Hy)~'. Make the performance
index function J;(k) derive from Ek + a;|k — s;) to get the minimum
value

- M;"Hy I, z

J€1

<Y(k+a +1lk=s; = ;)= Yy (k+a;+1)

—I¢, ( Ey#i(k=s;lk—s;= D+ Fyy,(k—s;)
+Gy Uk = 5,) + Hy Uik + a;lk — ;) ) (39
+Y, (k+a,+ 1) )

+W Bk + a;]k — 5,) =0

Further, the prediction vector of the cooperation term can be obtained

5 -1 TgyTyT
Clk+alk—s)=I7"M"HYIL
J€h;

=Yy (k+a;+1) = I, ( Ey&i(k—s;lk—s;=1)
+Fyy;(k=s;) + Gy U(k = s;)

Wi ( Y(k+a;+1lk—s;—c;;)
(40)

+Hyyi(k+ajlk—s5;) ) +Y; (k+a; + 1) )

where
L= Y WyM]H} I Ic Hy M; + W;1
jen i i
4.6. Stability and consensus analysis
For the sliding-mode controller based on exponential reaching law

(6), the system reaches the quasi sliding surface under the following
condition (Gao, Wang, & Homaifa, 1995).

[s(k + 1) — s(k)] s(k) < 0 (41)
which is a necessary but not sufficient condition for quasi sliding-mode

motion.

Theorem 1. For discrete systems (1) and sliding-mode functions (8), (14)
and (15), controller (16) will make the system reaches the sliding-mode
surface in a finite step to ensure the stability of the system.



Proof. Selecting the Lyapunov function.

Ok) = %sz(k) (42)
When the condition of (43) is satisfied
A0(k) = s*(k + 1) = s2(k) < 0, s(k) #£ 0 (43)

According to Lyapunov stability theorem, s(k) = 0 is the globally
asymptotically stable equilibrium surface, i.e., the state at any initial
position will converge to the switching surface s(k). So the arrival
condition will be taken as:

2k + 1) < s2(k) (44)

From the literature (Sarpturk, Istefanopulos, & Kaynak, 1987), when
the sampling time 7T is taken a small value, the discrete sliding-mode

existence and reachability conditions are
[s(k + 1) = s(k)] sat(s(k)) < 0, 45)
[s(k+ 1) + s(k)] sat(s(k)) > 0

By the known conditions gives before, exponential-based discrete
reaching law (6) satisfies that

[s(k + 1) — s(k)] sat(s(k)) = [—qT s(k) — €T sat(s(k))] sat(s(k))

(46)
= —qT|s(k)| — eT|s(k)| <0
Also, since the sampling time T is small, 2 — g7 > 0, then
[stk+1)+s(k)] sat(s(k)) = [(2—qT)s(k)—eT sat(s(k))] sat(s(k)) 7

=2 - qD)ls(k)| —eT|s(k)| >0

As the discrete reaching law satisfies the arrival condition, the system
can reach the quasi sliding surface in the finite step. Thus, s,(k),
s,(k), s4(k) are reachable, the control system will converges to the
switching surface s(k) at any initial position, the system sliding surface
stability.

According to the theory of sliding mode control, when the sliding
surface s(k) can be reached, the system state will move along the sliding
surface, that is, s(k) = 0. Since ¢ > 0, the signs of e(k) and s(k) are the
same. As a result, the absolute value of s(k) will decrease over time,
approaching zero. Since ¢ > 0, the sign of é(k) is opposite to the sign of
é(k), meaning that ¢(k) will also approach zero over time. Using s(k) = 0
and s(k) in the definition of the sliding surface s(k) = ce(k) + é(k),
we have 0 = cé(k) + é(k), as s(k) = 0, é(k) = —gs(k). Therefore, é(k)
is proportional to s(k), which approaches zero over time. Thus, &(k)
also approaches zero over time. Since é(k) approaches zero and é(k)
approaches zero, we can integrate é(k) to obtain e(k) as follows:

k k
e(k) = / é(ydr = =< / s(r)dz
0 £ Jo

Since s(k) approaches zero over time, e(k) will also approach zero over
time. Therefore, when s(k) is reachable, e(k) will approach zero over
time and eventually be zero, i.e. lim,_, , , |s(k)| = 0,e(k) = 0.

