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ABSTRACT A cloud control system (CCS) is inherently uncertain due to the dynamic services and resources
in cloud computing. In this paper, an approach of modeling and controller design for CCS is proposed that
considers the uncertainties existing in the controlled plant, network, and controller simultaneously; then,
a general framework for modeling and controlling uncertain control systems is constructed. First, a typical
CCS structure is presented, and the uncertainties in the CCS are analyzed and decomposed. On this basis,
a generalized uncertain state-space model is established, which includes the interval controlled plant and the
stochastic network, considering the time-delay and packet loss. Meanwhile, the cloud controller model with
interval parameters and stochastic time-delay is designed, which includes the state observer and control law.
Then, based on the Lyapunov stability theorem and the linear matrix inequality (LMI) method, a stability
criterion for obtaining the parameters of the cloud controller is proposed, in which all the results are expressed
in the form of the LMI. Finally, simulation results show the effectiveness and generalization performance of
the designed cloud controller.

INDEX TERMS Cloud control system (CCS), cloud computing, cloud controller, uncertainty analysis, linear

matrix inequality (LMI).

I. INTRODUCTION
The rapid development of information and communication
technology and its deep integration with the manufacturing
industry have led to major changes in the manufacturing
mode, manufacturing process, manufacturing means, €cosys-
tem, etc., and traditional industrial control technologies are
facing a new challenge. At present, the conventional con-
trol systems, including the integrated control system (ICS),
distributed control system (DCS), fieldbus control system
(FCS), and networked control system (NCS), have their own
advantages and scope of application, but the common prob-
lems are shown in their high cost of construction, operation,
and maintenance, and the inflexible replacement of the con-
trol algorithm [1]-[3]. In recent years, the emergence of cloud
computing [4] has brought new ideas to industrial control.
Cloud computing provides dynamically scalable and inex-
pensive distributed computing capabilities through the net-
work and includes parallel computing, distributed computing,
and grid computing [5]. Cloud computing is the result of
the hybrid evolution of the concepts of virtualization, utility
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computing, infrastructure as a service (laaS), platform as a
service (PaaS), and software as a service (SaaS) [6], [7],
which can reach 10 trillion operations per second. In an actual
cloud computing system, many computers are connected
through the network and virtualized into a configurable
shared resource pool including computing, software, data
access, and storage services. Then, the computing tasks are
loaded into the resource pool to complete the calculation [8].
End-users can use it without knowing the details of actual
cloud infrastructures, having the corresponding expertise,
or knowing the physical location and specific configuration
of the service provider. In this system, computers and other
devices provide a service through the network, which enables
users to access and use them for resource sharing, software
use, and information reading, as if the devices were installed
locally. With the continuous improvement of the processing
capacity of cloud computing systems, the processing burden
of the user terminal can be reduced. Finally, the user terminal
can be simplified as a pure input and output device, and the
user can purchase services on demand.

In the industrial control scheme, cloud computing is intro-
duced to form the cloud control system (CCS) to realize the
interaction between computing and control theory [9]. In the
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cloud, various intelligent learning algorithms, advanced con-
trol algorithms, and data-driven modeling methods can be
used to realize the autonomous intelligent control of the
system while using high-speed communication channels to
ensure the real-time control of the system [10]. The control
strategy can be provided as the cloud computing service, that
is, the idea of ““control as a service (CaaS)” [11], [12], which
allows the execution of intensive algorithms in the cloud [13].
The most typical feature of CCS is that the controller algo-
rithm is placed in the cloud to form the cloud-based remote
control. If the cloud is replaced by a computer, it has a typical
NCS structure. Therefore, the CCS will be the next generation
of remote control systems after NCS. Due to the virtualization
of the controller and the reduction of the hardware and related
labor costs, the CCS can significantly reduce the cost and
time of the building control system [14] and can flexibly
select the control algorithm in the cloud controller according
to the different states of different controlled plants to realize
“‘customized’ control.

The characteristics of cloud computing, such as virtual-
ization, multi-granularity (node), dynamic scheduling, and
soft computing, make it more efficient, open, and scalable.
However, there are deficiencies in security, reliability, com-
puting, and communication performance. These issues make
cloud computing uncertain [15], adding a new challenge to
the design of CCS. Reducing the impact of uncertainty on the
performance, reliability, security, and robustness of CCS has
become a new research topic. This can be studied from two
aspects. First, we can put forward novel dynamic resource
management strategies, security protection strategies, cloud
infrastructure improvement strategies, and service software
optimization from the perspective of cloud computing, and
improve the performance of CCS by continuously improving
the quality of cloud computing, that is, control of the cloud,
which is the main research direction at present [16]. Second,
from the control point of view, we can design the control algo-
rithm with enough robustness to compensate for the impact
of uncertainty, fully considering various uncertainties (cloud
computing, network transmission, etc.), so as to improve the
performance of the CCS, that is, control through the cloud.
However, there is currently less research in this area.

As an extension of NCS, the concept of cloud control sys-
tem was discussed in [2], [17], and a rudiment of cloud control
system was proposed. Furthermore, the advantages and chal-
lenges of cloud control system were introduced in [10], [18].
Mahmoud MS et al. proposed the architecture of the indus-
trial automation system based on the cloud [19], as well
as the possible problems of network time-delay, data loss,
and vulnerability to attack [20]. Some scholars have studied
the security problem of the CCS where the physical net-
work between cloud and control system is attacked, and put
forward defense strategies to resist these attacks [21]-[23].
In [24], an interactive real-time SCADA platform for the
CCS was proposed to receive and monitor scalar and matrix
data from different cloud nodes in real time and adjust
the parameters of the CCS online. In [25], the parallel
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processing performance of the CCS was analyzed and opti-
mized by using the maximum plus algebra method, according
to performance indices of the parallel processing system,
such as the clock period, throughput, and task completion
time. Reference [26] analyzed the network communication
requirements of the CCS under different usage backgrounds,
and proposed solutions. In terms of cloud control applica-
tions, a visual feedback CCS was proposed in [27], using
the powerful cloud computing to extract and analyze image
features; the authors also analyzed the time-delay caused by
the addition of cloud characteristics and proposed a switching
gain control strategy for the influence of cloud characteris-
tics. In [28], [29], a new virtual cloud laboratory education
platform was proposed; it used a cloud storage platform to
share learning materials and enable students to remotely con-
trol the virtual machine to perform experimental tasks. The
intelligent transportation cyber-physical CCS was designed
in [30], [31]. It can accurately predict short-term traffic flow
and road congestion, and then obtain a real-time traffic flow
control strategy through an intelligent optimal scheduling
algorithm in the cloud. A cloud robot architecture was pro-
posed in [32], enabling robots to share computing resources,
information, and data with each other in the shared resource
pool in the cloud, and to access new knowledge and skills.
In [33], preliminary work of low-level motion control of a
desktop 3D printer from the cloud was introduced. Through
the cloud control algorithm provided by CaaS, the con-
trol performance of desktop 3D printer can be significantly
improved at a low cost. Ultimately, the research and applica-
tions of the CCS are in preliminary stages. In [34], we pro-
posed that the uncertainty of cloud computing would cause
uncertainty of the cloud controller and affect the stability of
the system, and used the Lyapunov stability theory [35]-[37]
to design the controller to make the system stable. This paper
focuses on the modeling and controller design of the discrete
CCS with various uncertainties from the control point of view.

