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A Study on State Estimation for Cyber Physical Systems™

Ryosuke Adachi

Abstract

This thesis discusses estimation theories for cyber physical systems. Some social concepts
for the next generation based on IoT technology have been discussed. In a context of control
theory, cyber physical systems are regard as a new system for the next generation. In this the-
sis, estimation of quadrotor UAV and distributed estimation over delayed sensor networks are
studied as a main problem of cyber physical systems.

In Chapter 3, we propose a maximum-likelihood-estimation method for a quadrotor UAV
given the existence of sensor delays. The state equation of the UAV is nonlinear, and thus, we
propose an approximated method that consists of two steps. The first step estimates the past
state based on the delayed output through an extended Kalman filter. The second step involves
calculating an estimate of the present state by simulating the original system from the past to the
present. It is proven that the proposed method provides an approximated maximum-likelihood-
estimation. The effectiveness of the estimator is verified by performing experiments.

In Chapter 4, a distributed delay-compensated observer for wireless sensor network with de-
lay is proposed. Each node of the sensor network aggregates data from the other nodes and sends
the aggregated data to the neighbor nodes. In this communication, each node also compensates
communication delays among the neighbor nodes. Therefore, all node can synchronize sensor
measurements by using the scalable and local communication in real-time. All nodes estimate
the state variables of a system simultaneously. The observer in each node is similar to the ex-
iting delay-compensated observer with multi-sensor delays. Convergence rates of the proposed
observer can be arbitrarily designed regardless of communication delays. The effectiveness of
the proposed method is verified by numerical simulation.

In Chapter 5, we consider the design problem of an unknown-input observer for distributed
network systems under existence of communication delays. In the proposed method, each node
estimates all states and calculates inputs from own estimate. It is assumed that the controller
of each node is given by an observer-based controller. In the calculation of each node, input
values of the other nodes cannot be utilized. Therefore, each node calculates alternative inputs
instead of the unknown input of the other nodes. The alternative inputs are generated by own
estimate based on the feedback controller of the other nodes given by the assumption. Each node
utilizes these values in the calculation of the estimation and the delay compensation instead of
the unknown inputs. The stability of the estimation error of the proposed observer is proven by
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a Lyapunov-Krasovskii functional. The stability condition is given by a linear matrix inequality
(LMD). Finally, a result of a numerical simulation is shown to verify the effectiveness of the
proposed method.

Keywords: Cyber Physical Systems, Quadrotor UAYV, Distributed Estimation, Delay Compen-
sation, Unknown Input Observer
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Chapter 1. Introduction

1.1 New Social Concept for Next Generation

Society 5.0 is an IoT based social concept for a next generation which has been proposed in
some countries including Japan [1, 2, 3]. Paper [4] indicates that similar concepts are proposed
in the other countries, for example, Industrial Internet of Things in U.S.A [5, 6] or Industry
4.0 in Germany [7, 8, 9, 10, 11]. Internet of Things (IoT) is a concept which means that any
things, e.g. machines, sensors, actuators and storage, are connected by the internet. 10T based
Integration of many research fields, for example measurement, communication and computer
technology, create the additional value which causes a paradigm shift. After this paradigm shift,
optimal and sustainable societies can be realized in next generation.

The IoT based concept like Society 5.0 expects innovations of automation which realize
higher level of operational efficiency and productivity. Transportation systems in smart cities
are introduced IoT and automatic driving technology to optimize fuels and amount of traf-
fic[12,13, 14,15, 16, 17, 18]. Based on the measurements which are collected from each car, the
IoT technology can realize relaxation of traffic congestion, optimization of charge planing for
electric cars and improvement of efficiency of car sharing. In concepts of smart factories, classi-
cal factory are updated to flexible and intelligent systems by the IoT technology [19, 20, 21]. In
the smart factories, a collaboration of the IT and computer technologies realizes the high-level
self-optimization, for examples a self-control of production amounts and detection of faults or
cyber attacks. A smart grid is a new concept of energy management systems for next genera-
tion whose purpose is a stable and sustainable energy supply [22, 23, 24, 25, 26]. In the smart
grid, smart meters are utilized for the demand response which controls a power consumption of
customers and promotes the introduction of the natural energies. In smart agriculture, many sen-
sors observe growing situation of agricultural corp and managements of temperature, fertilizer
and water are automated. Since the automation is introduced in the agriculture, improvement of
labor shortage and optimization of the amount of water and fertilizer are realized.

For the innovations of the IoT based automation, new systems control theory are required.
Paper [27] indicates importance of theory for efficient and reliable integration of each systems in
a case of vehicle systems for next generation, and recites frameworks which is required in new
system theories as follows:

o The frameworks which optimize, design and analyze abstracted compartments of various
subsystems, for example network system, computer systems ad physical systems,

e The frameworks which analyze and understand the interaction among subsystems,
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e The frameworks which ensure safety, stability, and performance of the systems.

These framework are also required for the other 10T based concept, for example smart grids and
smart factories. In addition, the author considers that the frameworks for automated decision
making based on the measurement of sensor are also required in the IoT based concept for
the next generation. Therefore, this thesis reports theoretical works about the control of cyber
physical systems.

1.2 Contribution of This Thesis

Cyber physical systems are constructed by real spaces, i.e. physical system, and virtual
spaces, i.e. cyber systems. The automation based on IoT technologies can be considered as
automatic controls of the cyber physical systems. Therefore, many researches study the analysis,
optimize and control of the cyber physical systems. In particular, we consider studies about a
quadrotor UAV and distributed estimation over sensor networks as a cyber physical systems in
this thesis.

The studies of the cyber physical systems include controls and analysis of multi-agent sys-
tems because the agents communicate each others over wireless networks to execute tasks.
For example, formation controls [28, 29, 30, 31], consensus controls [32, 33, 34], coverage
control[35, 36, 37, 38, 39] and dynamical monitoring problems [40, 41, 42, 43] are included in
the control problem of the multi-agent systems. We can utilize quadrotor UAVs as a flexible and
versatile agents because they can move and hover in 3D region unlike two wheel vehicle robots
or fixed-wing aircrafts[44, 45, 46, 47]. This thesis indicates that indoor measurements of the 3D
position of the quadrotor UAV has some technical issues. Therefore, one result of this thesis
include the state estimation problem for the indoor quadrotor UAVs. Contributions of this result
are:

e to propose a maximum-likelihood-estimation (MLE) for nonlinear systems with a sensor
delay,

e to show an effectiveness of the proposed method from experimental results by using A.R
Drone 2.0 and Microsoft Kinect.