(48)

Remark. Based on (39), the predicted value of the collaborative term
%, is a continuous function about the weight matrix W;;, and when the
weight matrix W}, is a zero matrix, %, is a zero vector.

The distributed networked sliding-mode cloud predictive control
law designed in this paper is equivalent to the single agent control law
and the stability of both is the same. Yo > 0, 3y > 0, makes [|[W};|| < 1,
I€Il < o. That is, then the two norm of weight matrix W;; and the
collaborative term &, are small enough, the stability of the system will
not be affected. So, y;(t) > y, ast - o, Vi € w, that is, when the
reference output y, is bounded, the output y; is also bounded (Liu,

2020). This leads to
lim ||y;(®) - y;(Oll =0,Vj,i € N (49)
X—00

The above equation ensures the consensus of the output of all agents.
The distributed sliding-mode cloud predictive control scheme achieves
simultaneous stability and consensus.
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Fig. 5. NCS platform for ABS.

Table 1

The three ABSs related parameters.
Parameters ABS 1 ABS 2 ABS 3
Mass (kg) 19.5 19.4 19.0
Rotational inertia (kg m?) 0.198 0.195 0.210
Valve jetting force (N) 0.25 0.25 0.25
Radius (m) 0.15 0.15 0.15

5. Experiment based on ABS
5.1. NCS experimental platform

Experimentation is performed on the NCS platform. In the NCS
platform, the developed smartphone is used as the controller and the
actuator is the USR-C322 control board on the ABS. The sensor are
composed by the VICON motion capture cameras above the experimen-
tal platform. In the closed-loop control system, USR-C322 first receives
control signals through the network from smartphones and controls
the air valve voltage of ABS thrusters to realize air injection control.
Then the VICON camera captures the position information of the fluo-
rescent ball on the ABS and transmits the captured information to the
VICON server via Ethernet. Lastly, the server transmits the fluorescent
ball position information to the smartphone controller, which decodes
the fluorescent ball position information to obtain ABS position and
attitude information. The global block diagram of NCS experimental
platform is shown in Fig. 5. Table 1 shows the relevant parameters of
the three ABSs in the experiment.

5.2. Simulation test

In the simulation experiments, to demonstrate the path tracking
and formation control performance of the designed control scheme,
the three ABSs are given unit step signals set to the same reference
trajectory. The simulation results, x-coordinates, y-coordinates and at-
titude angle transformations of the three ABSs are put into three figures
respectively for comparison. From the simulation results in Fig. 6,
Fig. 7, and Fig. 8, it can be seen that the three ABSs are able to enter the
desired formation and maintain very similar attitude angle deviations
for cooperative motion after about 15 s of simulation, and the three
ABSs reach their desired positions and track on the reference trajectory
at 50 s. It can be seen that the designed distributed networked sliding-
mode cloud predictive control scheme can realize the formation control
of ABSs.
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Fig. 8. Simulation results of three ABSs attitude angle transformation.

5.3. Experimental of ABS formation control

The expected trajectories of the three ABS are shown in Egs. (50)-
(52) respectively. Setting up the three ABSs to run in fixed formation
with 1.5 m side length in equilateral triangle. The three ABSs com-
municate through the UDP module which is set in simulink during
the operation to complete the real-time cooperation of position and
attitude.