The contribution of this paper is mainly reflected in three
aspects. First, we propose the basic framework of the CCS
and the uncertainty decomposition strategy to simplify the
modeling and controller design of the CCS. Second, the con-
troller uncertainty is further elaborated and modeled accord-
ing to the characteristics of the cloud control. Compared with
the existing control system, it is a novel approach to controller
design. Third, we propose a unified control system design
framework with uncertainties including the controlled plant,
network, and cloud controller; then, the corresponding math-
ematical model is established, and the controller is designed
based on the stability principle.

The remainder of this paper is organized as follows.
Section II presents a typical structure of the CCS and the
uncertainty of CCS is analyzed and decomposed. Then in
Section III, the model of uncertain CCS is given, consid-
ering the uncertainties existing in the controlled plant, net-
work and cloud controller. In Section IV, the main results
including stability analysis and controller parameter solution
are presented. Section V conducts the CCS simulations for
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two typical controlled plants, demonstrating the effectiveness
and generalization of the proposed method, and Section VI
concludes this paper.

Notations:  Throughout this paper, R" denotes
n-dimensional Euclidean space, R"™™ is the set of all n x
m real matrices, I denotes identity matrix of appropriate
dimension, and “*” denotes the transposed matrices in the
symmetric positions. The notations X > Y and X > 7Y,
where X and Y are matrices of the same dimensions, mean
that the matrix (X — Y) is positive definite and positive semi-
definite, respectively. The interval matrix [A, A] is defined
as [A,A] = (A = [ajlia; < a5 < @, 1 < i,j < n},
where A = [C_l,-j]nxm A = [Gjjluxn. and satisfies a; <=
ajj. Pr{-} means mathematical probability, E{-} stands for
mathematical expectation and Var{-} denotes the variance.

II. TYPICAL STRUCTURE AND UNCERTAINY
DECOMPOSITION OF THE CCS

In this section, first we introduce the basic concept and typical
structure of CCS. Then, the uncertainties in the CCS are
analyzed, and a decomposition strategy is proposed.

A. CLOUD CONTROL CONCEPT AND TYPICAL STRUCTURE
Reviewing the conventional control system design and the
various control systems used, that is, from ICS, DCS, FCS
to NCS, the software and hardware configuration are mainly
around the core of “controller”’. The engineer’s focus is the
computer which runs various control algorithms, while the
controlled plant (or process) is generally placed at the far
end. However, the core idea based on cloud computing is
to design the control system around the controlled plant (or
process). Engineers can put various controllers (control algo-
rithm, optimization algorithm, etc.) in the distant “cloud”
to form a cloud controller [38], while the controlled plants
only need to send the real-time detection signals and receive
remote control signals through the highspeed network. The
engineers can monitor the running status of the controlled
plant in real time through a mobile device (such as a mobile
phone) or a computer.

The CCS is structured as deep integration of cloud
computing and a cyber-physical system. In [9], [14],
a cloud-based automation architecture is proposed, which
essentially relaxes the existing systems layers and reflects
the relationship between each component and the layers in
the industrial automation system. However, the CCS is an
extension of the NCS and a new generation computer control
system in the future. Therefore, we simplify and abstract the
CCS as the basic structure of the computer control system
from the control point of view, which divides the CCS into
four parts, including controlled plant, network channel, cloud
controller, and monitoring terminal as shown in Fig. 1. Com-
pared with [9], [14], we can use the existing control theory to
understand and analyze it more simply and easily.

The database, control algorithm library, optimized algo-
rithm library, etc., are constructed on a cloud server, con-
nected to each other and managed through server software
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FIGURE 1. General structure of the CCS.

in the cloud. In the generalized controlled plant part, the top
layer is the Internet communication interface, while the mid-
dle layer includes the sensor and actuator, and the bottom
layer is the controlled plant itself. Each state variable of the
bottom controlled plant is acquired by the sensor in real-time
and sent to the cloud server; the actuator receives the control
order from the cloud and then performs real-time control on
each operating variable. For supervising the running state of
the controlled plant in real-time, the monitor can be a mobile
device terminal (such as a mobile phone) or a computer.
The network is the Internet, connecting the cloud and the
local controlled plants as well as the monitor and exchanging
information among them.

This structure can effectively overcome problems such
as the inflexible update and replacement of control algo-
rithms and more requirements on system hardware, mak-
ing the control system design more flexible and convenient.
Without increasing the hardware cost, the cloud can identify
the different characteristics of the controlled plant model
according to a large amount of data about the controlled plant
and the decision information obtained from big data mining
in the cloud, so as to automatically select the appropriate
control algorithm for engineers from the control algorithm
library and optimization algorithm library. Engineers can also
manually select the appropriate control algorithm or upload
the control algorithm to the cloud according to the actual
operation of the controlled plant in the industrial field; In this
way, “‘customized” control is realized.

However, due to the uncertainties existing in the controlled
plant, network channel, and cloud computing, the CCS is
actually an uncertain system. The modeling and control of
CCS are more complex and challenging due to the existence
and high complexity of various uncertainties, compared with
the previous control system. Next, we will analyze the uncer-
tainties in CCS and decompose them.

B. UNCERTAINTY ANALYSIS OF CONTROLLED

PLANT AND NETWORK

Due to the influence of internal parameter perturbation,
parameter measurement error, identification error, and other
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factors, the parameters of the actual controlled plant in the
industry are often uncertain. In fact, we can say that most
control systems are uncertain ones. Although uncertainty
does not often change the system structure, its existence
degrades the performance of the controller designed on the
nominal system and can cause system instability. In most
cases, the upper and lower bounds of parameters are easy to
know, and therefore the interval number can be used to con-
veniently express the uncertain parameters of some control
systems. In fact, considering the uncertainty of the controlled
plant in the CCS, the designed controller will have a wider
range of applications.

The cloud controller must communicate with the sensor
and the actuator through the network, and the communication
network has transmission time-delay, packet loss, timing dis-
order, and other uncertainties, due to congestion, equipment
failure, network load [39], and other reasons, which will
affect the performance and stability of the CCS. Besides,
there are two different features in the network of the CCS.
First, when modeling and controlling the control system,
we must consider bilateral delay; however, in NCS, we can
sometimes only consider the unilateral delay [40]-[42]. Even
if the bilateral delay is considered in NCS [43]-[45], the net-
work delay in CCS may show different characteristics due
to the uncertainties of cloud computing itself. Second, due to
the dynamic scheduling of resources, the uncertainty of cloud
computing itself often leads to the time-related uncertainty of
the cloud controller itself. This leads to the influence of the
forward and feedback channel time-delays being different,
and therefore, they cannot be simply combined into a single
time-delay like in the NCS [46], [47].