Wireless sensor networks (WSN), which are systems where sensors are connected by a wire-
less network, are considered as the observation systems for the cyber physical systems. Since
distirbuted controler design are fundamental problems for the control of cyber physical sys-
tems, distributed estimation problems over sensor network are also fundamental ones. In the
distributed estimation problems over sensor network, we need to satisfy both specification of
network and control systems. In particular, the network systems require a reduction of a com-
munication amount, and the control systems need a real-time communication of measurements
over sensor networks. Therefore, the other result of this thesis include a data-aggregation based
observer for delayed sensor network. Contributions of this result are:

e to introduce a system representation of the data aggregation for the state estimations,
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e to propose a sacalable data-aggregation communication with the delay compensation,

e to propose distributed observer over sensor networks for both known and unknown input

cases.

1.3 Outline

This thesis is organized as follows. Following this chapter, Chapter 2 introduce the mathe-
matical preliminaries, including notation and the fundamental result of previous works.

Chapter 3 shows the result of a MLE method for quadrotor UAV with delayed measurements.
It is proven that the proposed method can provide MLE from the delayed measurements in
the sense of linear approximation. Experimental results shows that the proposed method are
effective against the quadrotor UAVs.

Chapter 4 discusses distributed estimation problems over delayed sensor networks. For the
reduction of the communication amount, a data-aggregation is utilize in a proposed method. In
addition, by using model based delay compensation, a design of distributed estimation problems
become finite pole assignments.

In Chapter 5, the result of Chapter 4 are extended in a case of unknown input observer
problems. Based on Lyapunov-Krasovskii functional analysis, the observer design problems be-
comes numerical calculation of a linear matrix inequality, which can be solved as a semidefinite
programming.

Chapter 6 gives the conclusion of this thesis.






Chapter 2. Notation

The following notation is used in this thesis.

R" n dimensional Euclidean space for some integer n
R n X m dimensional matrices

St a set of n X n dimensional positive definite matrices
0, n dimensional zero vector

Opxm (or simple 0) n X m zero matrix

AT the transpose of matrix A

0 empty set

He (+) the function which means He (X) := X + X7

diag (Aj);es the matrix arranged A; diagonally with the index set S
row (Aj)jes the matrix arranged A; horizontally with the index set S
col (A))jes a matrix arranged A; vertically with the index set S

For example, if S = {1, 2, 3}, then diag (A;);cs, row (A;);cs and col (A;);cs are

A 0 O
diag(Ai)ies =] 0 Ay 0O,
0 0 Az
row (Aies = (A1 A2 A3),
Ay
col (A)jes =|A2]-
A3

The following notation is also defined.

o For the square matrix X, let X < (>)0 express that X is negative (positive) definite.






Chapter 3. Delay-Compensated
Maximume-Likelihood-Estimation

3.1 Introduction

Recently owing to the presence of cheap sensor devices in the market, several studies have
reported on the applications of low-cost sensors. In this chapter, we propose a new application
of low-cost sensors in unmanned aerial vehicle (UAV) systems flying in an indoor environment.
Expensive motion-tracking sensors are often used with respect to position controls of UAVs in
an indoor environment while UAVs in outdoor space use a global positioning system (GPS). The
results of the present study demonstrate that low cost sensors provide a sufficient performance
as opposed to expensive sensors. However, there are a few problems with respect to the accu-
racy and speed of low-cost sensors. For example, Microsoft Kinect is a low-cost depth image
sensor that involves large noises and time delays. It is necessary to investigate a sensor-delay
compensation method for real time controls of UAVs[48, 49, 50, 51]. Additionally, the low
image resolution of Kinect reduces the accuracy of measured values. The sensor noise on the
3D position caused by the image discretization depends on the distance between the measured
object and the sensor. The observer gain should be adjusted based on the distance.

Observer designs for UAV systems were proposed by several studies. Difficulties exist with
respect to observer design and include nonlinearity of UAV dynamics and the existence of aero-
dynamics and parametric uncertainty of the model. Benallegue [52] proposed a high order slid-
ing mode (HOSM) observer with an exact linearization controller based on Levant’s exact dif-
ferentiator [53]. The HOSM observer estimates the state of the system under the existence of
external disturbances, although it severely suffers from the effect of sensor noises. Therefore,
the HOSM observer is not suitable for low-cost sensors. A few estimation methods reduce the
effect of observation noises. An example of this is the maximum-likelihood-estimation. Specifi-
cally, the estimate of the extended Kalman filter constitutes an approximate maximum likelihood
estimation for a nonlinear dynamical system.

With respect to the sensor time-lag problem, extant studies of delay compensated methods
proposed delay-compensated observers [54, 55]. Watanabe [54] relied on an appropriate coordi-
nate transformation to design a delay compensated observer. The determination of the feedback
gain of Watanabe’s observer constitutes a finite pole assignment problem. Kristic [55] con-
sidered delay dynamics as a transport partial differential equation (PDE). He proposed a delay
compensated observer for the ODE-PDE system. However, a delay-compensated observer that
provides a maximum likelihood estimation does not exist.

In this study, we propose an extended-Kalman-filter-based delay-compensated observer for
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a quadrotor UAV. The structure of the proposed observer is the same as that of Watanabe’s
delay compensated observer, and an extended Kalman filter is a portion of the observer. The
estimation value of the proposed observer corresponds to the maximum likelihood estimation
in a linear approximation sense. The effectiveness of the proposed method is confirmed by
performing experiments.

This chapter is organized as follows. The state equation and output equation of UAV system
are defined in Section 3.2, and the delay-compensated maximum-likelihood-estimation observer
is proposed in Section 3.4. The results of practical experiments using the proposed method are
shown in Section 3.5. Finally, Section 3.6 discusses the conclusions of this chapter.

3.2 Modeling and Problem Formulation

3.2.1 Description of State Equation

The purpose of this study involves proposing a delay-compensated maximum-likelihood-
estimation method for quadrotor UAVs. In this section, we describe the dynamics and an output
equation of the proposed system. Parrot AR.Drone 2.0 is utilized as the quadrotor UAV in the
experiment in Section 3.5, and thus, we consider the motion equation of this type of UAV.