R, (t) = 0.8 — 0.007t

Ry, (1) =125 (50
Ry (=0

Ro(t) =2.1-0.007t

Ry (1) =05 (51
Ryp() =0

R 5(t) =2.1-0.007t

Ry5(H) =2 (52
Ry3() =0
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Fig. 9. X-coordinate tracking trajectory of ABSs.
Table 2
Start and target positions of ABS.
Coordinate ABS 1 ABS 2 ABS 3
X (m) 0.7 to -2.21 1.85 to —0.91 2 to -0.91
Y (m) 2 to 1.25 1.1 to 0.5 2.65 to 2
Angle (rad) 0.037 to O 0.037 to O 0.057 to O
Table 3
Controller parameters.
Parameter ¢, q, ' c, ¢, s £, €, £y
Value 0.02 0.02 0.3 0.15 0.15 0.2 0.005 0.005 0.01

Set the starting position and target position of ABS as shown in
Table 2. When the target position is reached the ABS starts to hover
with the previous formation.

The sampling time of the system is set to 0.2s, time delay parameters
a; =1, s; =1, ¢;; = 3. As the experiments are performed under the same
network, it is considered that the same type of delay in the system takes
the identical value. The weight matrices W;; and W, of the performance
indicator function are given as

30 0 0 1 0 0
W,;={0 20 0w, =[0 1 0fij=123
0 0 02 0 0 1

Due to the small individual differences of the ABSs and in order to
test the robustness of the designed controller, each ABS uses completely
equal parameters in the experiment. The parameters are given in
Table 3.

The desired position signals, actual position signals of the three
ABSs are shown in Figs. 9-11, and the x-axis, y-axis and attitude angle
tracking error signal curves are shown in Figs. 12-14. From the position
coordinate transformation, it can be seen that the three ABSs start to
converge and reach the desired position after a transition time of about
10 s. ABSs coordinate with each other to maintain the fixed formation
and moves along the reference trajectory after reaching the desired
position. Analysis of the steady-state error of each ABS yields Table 4.
During the ABS formation control experiment, there are external dis-
turbances, such as the effect of dust on the marble platform against
the planner air bearing, the disturbance of each ABS thruster, and the
change of ABS own counterweight, etc. The experimental error will
increase compared to the simulation error. From the transition phase
of formation, it can be seen that the tracking reference track fluctuates
significantly, but because of the collaborative control of ABS, it can
quickly adjust to the desired state. The final steady-state error is kept
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Fig. 12. X-coordinate signal error.

within the controllable range. This proved that the designed distributed
networked cloud prediction sliding-mode controller can ensure the
control accuracy of the controlled agent through the communication
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Table 4
ABSs steady-state errors.
Coordinate ABS 1 ABS 2 ABS 3
X (m) 0.025 0.025 0.025
Y (m) 0.015 0.02 0.02
Angle (rad) 0.05 0.05 0.05

between controllers. The experimental results show that the SMCPC
scheme designed in this paper achieves the following results in the
realization of formation control: The goal of reducing individual steady-
state errors is achieved through distributed coordinate control; Making
the controlled agents form the desired formation faster; The controlled
agents form the formation with better cooperation and improved the
robustness of the system. These are consistent with our original design
intent and design goals.

6. Conclusion

In this article, distributed sliding-mode cloud predictive control
for NMACS is investigated. A distributed SMCPC control scheme is
designed which combines the advantages of both SMC and CPC control
methods to realize the formation control of NMACS and compensate
the communication delay between cloud nodes. The optimal design
of the cost function ensures that the SMCPC achieves the desired



control performance in multi-agent formation control. The feasibility
of the control scheme is verified by stability and consistency analysis.
Finally, the effectiveness of the control scheme in practical applications
is verified by ABS formation control experiments. In this article, we
only preliminarily study the distributed sliding-mode cloud predictive
control of NMACS with fixed delay. However, there are still problems
such as network attacks, random perturbations, variable topologies,
and variable network delays in NMACS. To resolve these commonly
existing problems in NMACS, the proposed distributed sliding-mode
cloud predictive control scheme still needs further research.
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