C. CLOUD UNCERTAINTY ANALYSIS

As aforementioned, cloud computing also has many uncer-
tainties due to dynamic resource scheduling [48], such as
random computing delay, packet loss, and timing chaos. The
existence of these uncertainties will cause the uncertainties of
the cloud controller, among which the impact of time-delay
on the cloud controller is most prominent.

The cloud controller is put in the cloud far away from
the physical system, and due to load balancing, distributed
computing, massive data processing, and other requirements,
the data transmission delay between nodes and calculated
delay of each node in the cloud [49] are larger than that of
the NCS, and their randomness is more complex. At this
time, the computing time-delay of the cloud controller cannot
be simply included in the network time-delay, nor can it be
ignored.

Although the reliability of the cloud is much greater than
that of the network in general, it is inevitable that network
congestion, connection interruptions, and channel interfer-
ence will occur in the process of receiving and sending data
packets, resulting in data packet loss. The communication
information between nodes includes not only the data infor-
mation required by the relevant calculation, but also the
controller parameters, structure, control variables, and other
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FIGURE 2. Uncertainties decomposition diagram of the CCS.

information. Therefore, the packet loss at the cloud will not
only cause the loss of the relevant sampling data, but also
cause the loss of the relevant information of the controller,
which is different from the packet loss at the network, result-
ing in the uncertainty of the controller itself.

In addition, external attacks or interference may also cause
cloud data to be leaked or tampered with artificially [50],
which means the parameters and structure of various control
algorithms placed in the cloud are changed, reducing the
control effect without the cloud monitoring system noticing.
This requires the cloud controller to have a certain degree of
non-vulnerability so that the controller can hold the system
stable when it is disturbed.

D. DECOMPOSITION STRATEGY OF CCS UNCERTAINTY
The CCS can be considered as the integration of cloud com-
puting and the NCS, including all the characteristics of the
NCS. The NCS itself has uncertainties of the network and the
controlled plant. The CCS further increases the uncertainty
by introducing cloud computing. The mixture of many uncer-
tainties makes the modeling and control of the CCS more
complex and difficult.

Therefore, in order to facilitate the analysis, this paper
decomposes the uncertainties of the CCS, as shown in Fig. 2.
It is considered that there are mainly three kinds of uncer-
tainties in the generalized CCS: cloud controller uncertainty,
network uncertainty, and controlled plant uncertainty, which
together constitute the uncertainty of the whole system.

The advantage of this decomposition strategy is that it
can make full use of the existing theoretical results of the
NCS (including the network side and the controlled plant
side) and concentrate on the uncertainty analysis of the cloud
controller. On this basis, the three uncertainty models can be
effectively combined according to some principles, thereby
simplifying the complexity and reducing the difficulty of
modeling the CCS with uncertainties.

ill. CCS MODEL

In this section, the state-space model of a generalized uncer-
tain controlled plant with the network delay and packet loss is
established, and the cloud uncertainty is considered to obtain
the cloud controller model including an observer with uncer-
tain parameters and control law. Finally, the state equation
of the closed-loop CCS is constructed based on these two
models.

A. UNCERTAIN PARAMETERS SETTING

The structure of the discrete CCS considered in this
paper is shown in Fig. 3. In the CCS, the time-delays
of network channel and cloud controller are time-varying,
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FIGURE 3. The structure of the discrete CCS with uncertainties.

so they are represented by three independent discrete
Markov chains, here rk ,rk , and rkc respectively denote
the feedback channel time-delay, forward channel time-
delay, and cloud controller time-delay, which take val-

ues from @ = {0,--- ,rlf,lc},? = {0,---, 7y},
A = {0,--- ,t,f,,}, respectively. The transition probabil-
ity matrices of 7}, 7y, and 7} are I = [apl, o =
[Gerl, TIe = [veql, respectively, where pap, Oef, Vea are
respectively defined as w,, = Pr{ux+1 = blur =a},
Oof = Pr{oyy1 = flox = e}, vy = Pr{vk+1 =d |y =c},
T
and pgp = anf > 0,vq >0, Z,uab =1, Zaef =
b=0 £=0
Ty

1, > veg = 1. The sum of forward time-delay and controller
d=0
time-delay cha_ch takes values from Y = {0, - - - , ;7 +15,}.

The transition probability matrix is [1gqe = [0,], Which

can be obtained from the transition probability matrices

of forward time-delay and controller time-delay, where

Omn 18 defined as oy, = Pr{oxy1 = nlox =m}, and
o+t

Omn = 0, Z omn = 1.

It is usurallTl(;/ difficult to obtain all transition probability
of the time-delay, so it is assumed that there are unknown
elements in the transition probability matrix. For notational
clarity, Vb e Q, let Q@ = Qf + QF,, with Q] =
{b 1 papisknown}, Qf, = {b : pgpisunknown}. If Qf
is not an empty set, it can be further represented as Qf =
{Q4, Qg cee Q;}, where SZ; represents the subscript of the
pth known element of the ath row of the matrix TTg. 2,
can be described as Q¢ e = {Qul, , Qﬁ(M_p)}, where
Qu( M—p) Tepresents the subscript of the (M — p)th unknown
element in the ath row of matrix IT,.

Similarly, ¥d € A, let A = A + Ay, with

. = {d : veqisknown}, A, = {d : vcqisunknown}.
If Af is not an empty set, it can be further represented as
AL = {Af, Ag -+, A%}, where A¢ represents the subscript
of the rth known element of the cth row of the matrix IT,.
A¢, can be described as Aj, = {Af , A€

- ul’ u(M—r)}’
where AZ(M_” represents the subscrlpt of the (M — r)th
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unknown element in the cth row of matrix I1.. Vim € Y, let
T = Y+ Y, with Y' = {n : opyisknown}, Y], =
{n : omnis unknown}. If T,i” is not an empty set, it can be
further represented as Y} = {Y{', Té", -+, "}, where
Y;" represents the subscript of the rth known element of
the mth row of the matrix ITeqqc. Y} can be described as
T = {7 . ’TZZM—:)}’ where TZZM—;) represents
the subscript of the (M — t)th unknown element in the mth
row of matrix [T c.