Fig.3.1 illustrates the global coordinate of the UAV system. We define notations x,, y,, and
7y as the 3D Cartesian coordinates of the UAV position; and ¢ € [-n,7), 0 € (-n/2,7/2), and
¢ € (-n/2,7/2) as the yaw, pitch, and roll angles, respectively. For the purposes of notational
simplicity, we use S, and C. as opposed to sin and cos functions, respectively. The horizontal
dynamics for x, and y, of the quadrotor UAV are dominated by the following:

F
Xy = —(CoSyCy —SaSy) — kx)'cgl)'cg| + A,
7 3.1)
yg = E(C9S¢S¢/ + SHCw) - kyyglygl + Ay,

where m denotes the mass of the UAV, F is the total thrust force, k, and k, denote air friction
coefficients, and A, and A, denote disturbance terms caused by the quasi-stationary flow of air.
It is assumed that A, and A, follow random walk models as follows:

Ax =& Ay = fya (3.2)

where &, and &, denote signals generated by stochastic processes. Generally, several external
disturbances are caused by environmental air flow and ground effects in a UAV system, and
these disturbances affect the whole UAV dynamics. However, AR.Drone 2.0 controls lifting
velocity by employing a minor control loop based on information acquired by an altitude sensor.
Thus, we assume that the disturbances of the environmental air flow exist in the dynamics of
only x, and y, while vertical aerodynamics disturbances are ignored. It should be noted that
the disturbances A, and A, are estimated online by the proposed extended Kalman filter. In
accordance with the control command of AR.Drone 2.0, we choose the control inputs as the
desired values of the roll angle ¢, pitch angle 6, lifting speed z,, and yaw rate . It is assumed
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e

Zg
A

Figure 3.1: Global Coordinate

that uy, up, uz, and u4 denote the input signals for the roll angle, pitch angle, rise velocity, and
yaw rate, respectively. The inputs only correspond to desired values, and the actual values of
¢, 0, z4, and ¢ are regulated to the input values by built-in inner control loops in the UAV. The
actual values include system errors as follows:

¢ =u +&
9 =

2 + 62 (3.3)
Zg =u3 +&3

Yg=us+&4

where &1, &, &3, and €4 denote system noises added in uy, uy, uz, and ug, respectively. We define
the input vector u as follows:
u(t) = (uy, up, u3, ug)" . (3.4)

We also define the system noise vector & and the state vector x as follows:

g = (617§27§37 5496)(7 gy)T, (35)
X = (Xg,Yg, Vg, Wy, Zg l//,Ax,Ay)T. 3.6)

From (5.1) and (3.2), we obtain the state equation as follows:

x=f(x,u,f)
Vg
Wy
F
—CurrerSu+eCo = SuveaSu)
— kyvglvgl + Ay

F 3.7
= E(Cuszzsuﬁflsw + Su2+§zc¢) . G7)

= kywglwy| + A,
uz + &3
ug + &y
Ex
&y
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It is assumed that each component of the noise vector & follows a white Gaussian process with
known covariances and are not correlated with each other. Strictly speaking, (3.7) should be rep-
resented as a stochastic differential equation. However, we use the ordinal differential equation
form for purposes of simplicity.

Remark 3.1 (Dynamics of AR.Drone 2.0)

As other works (e.g.[52]) point out, the dynamics of quadrotor UAV's are more complex than (3.7).
However, AR.Drone 2.0 has built-in inner control loops which regulate the roll angle ¢, pitch
angle 0, lifting speed z,, and yaw rate ¢ from measurements of equipped sensors. Users can
utilize these values as the input commands. From these reason, this paper ignores the inner-loop
dynamics regulated by AR.Drone 2.0, and adopts the state equation (3.7).

3.2.2 Description of Output Equation

In this study, Microsoft Kinect [56], [57] is utilized as a position sensor, and we assume
that the yaw angle is measured by a magnetic field sensor quipped on the UAV. We define the
output equation based on these sensors. Microsoft Kinect measures the 3D-position of a UAV
(x4, Yy, 24) with a delay due to transmission delay and calculation time. In contrast, the magnetic
field sensor on the UAV provides the yaw angle ¢ in almost real-time. In order to simplify the
problem, we insert an additional delay with respect to the measurement of yaw angle and make
all sensor delays uniform. We define a vector yye(f) = (x4(t = D), y4(t — D), z4(t = D), y(t - D).

We define (up,v),) as the pixel coordinate value of the UAV and d as its corresponding depth
data as measured by a Kinect sensor. The result of [56] indicates that the transformation from
the 3-D position to the depth coordinate as shown in Fig. 3.2 is expressed as follows:

_ xy(t - D)
u, = —yg(t — D)f” + up
op = yo = D) D)ﬁ) + 0o (3.8)

i=—2 __4
yg(Z_D)

where (1, vg) denotes the pixel coordinate value of the image center; and a, b, f,, and f, denote
conversion parameters. It is assumed that a map A(ye) denotes ygye = (Up, Uy, d, Y(t — D).
The observation noises affect the measurements in the actual observation of Microsoft Kinect
and the magnetic field sensor. yraw = (itp, Up, d, &)T as

=up + o,y

<
)
|

Up = Up + 00,
£z=d+0'd(5d
I,E(I—D) = I,ﬁ(l‘—D)-I—O'w&/,,

(3.9)

where ¢,, d,, 44, and 6, denote Gaussian white noises with zero mean value and variances 1;

and 0'5, 0',%, a‘fl, and o-lzp denote the variances of observation values. The observed values are

10
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Up

> » (w0, v0)
/

(Tg:Yg+ 29)

Figure 3.2: Relationship Between Pixel Coordinate and Global Coordinate

calculated from the raw data from sensors by using the inverse map of A(-) as follows:

%,(t - D) (itp = 10) s
i b
y(t) = ?g(t D) = A_l(yraw) = _ a+d b . (3.10)
%g(t -D) —(Up — UO)f—,,(aﬂ?)
Yot = D) W(t - D)

Finally, the output equation of the system is expressed as follows:

y(1) = h(x(t — D), A) = A" (A(yue) + diag(o)A)
b(fuxg(t_D)+0—Lt!/g([_D)6u)
f,,(b+a-dyg(t—D)6,1)
by,(i=D)

b+yg({;—D)0',164 (31 1)

b(fvzq(t_D)_o'uyg(t_D)(su
So(b+oayy(t—D)dq)

Y(t — D) + oydy

where o = (07, 0y, 04, 0y)! and A = (8, 6y, 64, 6y)T -

3.2.3 Problem Formulation

In this study, we consider a maximum-likelihood-estimation problem for the quadrotor UAV
system (3.7) and (3.11). The definition of the maximum likelihood estimation is as follows:

Definition 3.1 (Maximum Likelihood Estimation)

Given the output y(z') and input u(¢’) (tp < ¢’ < t) with an estimation of the initial state x(fy), the
maximizer x(¢f) = X(¢) of the conditional probability density function p(x(¢) | y(-), u(-), E(x(#)))
under (3.7) and (3.11) is termed as a maximum likelihood estimation of the current state.