In Fig. 3, when the switch of the feedback channel or the
forward channel is closed, it indicates that the data packet of
the corresponding channel is successfully transmitted; other-
wise, the packet loss occurs. Therefore, independent random
variables oy, By are used to represent packet loss of feedback
and forward channel, respectively, which obey Bernoulli dis-
tribution. When the value of the random variable takes 1,
it means that the data packet is successfully transmitted;
otherwise, packet loss occurs. Random variables satisfy the
following characteristics

Priog = 1) = Efag) 2 @, (1a)
Priogy =0} 2 1 —a, (1b)

A

Qi

Var{og} = E{(ax — @)% = (1 —@)a 2 o2, (Ic)
Prifi = 1) = E{B) = B, (1d)
Pr{f =0} 21— B, (1le)

Var(p) = E{(B — B’} = (1= BB 2 g1, (1f)

E{Bi— By =EB)—B=B—-B=0, (1g)
E{(ax — @)} = 0. (1h)

B. STATE EQUATION OF THE CLOSED-LOOP CCS
The state-space model of the discrete controlled plant is

Xkr1 = Axg + Brug

— Cx. ©))

where x; € R",u;y € R™,y; € RP are the state, input, and
output vectors, respectively. A; € R"*" and By € R™ are
the interval parameter matrices with the appropriate dimen-
sions, thatis, Ay = [A, A1], By = [By, B1], and C € RP*" is
a constant matrix with the appropriate dimension. According
to relevant theories of interval analysis [51], it can be obtained
that

Ag = %(41 +A)), (3a)
By = %(51 +By), (3b)
AA; = %(Kl —Ay) = (@] Pnxns (3c)
AB| = %(Fl — B)) = (] j)nxm: (3d)

where Ag and By are the system matrix and input matrix of the
nominal system, respectively. Then, A| and B can be written

asA| = Ao+ D1F1E, By = By + D> E>, where
Dy = [aT,llll’ Tt aT,lnll’ T aT,nnln]nxnz’

(4a)

*
al,nlln’ -
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Ey=1[1, -l A, L)l (4b)

D, = [bT’UIl’ Tty bilmllv R bTynllna RS T’nmln]nxnm’
(40)

E2= [119""Inr"'allr"Uln]y{mxrp (4d)

where I; denotes the ith column vector of the identity matrix,
and F| and F, are the time-varying diagonal matrices with
appropriate dimensions, and the absolute values of their diag-
onal elements are not larger than 1.

In the control system, all or part of the state cannot be
directly measured, and the state observer can be described as

X1 = Aok + Boitg + L ()_’k - Olkj\’kfr,fc)
Yk = Ciy,

&)

where Xy is the state vector of the observer, yi is the output
vector of the observer, L is the observer gain matrix, y
and u; are system output and control input vectors sent to
the observer, respectively. Olk)A’k—zgf is the output value of the
observer corresponding to y, which is used to correct the
state reconstruction. In addition to time-delay, other uncertain
factors, such as packet loss and external disturbance in cloud
computing, may change the parameters of cloud controller.
Therefore, it is assumed that A, € R"*", By € R™™ are the
interval parameter matrices with the appropriate dimensions,
whose median values are the same as that of the nominal
system, but the widths are different, that is, Ay = [A4,, Ay,
By = [B,, Bl Similarly, it can be obtained that

Ao = 3y +72) = S(A, +A0) (6a)
By = %@2 +B) = %@1 +B1), (6b)
AAy = %(Kz —Ay) = (@3 s (6¢)
AB, = %(Ez — By) = (b5 s)nxn- (6d)

Then, A, and B, can be written as Ay = Ag + D3F3E3,
By = By + D4F4E4, where

D3y = lay i1, -+ @ 00 a5 idns - 3 @ Il
(7a)
Ey=1[I, -l At Ll (7b)
Dy = [b5 1111, -+ b5 01, - b5 s =+ 5 5 Innscnms
(70)
Ey = [11,...,1n,...,11,...’1n]£mxn, (7d)

where I; denotes the ith column vector of the identity matrix,
and F3 and F4 are the time-varying diagonal matrices with
appropriate dimensions, and the absolute values of their diag-
onal elements are not larger than 1.

The output of the controller considering the time-delay of
the cloud controller can be expressed as

i = K ®)
where K is the gain matrix of the control law.
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Considering network time-delay and packet loss, the sys-
tem output sent to observer and control input received by
actuator can be expressed as

Y = Yk ©))
U = Prltg—gea = PrKXp—rea_re. (10

State estimation error and augmented matrix are respec-
tively defined as

e =)Ck—)ek, (11)
T
& = [kae,Z] . (12)

The state equation of the closed-loop CCS can be obtained
from (2) - (12).

Exi1 =A& +ap L LCE— g ABK by P BK 36—y, (13)

- Ay 0 0] =
where A = [Al—lAzAz]’h = | ,C = [O—C],
. 0 . B
B = Bzi|,12 = [-11],B = B: o= [1-1],

¢k:rk9(pk=t]f9wk:t]€a+r]§~ o
Because A;, B, Az, and B, are interval matrices, A, B, and
B can be expressed as

A=Ay +DiF\E;, B=By+ D)F>Es,

B = By + D3F3E3, (14)
~ . Ag O ~ . Dy 0O ~ .
where Ap = |:0 A01| ,D1 = |:D1 D i| JFr =

3
FL0] = [E 05 [0l [0 2
[0 F3}’El_|:—E3 ES]BO—[BO},Dz—[DJ,Fz—

Fa, Ey = E4, By = Bo ,D3 = D ,F3=F,E3 = E).
By Dy

IV. MAIN RESULTS

In this section, the main results of this paper are presented.
Firstly, the following definitions and lemmas are given. Then,
the theorem about the stability criteria of the CCS is given
on the basis of the Lyapunov theorem. And the linear matrix
inequality (LMI) method is adopted to obtain the parameters
of the cloud controller.

A. RELATED DEFINITIONS AND LEMMAS

Definition 1 ( [52]): For any initial system state &y and
initial time-delay mode ¢ € Q2,99 € A, Yo € T, if there
exists a positive definite matrix W, such that

E { > &P g0.00.v0 } <& W& (15)

k=0
the closed-loop system (13) is said to be stochastically stable.
Lemma 1 ( [53]): For any positive definite matrix H and
two scalar 6, 9y satisfying & > 6y > 1, the following formula
always holds:
6 Ty 0
S| HY vo<@—6+1) ) viHv, (16)

=0y p=0y p=0
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Lemma 2 ( [54]): Given real matrices M = MT, H and
E with F(r) satisfying F(t)FT(t) < I, then M + HFE +
ETFTHT < 0, if and only if there exists a positive scalar
& such that

M+eHHT + ¢ 'ETE <0 (17)

or equivalently

M eH ET
eHT —el 0 | <0 (18)
E 0 —el

B. STABILITY ANALYSIS

In this subsection, a stability theorem will be stated, which
gives a sufficient condition for the stochastic stability of the
closed-loop uncertain CCS.

Theorem I: Under the presented control law (8), the CCS
(13) with uncertainties is stochastically stable if for given
scalars 0 < & < 1,0 < ,3 < 1, there exist matrices
K, L with proper dimensions and symmetric positive definite
matrices Rqepy > 0, Rpgy > 0,P1 > 0,Py > 0,P3 > 0,
Py > 0,Ps > 0,Ps > 0,01 > 0,0, > 0,03 > 0,
such that the following matrix inequality (19) holds for all
a,be Q,c,de A,m,ne Y.

[Ty, % % =% * * *

I Iy % % * * *

I3 I3p I3 % * * *

Fé Iy1 Tap Tyz Tyg * * * <0 (19

0 O 0 0 —P1—0 * *
0 0 O O 0 —Pr—0 *

L 0 0 0 O3 0 0 —P3—Q3_

where

T11 = AT RpanA — Raem + P1 + P2 + P3 + (dy + 2)Py
+ (pm +2)Ps + (Y +2)Ps + iy (A—DT 01 (A1)
+ oy A =D A - D+ YA —D'03(A - 1)
—01—02—-03
21 = @ LO) RpanA + ¢y @i LOYT Q1(A — 1)
+ 93 @ LC) QA — 1)
+ ¥ @ LE) 03(A — D+0y
My = (Ol% + O_lz)(llLC‘)TRbdnllLC
— Py + ¢F(a? +@HULC) Q1LLC
+ @y (e + @) L) 0l LC
+ ¥y (af + &) LC) 03[ L -20;
31 = (BKD) RyanA + ¢ (BK L) 01(A — 1)
+ ¢y (BKL) 02(A — 1)
+YEBKL) 03A -1+ 0,
'3 = (BKIQ)TRbdn&hLé + (f)/%,,(BKIz)TQ]&]]LC‘
+ 93 (BK L) 02ali LC+ Y (BK )T Q3ali LC
33 = (BKL) RpanBK I — Ps + ¢ (BK )T 01BK I
+ ¢y (BK L) 02BK L+ iy (BK L)' Q3BK 1, —20,
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T41 = (BBKI) RypanA + ¢1%4(/§1§K13)TQ1(;\ =1
+ ¢ (BBKI3)02(A — 1)
+ Vi (BBKL)' 034 — D+03
T4 = (BBKL)" Rpant| LC
+ ¢4 (BBKI3)" Qa1 LC
+ 03 (BBK13)T Qa1 LC
+ v (BBK L) Qsal LC
T43 = (BBKL) RpgnBK I + ¢3,(BBKI3)T Q1BK I
+ 9y (BBKI3)T 02BK I + v (BBK I3)" 03BK I
Ta = (B + BH(BK I3) Rpan BK I3 — P
+ 3 (B + BHBK L) 01 BK I3
+ 3 (B + BH(BKI3) 0, BKI;
+ ¥ (BT + B*)BKI3) 03BKI3 — 203
oM oM Ym

Rpan = Z Z Z MabVed TmnRodn-

b=0 d=0n=0

Proof : As shown in Appendix A.

C. SOLUTION OF CONTROLLER PARAMETERS
The matrix inequality in (19) is bilinear, which needs to be
converted into LMI to obtain the control law gain matrix K
and the observer gain matrix L, thus, Theorem 2 is given.
Theorem 2: Under the presented control law (8), the CCS
(13) with uncertainties is stochastically stable if for given
scalars 0 < o < 1,0 < ,3 < 1, there exist matrices
K, L with proper dimensions, symmetric matrices Ry, >
0,8a: > 0,P1 > 0,P, > 0,P3 > 0,Py > 0,P5 >
0,Ps > 0,01 > 0,0, > 0,03 > 0 and real scalars
1, €2, €3, €4, €5, €6, €7, €8 > 0, such that the following linear
matrix inequality (30) - (37) hold for all a,b € Q,c,d €
A,mneT™.

™ nvo Eg * * ok ok %
Xogagrp Wogagry % %k
e1DT 0 —el x  x % 0
(~) 81DST2;§A;T;(" 0 —e1l * % <
E 0 0 0 —gl =
_EQZA;“Y‘]:” 0 O 0 O —811_
(30)
[ wuo B * * ok ox k|
Xogagry Yogagxp * % % x
e,DT 0 —&l % % 0
(~) EZDTS;ZA;,(T,:" 0—eyl * % <
E 0 0 0—&l =
_EQZAzk m 0 0 0 0-—e]
Vd € A}, (31)
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[ uvEp * * * * *
Xogagry Woragry o+ % %k
e3DT 0 —e3l x  x  x 0
(~) 83DQ§A,€T;”,‘, 0 —e3l =x* *
E 0 0 0 —el =«
_EQZAIL{‘TZ;{ 0 0 0 0 —831_
Vne ) (32)
[ u&o * x ok x k|
Xogag i Vagag oy * * %
e4DT 0 —eal x % % 0
0 &4DT O—esl % * |=
R VR 4
E 0 0 O0—e4l %
_EQzAZkT;'}c 0 0O 0 O —841_
C m
Vd € AS,, VneXY! (33)
[ vo &g * * % % x|
Xagagry Vagagry  * %k
esDT 0 —esl % x  x%
0 ESDQakA;;T]:n 0 —esl x* x |= 0
- U
E 0 0 0 —e&sl =«
_EQZkAETIT 0 0 0 0 —esl
Vb e Q4 (34)
[ vEp * * % % x|
Xagagrn Yagagry & o % %
eeDT 0 —e6l * x  x 0
0 86DQ$/<A2T:/L< 0 —egl x* *
E 0 0 0 —egl =x*
_EQZk AST™ 0 0 0 0 —861_
VbeQh, VneYh (35)
[~ o0& * x ok ok k|
XagagxpWayagxy * & % x
e7DT 0 —&l x *x = 0
0 e&DL O0—g7l * *x |
R R v !
E 0 0 0—e&ql %
_EQZkA;kTI’cn 0 0O 0 O —871_
Vb e QY, Vde A (36)
B Eo * % ok ok k|
Xagagop¥ayagry * % ox
egDT 0 —egl *  *  x 0
0 &DL, .. O—ggl * * | =
o 8anagrn U8
E 0 0 O—egl *
_EQ‘MZk AC Y™ 0 0 0 0 —881_
VbeQ, VYdeA, YneY) (37

where the definition of parameters in (30)-(37) is given in

Appendix B.