However, it is difficult to solve the maximum-likelihood-estimation problem for a nonlinear
system such as the quadrotor UAV. Therefore, we make the following assumption:

11
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Assumption 3.1
It is assumed that the noises £ and A have a normality and are sufficiently small. Furthermore, it
is assumed that the initial estimation error x(fg) — E(x(#p)) is also sufficiently small.

Given Assumption 3.1, the high-order terms O(£?) and O(A?) are ignored, and we consider the
problem of obtaining E(x(?) | y(-), u(-), E(x(#))) as opposed to argmin,,, p(x(?) | y(-), u(-), E(x(20))).
The problem considered is summarized as follows:

Problem 3.1

With respect to the system (3.7) and (3.11), it is assumed that the covariance matrices of &€ and
A are given. Then, design the delay-compensated observer of the system (3.7) and (3.11) which
approximately provides the maximum likelihood estimation under Assumption 3.1.

3.3 Linear Cases

With respect to linear dynamical systems, the Kalman filter [58] provides the maximum
likelihood estimation. Additionally, the concept of a prediction method for linear systems is
also proposed in [59]. However, an actual delay-compensated method is not shown in [58, 59].
Conversely, a few types of delay-compensated observers were proposed in [54, 55]. A previous
study [54] considers a linear system as follows:

(1) = Ax(t) + Bu(1)
y(0) = Cx(t = D)

(3.12)

with a time delay D. An appropriate coordinate transformation for (3.12) is used, and the
feedback-gain design of an observer which is proposed in [54] corresponds to a finite pole as-
signment problem.

Lemma 3.1 (Watanabe’s Observer [54])
We consider the following observer:

£(1) = AR(0) + Bu(t) + ¢*PL (ce-Ach(t)

, (3.13)

—y()-C f eA("D‘9>Bu(9)d9),
t—-D

where (A, C) is observable. The estimation errors between (3.12) and (3.13) converge to 0 if and
only if A — LC is stable.

An extant study [55] reveals that the observer (3.13) is decomposed into two equations as fol-
lows:

Lemma 3.2
The coordinate transformation is as follows:

!
2() = e PR - f AP0 By(9)do, (3.14)
t—-D

12
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Thus, observer (3.13) is expressed as follows:

Z(t) = AZ(t) + Bu(t — D) + L(y(t) - CE(1)) (3.15)
() = APE®G) + f A9 Bu(9)do. (3.16)
t—-D

This lemma is confirmed by a direct calculation. Lemma 3.2 indicates that the delay-
compensated observer (3.13) includes the estimation (3.15) and the prediction (3.16). The struc-
ture of equation (3.15) is the same structure as that of typical full state observers, and the state
Z(t) converges to x(t — D). The equation (3.16) is the solution of the system (3.12) which has the
initial value Z(¢). We utilize memories of the past inputs u(6) (6 € [t — D, t]), which are stored
in the controller module including the observer to calculate %(¢) in (3.16).

In this study, we consider the case where the output feedback gain L in (3.15) is selected
as the Kalman gain. In this case, =(¢) provides the maximum-likelihood-estimation value of
the state at time ¢ — D. The estimate X(¢) potentially corresponds to the delay-compensated
maximum likelihood estimation although previous studies do not offer an exact proof for the
same. Furthermore, the quadrotor UAV exhibits nonlinear dynamics, and the linear observer
(3.13) cannot be directly applied to the fore-mentioned problem. Therefore, we propose a new
estimation method for nonlinear systems with sensor delays.

3.4 Main Result

3.4.1 Proposed Observer

Our method is based on Lemma 3.2 and includes an extended Kalman filter. In keeping
with Lemma 3.2, our proposed method is decomposed into a filtering step and a prediction step.
The extended Kalman filter provides an approximated maximum-likelihood-estimation value
at time ¢ — D in the filtering step. The prediction step provides a current estimation value as
a solution of the original system. The next subsection discusses a proof to demonstrate that
the estimated value of this method corresponds to a maximum-likelihood-estimation value in a
linear approximation sense along an estimated trajectory.

We define the state of the filtering step as Z(¢). This state denotes an estimate of x(t — D). We
estimate x(t — D) by the extended Kalman filter as follows:

2t = fE), u(t — D), 0) + K(O)(h(E(®) — y(t)
K@) = -P(OCHR™ (1)
P(1) = A@)P(t) + POAT (t) + B(1)Q(t — D)B (1)
- POCT R (C(1)P(),

3.17)

where A(t), B(t), and C(f) denote the linear approximation coefficients of the equation (3.7)
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along Z(¢) and are given as follows:

At) = 6—f(2(r), u(t — D), 0)
Ox
B(1) = Z—g(z(t), u(t — D), 0) (3.18)

- oh
C@ = a(ﬁ(t), 0).

In equation (3.17), P(1), Q(t), and R(¢) denote covariance matrices of x(¢), £(¢), and y(?) — Yirue (1),
respectively, near the origin. The covariance matrices for the system noises are calculated as
O(f) = E(&(t)é(H)T), and this corresponds to a positive-definite diagonal matrix. In the calcula-
tion of R(t), we utilize the power expansion of (3.10) with respect to A as follows:

y(t) = h(x(t — D), 0) + J()A() + O(A?)
ON!
J@®) = W(Qraw(t))

2

B @) -ur, 00 (3.19)
|0 o-ygf; 0
= =2 - ’

0 —@0)-vwo,E T 0

0 0 0 oy

where o, = —04/b. 1t should be noted that J(z) is not equivalent to (0h/0A)(Yrye, 0) although the
difference is absorbed by the high-order term O(A?). From the equation (3.19), we can calculate
R(?) as follows:

R(1) = EJAMJIAM))

3.20
= JOEAOADDHIOT = I ). )

The covariance matrix R(f) depends on i,. The value of j, increases, and this increases the
eigenvalues of R(¥) that correspond to the Kinect’s output.

The prediction step provides the current estimate value x(¢). We consider virtual time 7 €
[0, D] and a value fi(t, t). The fore-mentioned values are used to define the following nonlinear
system:

op(r,t)y ..
5 = [ 0,ut =7+ D),0) 0 <7< D) (3.21)

A0, 1) = 2(1),
In the equation (3.21), the initial value of & with respect to T corresponds to the past estimate
Z(#), which is the estimated value of the filtering step. The prediction step advances its state
fi(t, 1) along the original system based on the memory of the input. The estimate fi(7,t) de-
notes an estimate value of x(r — D + 1), and thus the current estimate x(¢) is given by (D, 1).
Consequently, the approximated delay-compensated maximum-likelihood-estimation observer
is obtained from equation (3.17) and (3.21).

14
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3.4.2 Proof of Approximate Maximum-Likelihood-Estimation

The observers (3.17) and (3.21) are proposed in the previous subsection. This subsection
demonstrates that the proposed observer corresponds to the approximated delay-compensated
maximum-likelihood-estimation method. We consider a stochastic differential equation as fol-

lows:
du(t,t) = A(t, Hu(t, t)dt + H(t, Hu(t — D + t)dt

+ B(t,)dé(t — D + 1) + F(t, t)dt (3.22)
E(u(0,0) = 2(1), cov(u(0,1), u(0,1) = P(1),

where A(7, 1), B(t, 1), H(7, t), and F (7, t) denote the linear approximation coefficients of the equa-
tion (3.7) along fi(7, 1), which are given by the following expression:

A1) = —f(ﬂ(T 1), u(t — D +7),0)

B(t,1) = (’)_J;(ﬂ(T’ H,u(t—D +1),0) 3.23)

H(t,t) = g—{:(ﬁ(r, H,u(t—D +71),0)
F(r,t) = f(a(r,t),u(t — D + 71),0).

The equation (3.22) is a linear approximation stochastic system of the equation (3.21). For the
system (3.22), the following lemma holds:

Lemma 3.3
With respect to the system (3.22), assumption 3.1 holds and let us define e, (7, 1) as e, (7,1) =
u(t, 1) — fi(7, 1). Subsequently, E(e,(7,1)) = 0 is satisfied.

Proof
The proof is demonstrated by considering a time evolution of a probability density e, (7,7). We
consider a stochastic differential equation as follows:
de,(t,1) = A(t, ey (T, )dt + B(t,1)dé(t — D + 1)
E(ey(0,1) =0, cov(e,(0,1),e,(0,1) =0 (3.24)
cov(l(t—-D+1),ét-D+1)=Q(t—D+1).

Equation (3.24) suggests that a time evolution of the probability density p(e,, 7) follows Kol-
mogorov’s forward equation as follows:

dpleu, )
= —ZZ A0l 5 <e,t,p<eﬂ,r)>
o S ot (3.25)
+5 D BEDQU =D+ DB, j%.
i,j=1
A solution of the diffusion equation (3.25) is given as follows:
1 L
pley, 1) = ————exp ——eﬂl“ (Mey ¢ s (3.26)
Q@n): [ 2
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Table 3.1: Parameter of Microsoft Kinect

a b up o Ju Jo
-1097 -365 320 240 599.56 599.01

Table 3.2: Parameters of Observation Noises

oy oy oy oy
10.0 0.01 10.0 0.001

where
(1) = O(1, 0)y(1)D(t, 0)"
() =
fo ' ®(6,0)"' B(r,1)0(t — D + 1)B(z, 1) (®(,0)" 1T db

d
—O(1,7) = A, HO(1,7')
dr
O(r,7) =L
From (3.26), E(e,(7, 1)) = 0 is obtained.
From Lemma 3.3, the following theorem holds for the proposed observer.

Theorem 3.1
The estimate X generated by the observer (3.17) with (3.21) provides the maximum likelihood
estimation of the state x(#) of the system (3.7) approximately under Assumption 3.1.

Proof

The extended Kalman filter (3.17) guarantees that the estimated value of the filtering step Z(¢)
corresponds to the approximated maximum likelihood estimation at time ¢ — D. Thus, the proof
demonstrates that X(¢) of the prediction step constitutes a maximum likelihood estimation at time
¢ in a linear approximation sense. The normality of the noise £(r— D+ 7) in (3.22) guarantees that
the maximum likelihood estimation of (7, 1) is E(u(7, 1)) and that it is equivalent to E(e, (7, 1)) =
0.

It should be noted that Assumption 3.1 is necessary for the validity of the linear approxima-
tion and the normality of p(---).

3.5 Experimental Result

In this section, the results of the experiments are discussed to demonstrate the validity of the
proposed method. As previously mentioned, AR.Drone 2.0 and Microsoft Kinect are used in the
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AR.Drone 2.0

Microsoft Kinect

Pixel Coordinate

Uy

(3 U
d Yg
Global Coordinate

'p

Figure 3.3: Setting of Experiment

experiment like Fig. 3.3. The parameters of Microsoft Kinect and variances of the observation
noises are listed in Tables 3.1 and 3.2. As a result of a series of experiments, other parameters are
chosen as follows: Q(7) = diag(3.0x1073,3.0x1073,5.0x107*, 1.0x107*, 1.0x 1074, 1.0x 10™%)
and D = 0.25.

Two results of the experiments are discussed. In the first experiment, the UAV flies on a x,—y,
plane by using u1, up, and u4. The result of this experiment is indicated in Figs. 3.4-3.8. In order
to confirm the accuracy of the proposed method, we compare the results of the proposed method
with future outputs y(¢ + D) and their time-differentiated values y(¢ + D). Figures 3.4, 3.5, 3.8
and 3.9 show the estimations calculated by proposed method and the future output y(t + D).
In Figs. 3.6 and 3.7, the estimations of X, and 7, are plotted, respectively, with the differential
values of the future sensor measurement which are calculated by exact differentiators. The exact
differentiator, which is proposed in [53], is based on sliding mode techniques and provides exact
differential values, if the second order differential of the original signal is bounded. It should
be noted that it is not possible to use future measurements in an actual real-time control system.
It is confirmed that the accuracy of the proposed method is acceptable. Generally, with respect
to the differentiation-based method, high-frequency components of the observation noises affect
the accuracy of the estimate. Conversely, the proposed method reduces impulsive noise effects.
Therefore, we confirm that the proposed estimation method satisfies the delay compensation and
the reduction of noise effects.