Proof : Equation (19) can be converted to (38).
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= =2l =-lg
3 S31 T Sy By B4l

- xTw-lx <0

(38)

where
N * * * * x|
01-P—-20, = * * * *
(0)) 0 P20 * * * *
E11=| 03 0 0-P—20; = * * ,
0 o1 0 0—-P1—01 = *
0 0 & 0 0-P-0r =
| O 0 0 [0} 0 0 —P—0s |
E11 = —Ruem+P1+P2+P3 + (¢ +2) Pa+(gu +2) Ps,
+ (Ym +2)Ps— Q1 — 02 — 03,
o1 = ¢uX, E31 =ouX, B4 = ¥uX,

Ex = diag{-07'-07'-07"} .
B33 = diag{-0'-@"-0 '},
Bu = diag {~07'-05'-03"}, W=diagt-Ryj, Ry},
(A—1) al;LC BKI, BBKI; 000
X = 0 o[1LC O 0 000
0 0 0 BIBKLE000
By using the Schur Complement, (38) can be written
as (39).
T = &+ ] Rpaniit + 713 Rpaniiz + 73 Rpanils
= (UWVo+UVo+HUVe 4+ Uva + Vo +uvo + uvo+ uvo ) B
+ 111 Rpanii + i1 Roaniiz + 713 Rpani13
= wo Z 4 (uo ) + 6 (uvE) + 16 (LE) + a(vo E)

+ a6 (WE) + aAv(c E) + avg E<0 (39)
where
-~ = -T - -T - -T —
& = E + 1] Rpann1 + 13 Rpan2 + 13 Rpann3,
11 % ok ok
g |Ba Ex * %
B3 0 B3 * |’
a1 0 0 Egg
71 =[m000], f=[n000], #3=[n3000],
m = [A &, LC BKL BBKI; 00 0],
m =[0etlLC 0000 0],
n3 =[000 B1BKI; 000],
W=D Hab B= ) Hab V=) Vs
beQ beQl, deAf
V= Z Ved, 0 = Z Omn, 0 = Z Omn-
a'eAZk nET,’(” nET;’}(

Let Span = R;dln, and one can get (40) by using the Schur
Complement again.

nvo (E + 717 Rpaniit + 75 Rpaniiz + ﬁ3TRbdnﬁ3)

nvo & *
=[x w <0 (40)
a A C~rm a A c~ym
QA T
where
Woensry = diag{=Saeasyy -+ — Sagacry),
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Xauagep =

v T =T =T
Xiagacry = LyMagg Ve Omxy iy -+ a2 Vers Omr 1 1,
v =T =T
XZQZA; Ty = [, [MaQ Ve AT Om Y 1)« * o\ /HaQd Ve AS Om Y[ 112 1,
v T =T =T
X3QZAiTllcn = [, /MaQ{ Ve A OmY T3« * ///laQ[ﬁ VeASOmY" 113 1.

By  substituting A = ;\0 + D{F\E;,
B = By + DyF2E», B = By + D3F3E; into (40), it can
be decomposed into the certain part and the uncertain part.
According Lemma 2, we have

vT v T vT
[sz/\,gr,;" Xoqu Ay ng;;A,gT,g"] ;

uvo 8 * _ | mvo Eo *
XogngrpWaungry | [ XagagrpYauagry
T nT
+ DagngrpFEQengry +EqapeypF Doapern

Vo B
- [M 0

. T
:| + SIDQZA?(T,?’DQ%A;T,Z"

~ [ XaaaormPaaneym
-1 T
+¢, EN, ZAEYZ"EQZAETIT
(4D)
or equivalently
[ uvo Eo * * % ok k|
XQZIEETI:" \IJQZAZTIT * * k %
DT 0 —ed % % 0 @
~ <
0 EngzAZTIT 0 —eld % %
E 0 0 0 —e&d =*
_EQZAZTIIW 0 0 0 O —8]1_

where the definition of parameters in (41) is given in
Appendix B.

The matrix inequality in (42) still contains Qj, Ql_l, >,
05 ! 03, 03 ! To convert (42) into LMI (30), the inequality
—Q]_l < —2I 4 Qg is used since (I —X]_I) (I —X1_1> >
0 —Xl_l < —2I 4 X1 [55], so we can get (43).

211 % ok %
210 B2 %k

[

(=]
Il
3

B30 0 833
a0 0 0 Egg
2» =diag{ -2 + Q1 =21+ Q1 =21 + 01 },
33 = diag { =21 + Q2 =21 + Q2 =21 + 02},
44 = diag { =21 + Q3 =21 + Q3 =21 + Q3 }. (43)

Oy o] [k

Since wugp > 0,veq > 0,04, > 0, if (30) - (37)
hold, then (19) holds, that is, the closed-loop system (13) is
stochastically stable. This ends the proof.

V. SIMULATION ANALYSIS

In this section, the effectiveness and generalization per-
formance of the cloud controller designed in this paper
are verified through simulation experiments of typical
plants.
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A. EFFECTIVENESS OF THE CLOUD CONTROLLER
Example 1: Consider the interval controlled plant with the
following parameters:

A — [0.42,0.62] [—0.79, —0.59] Bl — [0.2,0.4]
U= 1-0.1,0.1]  [0.09,0.291 |* °' T |[0.1,0.3]]|

1.5 0.7
€= [0.2 0.4] ’
where the coefficients of the nominal system are
0.52 —0.69 0.3 1.50.7
Ao = [ 0 0.19 } Bo= [0.2}’ €= [0.2 0.4]
Assume feedback channel time-delay 7;° € Q@ = {0, 1},
forward channel time-delay 7y € T = {0, 1} and cloud

controller time-delay 77, € A = {0, 1}, and the transition
probability matrices of which are as follows:

0.8 0.2 ?7 7 0.80.2
chz[q q:|v Hca:|:0703:|7 Hc:|:9 r)]'
The sum of forward channel time-delay and cloud con-

troller time-delay is ¢ € T = {0, 1, 2}, and the transition
probability matrix of which is

? ? ?
Meg4e = 1056 0.38  0.06
? ? ?

The packet loss probability is 1 — E{oy} = 1 —a =
1 —E{f} = 1 — B = 0.2. Assuming that the observer
parameters are uncertain, take them as the interval values
whose midpoint values are the same as the ones of the corre-
sponding coefficients of the controlled plant, but the widths
are different, that is,

A [0.47,0.57] [-0.74, —0.64] B — [0.25, 0.35]
27| [-0.05,0.05] [0.14,0.24] | 727 |[0.15,0.25]|
By using the MATLAB LMI toolbox, the control law
gain matrix and observer gain matrix of the cloud controller
considering the uncertainties existing in the cloud, network,
and controlled plant can be obtained as

0.0068 0.0012]

K =[0.0017 0.0042], L= [—o.oosz 0.0362

The initial state of the system is x] = [1 —O.S]T. The dis-
tributions of 7}, 7/, T/ are shown in Figs. 4-6, respectively.
The distributions of o, and By are shown in Fig. 7 and Fig. 8,
respectively. The state response curves under the control of
the designed cloud controller in this paper are shown in Fig. 9.

It can be seen that the state response curves of CCS using
the proposed cloud controller converge. This means that the
cloud controller can effectively compensate for the impact
of various uncertainties and keep the system stable, which
demonstrates the effectiveness of the proposed cloud con-
troller.

Example 2: Consider the interval controlled plant with the
following parameters:

A = [—0.74, —0.66] [—0.13, —0.07]
=1 10.95,1.05] [0.19,0.21] |’
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FIGURE 6. Distribution of rl“"’.