In the first experiment, the UAV does not move in the z,, direction. In this second experiment,
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Figure 3.4: Estimation Result of x,(#)

we use u3 to move the UAV to the z, direction. The result is shown in Fig. 3.9. This figure
implies that a large error exists between the estimation value of the proposed method and feature
measurement based value with respect to a decrease in the UAV. It is assumed that the reason for
this phenomenon corresponds to a mismatch between the actual falling speed of AR.Drone 2.0
and its command input u3. Thus, it is expected that a modification of the UAV model improves
the accuracy of the z,-axis.

3.6 Conclusion

In this chapter, we propose a delay-compensated maximum-likelihood-estimation observer
for a quadrotor UAV to use low-cost sensors with time delay and observation noises. The pro-
posed observer is designed by combining an extended Kalman filter and Watanabe’s delay-
compensated method. The observer can be decomposed into a filtering step and a prediction
step. The filtering step is based on the extended Kalman filter. The prediction step provides a
final estimate by employing a simulation along the original system. Both the fore-mentioned
steps accomplish delay compensation and reduction in noise effects. Additionally, we show that
the estimation value of the method constitutes a maximum-likelihood-estimation value in the
sense of a linear approximation. The effectiveness of the proposed estimation method is verified
by performing practical experiments. A future study will involve considering a particle filter
based observer with delay compensation for cases with large-amplitude noises.
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Chapter 4. Distributed Estimation over
Delayed Wireless Sensor Network

4.1 Introduction

Sensor networks with numerous sensors have attracted much attention because the develop-
ment of micro-electro-mechanical systems (MEMS) has improved the performance of compact
sensors and communication elements [60]. Many sensors can realize a wide-range of complex
observations in large-scale systems. Redundant sensors improve the accuracy and robustness of
an observation, and enable a fault-tolerant observation. A flexible sensing system can be realized
by connecting sensors via a wireless network. Such a sensor network can be used in various ap-
plications, including area surveillance or the active monitoring of forests and agricultural lands.

There have been many studies on the applications of sensor networks. Distributed estima-
tion methods have also been proposed to reduce wasteful communication paths. Olfati-Saber
et al. [61, 62, 63, 64] proposed a distributed Kalman filter based on a consensus filter. The
consensus filter is an application of consensus controls, and provides the average consensus of
all the sensors included in a network. The consensus filter can calculate the consensus value
through communications between adjacent nodes. An estimate of the distributed Kalman filter
is obtained from the original Kalman filter using the consensus value [58]. Olfati-Saber et al.
also proposed a Kalman-consensus filter, which executes the Kalman filtering and consensus
calculation simultaneously. A gossip algorithm is also a distributed consensus algorithm for
sensor networks [65]. In the gossip algorithm, each node selects the data sent from the other
nodes at random. This reduces the communication traffic of the sensor network, and allows this
algorithm to obtain a consensus value.

These studies focus on the communication efficiency. The communication delay is another
problem of a sensor network with delay. In particular, the communication delays in a large
wireless network cannot be ignored. However, the distributed estimation methods discussed
in previous studies do not consider the communication delay. Delay compensated observers,
which do not assume a network structure, have been proposed in [54, 55, 66]. In particular,
Watanabe et al. [54] and Tsubakino et al. [66] considered the case where the output vector
includes multiple delays. The delays included in the network are non-uniform, because they
depend on the communication paths. The design of Watanabe’s observer resolves itself into a
finite pole assignment problem.

In this chapter, we bring a network structure to Watanabe’s delay-compensated observer. A
distributed estimation method with delay compensation is proposed here. Watanabe defined an
output vector, where each element of the vector is a sum of multiple measurements of a physical
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quantity with different delays. The output form of Watanabe’s observer is useful in aggregating
the observed values using distributed data aggregation methods. Data aggregation methods for
a sensor network are proposed in [67]. In this paper, we introduce the delay compensation pro-
posed in [54] for tree-based data aggregation. All of the observed values of the sensor network
are aggregated through communications between the neighbor-node pairs in a tree network. The
observed values of the sensor network are aggregated by the tree-based communication at the
root node. The communication delays are compensated by the memory of the input stored by
each node. An observer of the root node can estimate the state from the aggregated data at its
own node. We also propose an intercommunication protocol to aggregate the observed values
in all the nodes, which is based on the fact that each node of a tree network can be a root node.
Finally, the distributed observer can estimate the states at all the nodes. A dimension of the
communication data among the nodes corresponds to a dimension of the output vector. Be-
cause the dimension of the output vector is independent of the number of nodes, the proposed
communication law in this chapter is scalable.

4.2 Problem Formulation

Figure 4.1 shows a system with distributed controllers. The dynamics of the plant in Fig. 4.1
can be expressed by

X = Ax + Bu, 4.1)

where x € R” is the system state, and u € R™ represents the input values of the distributed
controllers. Some states of system (4.1) can be measured by sensors as

y=Cx, 4.2)

where y € R? is an output vector that consists of all of the redundant raw measurements, and
therefore rank C may be less than p, and p may be larger than n. For the scalability of the net-
work communication with respect to the number of sensors, this chapter considers aggregations
of sensor measurements. The raw output y is aggregated into a g-dimensional vector y,gr as

Yagr = Fy= Cagrxa (4.3)

where Caor = FC. The designs of F and g are important because these affect the performances
of the state estimation or control, as indicated in [68]. However, this chapter focuses on other
problems, and we assume that F' is given.

There are two networks in Fig. 4.1, i.e., a sensor network and an actuator network that share
the same node set with N elements. Each node may have the sensors and a controller. Each
controller collects the observed information from the other nodes via the sensor network to
estimate the state x, and calculates a part of the input elements from the estimated value. By
renumbering the elements of y, we can decompose matrix F as

AR
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where F; corresponds to the output of the i-th node. Therefore, the output of node i, which is
mapped to the aggregated output space, is defined as

yr=[ Fi 0] ]0y=Cx
: 4.4
where C; = [ 0 ‘ ‘ 0 ‘ Fi |0 ‘ ‘ 0 ]C. If the current outputs y; can be obtained with no
transmission delay, the aggregated output coincides with y,g;, i.€.
N
Yagr = ) Ui (4.5)
i=1

Each node needs all of the input values to estimate the state. In this chapter, it is assumed that
the dimension of the input is smaller than that of the output. Each node sends the input values via
a high-speed actuator network with a limited capacity. On the other hand, the observed values of
each of the nodes are sent via a sensor network with sufficient bandwidth but low communication
speed. Therefore, the communication delay in the transmission of the input values is sufficiently
smaller than that for the observed values. We have ignored the communication delay in the
broadcast of the input values, and it is assumed that all the nodes can obtain the input instantly.