_ [ 822
B = [[0.49, 0.51]]’

C=][10],
Obviously, the nominal system is unstable. Assume feed-
back channel time-delay 7} € Q = {0, 1}, forward channel
time-delay 7y € T = {0, 1} and cloud controller time-delay

7, € A = {0, 1}, and the transition probability matrices of
which are as follows:

0703 7 9 0.7 0.3
H“=[? ?}’ l_[“’=[0.90.1] HF[? ?]'
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FIGURE 9. State response of the CCS using the proposed cloud controller.

The sum of forward channel time-delay and cloud con-
troller time-delay is ¥ € T = {0, 1, 2}, and the transition
probability matrix of which is

? ? ?
Megre = 1063 0.34  0.03
? ? ?
The packet loss probability is 1 — Efoy} = 1 —a =
1 —E{f} = 1 — B = 0.2. Assuming that the observer
parameters are uncertain, take them as the interval values, that
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FIGURE 10. State response of the CCS using the proposed cloud
controller.
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FIGURE 11. State response of the NCS using the proposed cloud
controller.

is,
A — [—0.75, —0.65] [—0.15, —0.05]
2= [0.95, 1.05] [0.15,0.25] |’

5, _ [11:95.2.05]
2= 110.45,0.55] |

According to Theorem 2, the control law gain matrix and
observer gain matrix considering the uncertainties existing in
the cloud, network, and controlled plant can be obtained as

0.0283
K =[0.0010 0.0001], L= [—0.0271] .
The initial state of the system is x] = [1 —I]T. The

state response curves under the control of the designed cloud
controller in this paper are shown in Fig. 10.

It can be seen that the state response curves of CCS using
the proposed cloud controller converge. The cloud controller
can keep the system stable, which demonstrates the effective-
ness of the proposed cloud controller.

B. GENERALIZATION PERFORMANCE OF THE

CLOUD CONTROLLER

The design of the cloud controller considers the uncertainty
existing in the controlled plant, network channel, and con-
troller, so it is not only applicable to the CCS but also
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applicable to conventional control systems with uncertain
controlled plants and the NCS with uncertain controlled
plants or network time-delay and packet loss.

For example, when the cloud controller is applied to the
NCS with bilateral time-delay and packet loss of network
channel, the system state curves can be obtained, as shown
in Fig. 11. It can be seen that the system state curves converge
and the system keeps stable, which shows the generalization
performance of the cloud controller.

VI. CONCLUSION

This paper proposes a new structure framework of the CCS.
The system uncertainty is decomposed reasonably, through
in-depth analysis of the internal characteristics of the CCS.
System modeling is carried out from the control point of
view, and the cloud controller is designed by utilizing the
Lyapunov stability theorem and LMI method to compensate
for or eliminate the impact of all the uncertainties existing in
the cloud computing, the network, and the controlled plant.
Simulation experiments demonstrate the effectiveness and
generalization performance of the cloud controller.

The approach of CCS modeling and controller design pro-
posed in this paper is actually a generalized control system
design method. Considering that the deterministic system is
a special case of uncertain systems, the proposed structure can
also be called a general framework of control system design,
which is suitable for designing the controller of a general
system based on the stability principle.

In fact, the theory and application research of the CCS is
still in a preliminary stage and is facing many difficulties
and challenges. The complex characteristics of the cloud,
network, and controlled plant need to be further considered.
For example, the security of the cloud, the different stochas-
tic characteristics of network and cloud and the coupling
between them, and the nonlinear characteristics of the con-
trolled plants need to be studied in the future. In addition,
although the cloud controller can be successfully applied to
the slow time-varying control system [56], it is also one of the
future research directions to apply the cloud controller to the
fast time-varying system in the actual environment.

APPENDIX A

PROOF OF THE THEOREM 1

Let ¢ = &ry1 — &k, and for the closed-loop system (13),
we choose the Lyapnov-Krasovskii function as

4
Ve =Y Vi G b or V) 2 6 @y gk (20)
=1

where
Vi (ks b1 o1 Vi) = & Ry g vk
k—1 k—1
Vi, b o v) = Y EgPiE, A+ Y ENPag,
p=k—¢m p=k—pm
k-1
+ Y. &P,
p=k—yYum

VOLUME 9, 2021



S. Guan, S. Niu: Stability-Based Controller Design of CCS With Uncertainties

IEEE Access

0 k—1
Z Z EiTP4$i

j=—p+1 i=k+j—1

V3 &k, ks 0k, Vi) =

k—1 0 k-1
DILIE D DD
p=k—py J=—em+1i=k+j—1
k—1
x & Ps&i + Z £} Ps,
p=k—gx

0 k—1
T2 D &P
J==Vm+1i=k+j—1
k—1

> &P,

p=k—v

0 k=1
Z Z om¢! Q14

J=—m 1 i=kj—1

0 k=1
+ Z Z om! 08

==+ i=k+j—1

0 k—1
+ Y > ymd 0

J==¥u+1i=k+j—1

Va Gk, &k, 0k, Vi) =

Obviously, we have @y, 4, v, > 0. By using the Bernoulli
distribution properties stated in (1), one can get (21).

E{AV1ks Prs xs Vi)

= E{ngHRthH,tpk+1,xlfk+1‘§k+l id)k:aa(/)k:a‘/fk:m}
- '§I<TR¢k,¢k,1//k§k

= E{(A& + (ax — @)1 LCE g, + a1 LCE g,

+ BK hé—g, + (Br — B)EKlsékfwk
oM oM Ym

+ Bé[([3ék—l//k )T Z Z Z H«abvcdo'mandn(Agk

b=0 d=0 n=0

+ (g — @) LCE— g+l LCE g+ BK DE 1y,

+ (B — BYBK I3y + BBK 1364y, )} =& Racméi
= &/ AT RpanAy + EL AT Rpan@ L LCEf g,

+ 6L AT RpgnBK Léi— g, + EF AT Rpan PBK 13—y,

+ atEl_ 4 (WLC)" Ryl 1 LCE g,

+ &4, @ L) RpanA&y

+ &4 @I L) Rpan@l 1 LCEr g,

+ &4, @ LC) Ry BK by,

+ & @HLC) Ryin BBK 13—y,

+ &, (BKL) Ry A&

+ &, (BKD) Rypan@li LCE g,

+ &, (BK 1) RpanBK D~y

+ & (BKD)" RpanPBK 36—y,

+ BTl (BKI3) RyanBK I3&i—y,
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+ &y (BBKI3)" RpanA&y

+ &, (BBKI)" Rpgnal, LCE g,

+ &, (BBKI3) RpgnBK &y,

+ &y (BBKI3) RpanPBK I3y — & Raembs  (21)
E{AVa (&, di ok, Y1)} = & Préc — &y, PrEk—gy