We represent the sensor network by an undirected graph. The set of nodes is denoted by
V = {1,2,...,N}, and the set of edges is denoted by £ C V X V. By using V and E, the
undirected graph is expressed by G := (V, E). In this chapter, it is assumed that the graph G
is a connected graph. For the connected graph G, there always exists at least one tree that is
a subgraph of G and includes all the nodes of V. This tree is denoted by T := (V, E), where
E satisfies £ C E. Node i can mutually communicate with the neighbor nodes. The set of
neighbors of node i connected by T is denoted by J; := {j; (i, j) € E}. Once a root node of
the undirected tree is chosen, the parent node and child nodes of each node are automatically
determined. A set of the child nodes of node i is denoted by H;, where the r-th node is chosen
as the root node. For example, the set of child nodes of node 4 in Fig. 4.2 is H,, = {1,5} if
r=2,4,8, or9. A communication delay from node j to i is denoted by D;;. If j ¢ J;, D;;
becomes the total delay in the path from node j to i. For example, Dg; of the tree in Fig. 4.2 is
Dg1 = Dg4 + Dap + Dy1. Each node stores the history of input u(7), 7 € [, — Djmax], Where
D; max is the maximum delay expressed by D; max = max ey, D;;.

Remark 4.1
In many cases, it is assumed that D;; = D j;, which is a natural assumption. However, the method
proposed in this paper does not need this assumption.

Remark 4.2

The sensor network may have relay nodes. A relay node does not have a sensor but can commu-
nicate with the other nodes. The output matrix of the relay node is C; = 0. Several systems can
be realized using relay nodes. For example, a system with a single centralized controller can be
expressed by a network that includes a controller and has a relay node as the root node.
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Figure 4.1: System with Actuator and Sensor Networks

To simplify the problem, we divide the problem into the following two parts:

Problem 4.1
Node r is fixed as the root node of 7. Design the full state observer at the root node using the
information from its own child nodes.

Problem 4.2
Design the full state observers at all the nodes, which use the information obtained via the
networks.

We will obtain a result for Problem 4.1 in subsection 4.3.2, and then extend it to Problem 4.2
in subsection 4.3.3.

4.3 Proposed Method
4.3.1 Multi-Delay Compensated Observer

The data received at each node includes multiple delays because the communication de-
lays in the sensor network depend on the selection of communication paths. An observer with
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Figure 4.2: Example of a Tree

multi-sensor delays was proposed in [54]. Watanabe et al. [54] defines the outputs C;x for each
corresponding delay D;. Thus the output from all the measurements is expressed by

N
Yeen(t) = Y Cix(t = D). (4.6)
i=1
We can compensate the delays in (4.6) by predicting the system behavior.

Lemma 4.1 (Delay-Compensation Based on Prediction)
Consider system (4.1) with output (4.6). For this system, the following equation holds:

N ¢
Yeen(D) + ) Cie™*P" f A0 Bu(r)dr = Cx(o), 4.7)
i=1 t—D;

where € = 3N, Cie™Pi,
Proof
The solution for system (4.1) is expressed by

t
x(7) = e*Pix(t - D)) + f A0 Bu(t)dnr. (4.8)
t—D;

Lemma 4.1 can be proven by solving (4.8) with respect to x(t — D;) and inserting it into (4.6).

From Lemma 4.1, the state estimation for the system (4.1) with (4.6) becomes a finite pole
assignment problem as follows.

Lemma 4.2 (Watanabe’s Delay-Compensated Observer [54])
Consider system (4.1), the output (4.6), and the observer

£(t) = AX(f) + Bu()

N t
+L [ycen(t) + Z Cie™Pi f A Bu(tydr
i=1 t—D;

1

N
- Z CieADi fc(t)] ,

i=1

4.9)
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Figure 4.3: Aggregation Method for Sensor Network

and suppose that (4, C) is an observable pair. Then, the estimation error ¥ = x — & converges to
zero, if and only if A — LC is Hurwitz.

Proof
From Lemma 4.1, the dynamics of ¥ can be expressed by

¥=A-LOx (4.10)
Therefore, X tends to zero as ¢ — oo if and only if A — LC is Hurwitz.

We notice that Watanabe’s delay-compensated observer does not need to handle y, as defined
by (4.2). The single output vector y., defined by (4.6), which includes all the delayed sensor
signals, and the input signal u(t) (¢ — max;(D;) < v < ¢) are only required for the external
signals of the observer (4.9). This property is effective for reducing the network traffic, because
y includes redundant information. In addition, it is not assumed that the number of delay values
N is smaller than dimension of the output m. Thus, outputs that have the same elements but
include different delays can be aggregated into one value. Based on these results, this paper
solves Problems 4.1 and 4.2 in the following subsections.

4.3.2 Tree-Data-Aggregation-Based Observer

In this subsection, we consider Problem 4.1. Let r be a root node of 7. To collect infor-
mation on the sensor network, each node executes the following communication. Let 7;(¢) be
an aggregated output value at node i. Each node aggregates its own measurements and the data
received from child nodes, and sends these data to the parent node. The data sent from node i
are expressed by

§it) = gt + ) 9t = Di)). (4.11)
jEHir

Leaf node [, which has no child node, i.e., H;, = 0, does not receive any data from the other
nodes. Therefore, §j;(¢) = y;(¢) for each leaf node /.
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The aggregated measurements in each node include communication delays, which depend on
the communication paths. To compensate these delays, each node calculates delay-compensation
terms using the memory of the input, and sends the correction terms to the parent node. Let Z;(7)
be a variable that includes delay-compensation terms at node i and C; be a coefficient matrix that
is recursively defined by

{Ci = Ci+ Xjem, Cie Vi (Hiy # 0), “4.12)

C;=C; (Hir = 0).
Node i receives = j(t—D;;) from node j € H; and calculates éi(t) to compensate D;; (j € H;,) as

Ei(t) = Z (:'::j(t - D;j)

jEHir

t
t-D

Each leaf node / does not need to calculate él(t) because there are no data sent from the other
nodes, which means that Z,(¢) = 0 (Hj, = 0).
Then, the following lemma holds for the communication law (4.11).

(4.13)
eA(t_T)Bu(T)dT] .

ij

Lemma 4.3 (Data Aggregation on Tree Networks)
The aggregated value at the root node can be expressed by

N
§r(6) = )" Cix(t = Dy, (4.14)
i=1
which includes all the measurements on the network with delays.
Proof
Let A" be a set of nodes that can be reached from r via a simple path with length 4. It is
expressed by
{r} (h=0)
A = H, (h=1)

i€Hpylje A (h>1).