+E(PrEr—&], PrEk it P3E—E Ly, P3Eiyy (22)
E{AV3 (&, k, ¢, Y1)}

k—1 k
=oub Pas — > EIPit,+ Y ElPsg,
p=k—¢u p=k+1—dp 1

k—1 k—1
Y &P, +ouE Pst— Y &P,

p=k—g p=k—opy
k k—1
+ Y EIPsg,— Y ElPsE, + vmE Pk
p=k+1—@r11 p=k—gx
k-1 k k—1
— Y E Pk + Y EfPeE— Y E1Psky
p=k—ym p=k+1—V 41 p=k—k
(23)
Since
k—1 k k—1
= > ElPag, Y TP, > ElPg,
p=k—dm p=k+1—p+1 p=k—x
D ETPag, + 5 Pagi — & 4 Pati g,
p=k—pm
k—gx k=1 k—1
+ Y EIPaE,+ ) EIPag,— Y ETPE,
p=k+1-pr+1 p=k+1—r p=k+1—¢i
< 28 Pati — &4, Pakr_gy.»

one can obtain

E{AVa(-‘Ek Drs Pk, Ui} <(¢M+2)EkP4§k
— & yPaki—p + (u+2E Ps&i —
+ (Y + 2)E{ Po&r —

E{AV4(&k, dr, ¢k I/fk)}

= E{¢n&l Q14) — Z ey 018, + Elg gl Qatk}

., PsE—g
S (24)

p=k—¢u
k—1 k—1
— > ML O, AEWR G038 — Y ymE 03¢,
p=k—qum p=k—vm
(25)
Note that
E{@y i Q16) = ¢y EX(A—Dée+(ex — L LCEr—g,

+0111LC€k o +BK12§1< —ge + (Bx — B)BK I3k _y,
+ BBK I3&1—y )T Q1((A — D+ (o — a)IlLC§k o
+a{1LCEk—¢k +BKDLE k—y, + (Br _ﬁ)BKI3$k—I/fk
+BBK 16—y} (26)
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By Lemma 1, one can obtain

k—1
— Y dui Qi
p=k—dm
k—1 k—¢r—1
<= > »ifoi,— D (m - 01,
p=k—¢r p=k—¢y

IA

—[& - équbk]TQl (& — &k—gy ]
— (8= — Sk ] Ot [E-0 — Ee-u] 2D
From (21) - (27), one can get
E{AVie} < X Ttk < =i e < —ell xiI? <—ellge 1>
(28)
where,

T
T T T T T T T
X = [Sk Sk—tx Sk—or Sk—vic Sk—ou Sk—ou SkfwM] ;

e = inf {—Apmin (=)} > 0.

From (28), one can obtain (29) for any positive integer
T=>1.

A

EXY N&l*} < 1/eE {Vo) — 1/¢E {Vri1)
k=0

IA

1/eE {Vo} = 1/e£] @gy.g0.p0bk (29)

According to Definition 1, the closed-loop CCS is stochas-
tically stable, and the proof is completed.

APPENDIX B
DEFINITION OF PARAMETERS
A. DEFINITION OF PARAMETERS IN (30)-(37)

‘.IJQZA;;TIT = dlag { quZAiTZ’ WQZA;CT[T \IlQ;cIAILcTIZn ] ’

Woeneyy = diag{=Sqancyy -+ — Sauacyy),
T _ %7 ¥T ¥ T
Xouperp = [Xm;;A;‘Y,;" Xoqgagry Xm;;A;Y,;"] ;

B A .
Xigg agep =L FagVeaiOmryrili - - agVensOmry i

Dqapcym = diag { Digancry Dagaacry Digaacyy } ;

Diga agypr=diag{, fia@VensOnirDi - ; laiVe AOnitDi}

=T _[&T T =T
sy = | Ebgagry Edgagry Edpngrp |,

T T T
Eqapexp = L/ Ha@VensOmry? ™ -\ /HagVensomiy £ 1,

Yorag, vy = diag { Yauagrp Yauagry Yagagry }

Woene vy = diag{—=Sqsayy - -+ — Sauavyr},
T v v T vT
Xbone,rp = [Xlagag, vy Xagagrp ogagrr |

v _ ~T ~T
XiQZA;le:”—[‘/HaQ?O.mTf" N -\ MaQi Oy 1l; 1,

Dagape ym = diag{Dygonc, vy Dagenc, v D3ganc, vy},

Digg a¢, xpr=diag flag@uryDi- - lacgOmryDi,

29068

T
E : =
kA T

T T T
E GAC Y =[ llaQ‘meTf"E "',/P‘aQﬁGmT{"E 1,

Vaaneym = diag l Waanexn Waapeym Woapeym }

EL EL EL
[QﬁAZkTZ’ A e A |

Yoapeym = diag{—=Sqapcn - -+ — Saacn},
T vT o7 o7
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v ~T ~T
XiQZA;{'T;’,’CZ[\/“aQ‘f VeA§T; = ‘\/,Uan VeASTN; 1y

Dqapcym = diag { Digancym Dagapcym D3igapcym } ;

Digg agym =diag{ fluqeasDi- - | faQivendDi,
=T _[&mT =T =T
Elynry = [Bognry Eapngry Edgacey |-
ET - _[ al), ('ET--- al), CET]
QeasYm = L/ HaQfVeAs  HaQi Ve s )

Yoyag, vy = diag { Yaung, e Yaung v ‘IJQZAZJZ%}’

Waape ym = diag{—Squdn - - - — SQudn}
T [yt oT o T
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Dags, vy, = diag | Diagacyry Daopnory Dsapngors |
Diggac ym =diag{ /lua:D;- - ; 2D,
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Eé;AikTﬂ = [/tagE" - flasg E" 1,

Wag agrp = diag | Wauapep Pogagry Basape |
Ve acyp = diag{—Spasxy - — Spacrr)s

Xbo, sy = |Xiagarp Xosaep Xiag agep |

o7 -7 T
Xige acrp =L MeasOmrp i - \MeacOmrp i 1,

Dqa ey = diag {DlszgkAm’ Dyga acym DmgkA;T;"} ,

Diga, ¢ vp=diag{ fenomryDi- - ; eaomrpDis

=T _[&T =T oT
Eqa agrp = [E o agry oo agry EszzkAm"]’

T T T
EQI;kAinﬂ = UcAfUmTlmE e \/WE 15
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= [XT XT xT ]
[mgkAiTg; 200 AcT™ X300 Acym |,

T
X, .
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Yoo g vy = diag {‘I’szA;‘m:" Yauacry ‘I’Q:;kA:;sz"} :

uk
Woa ae ypr = diag{—=Spaxy -+ — Sparxyr}s
T v T v T v T
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B. DEFINITION OF PARAMETERS IN (41)

I
o = Eo10 B2 *  *
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Eq10 0 0 Egyg
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Dgapcym = diag { Digapcry Dagancym Digancyy } ,

Diganeyy= diagi, /lu@VenOnicyDi- - { /HaQaVe s OmiryDi

(i=1,2,3),
[ E 0] s N
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E=[E000],
i (E, 0 0 0 000
E=|00EKL 0 000/,
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