Moreover, we define

h
=\ A
i=0
Using (4.11) twice, a relation
y,(1r) = Z yi(t — Dy;) + Z yj(t - Drj) (4.15)
ieH} jeR?

can be obtained. Because 7;(f) = y;(¢) when node i satisfies H;, = 0, §,(¢) is recursively given by
4.14).
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The delay compensated terms (4.13) satisfy the following lemma.

Lemma 4.4 (Delay Compensation on Tree Networks)
Under the communication laws (4.11) and (4.13),

7:() + Ex(1) = C,x(2)

holds, i.e., the sum of the aggregated output and compensating term at the root node can be
expressed by a linear map of the current state.

Proof
By applying (4.12) twice,

C, = Z CiefAD”' + Z C‘jefAD’f (4.16)
ich) jeh? '

is obtained. Note that C; = C; if H;, = 0. Therefore, matrix C, is recursively given by
N
C, = Z CieAPr, 4.17)
i=1

The aggregated value Z,() is given by (4.13). In addition, the data received from the child
nodes are expressed as

[

j(0 = Z (ék(f— Dji)

keHr t (4.18)
+ Cre APw f eA('_T)Bu(T)dT] )
I—Djk
By substituting (4.18) in (4.13), we get
!
2i(t) = Z Cie ™ ADri f A0 Bu(tydr
icH!} 1=Di
+ > (ék(t - D)) (4.19)
jeH?
t
+ Cje~APr f eA(’_T)Bu(T)dT) )
Z—Drj
If node i is the leaf node, éi(z‘) = 0. Thus, ér(t) is recursively given by
N t
EAt) = Z Cie APri f A0 Bu(t)dr. (4.20)
i=1 1=Dri

From (4.17), (4.20), and Lemmas 4.1 and 4.3, we can prove Lemma 4.4.

Lemmas 4.3 and 4.4 indicate that the root can collect all of the measurements on the networks
with delay-compensation. Therefore, the root node can estimate the state from j,(f) and E,(¢).
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Theorem 4.1
Assume that (A, C,) is an observable pair. Then, the observer of the root node

2.(1) = A2.(1) + Bu(?)

. _ “4.21)
+ L (9:(6) + 2:0) = Crn(1))

can estimate the state, i.e., £,.(f) — x(t) as t — oo, if and only if A — C, L, is Hurwitz.

Proof
Let X.(f) = x(¢#) — X,(f). From Lemma 4.4, the estimation error %,(f) satisfies the following
equation:

jér(t) =(A- C_1rLr)55r(t)- (4.22)

Thus, Theorem 4.1 is proven.

4.3.3 Delay-Compensated Observer for Sensor Network

In the previous subsection, the observed information are aggregated in the communication
paths, and finally the root node can obtain an aggregated value for all the nodes’ information.
However, with the exception of the root, all of the nodes only have part of the information
observed by all the sensors. Each node needs the observed information of all the other nodes
to estimate the state at the node. Because every node of a tree can be a root, each node can
collect the observed values of all the other nodes in the same way as the method discussed in
subsection 4.3.2. However, wasteful communications will occur if we individually design the
communication laws to allow the different roots to collect data. Therefore, in this subsection,
we propose an efficient intercommunication-based data aggregation method to estimate the state
at all the nodes.

Let y;; and E;; denote the data sent from node i to j, which will be defined later. The data
sent from node i to j are the aggregated information from the neighbor nodes of node i, except
for j, i.e., Ji \ {j}. Therefore, y;; and E,-j can be defined by

Gif0) =y + > Jualt - Dip), (4.23)
keJi\{j}
Eij(0) = Z (Eki(t — Dy
ke \{J} (4.24)

!
+ Cye AP f eA(t_T)BM(T)dT),
t=Dj

where C;; is the matrix expressed by

Cij=Ci+ Y Cue™P, (4.25)
keJi\j

31



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

Note that matrix C;; can be obtained by an offline calculation. The aggregated values of each
node, 7;(¢) and ﬁi(t), are given by

§it) = i) + Y il = Dyy), (4.26)
JeJi
3@=§X%m
il 4.27)

!
+ Cjie_AD'j f
t—D,

and the output matrix after the delay-compensation is recursively defined by

eA(’_T)Bu(T)dT) ,

ij

é[ = C,’ + Z C'jieiAD"j. (428)
JeJi

Using the intercommunication law in (4.23) and (4.24), the following theorem holds.

Theorem 4.2

The aggregated value of each node #;(¢) includes the outputs of all the sensors. The delays
included in #;(¢) can be compensated by Z,(7). Let %; be an estimate of the state calculated at
node i. The observer in node i is defined by

£i() = A%i(t) + Bu(r)

. . (4.29)
+ Li (5:0) + Zi() - Cizi(0)).

where (A, C;) is an observable pair. Then, the error dynamics of (4.29) for node i are asymptoti-
cally stable if A — L;C; is Hurwitz.

Proof

The intercommunication law of (4.23) and (4.24) implies that y;;(r) and = (¢) are equal to the
aggregated data expressed by (4.11) and (4.13), respectively, when node j is the parent node of
node i. Similarly, C;; in (4.25) coincides with C; of (4.12), when the parent node is j. Thus,
the aggregated values of node i, which are defined in (4.26) and (4.27), become the tree-based
aggregated values at the root node. Matrix (4.28) also becomes the aggregated matrix whose
root node is its own node. Therefore, the error dynamics of the observer of each node (4.29) are
asymptotically stable if A — C;L; is Hurwitz.

Remark 4.3 (Observability of Sensor Network)

In Theorem 2, it is assumed that all the pairs (A, C;) are observable. Thus, the observability
of the sensor network depends on the network topology because C; includes the delay values.
In general, the condition that pair A and non-delay output matrix Cyg, are observable does not
guarantee that (4, C;) is observable. However, we can expect that the sensor network becomes
observable if (A, C,gr) is observable and the communication delays are sufficiently small.
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4.3.4 Adaptation Algorithm for Modification of Network Topology

In this subsection, we show an algorithm for the recalculation of the parameters in each node
when the topology of the network is modified. The parameters that depend on the network
topology in each node are C;, C; j» and L;. The proposed algorithm calculates these parameters
through local calculations and mutually communications between nodes.

We define logical variables 6;(¢) as ¢;(¢) € {T, F}, which indicates whether J; is modified.
Node i sets 6;(f) to “T” (true) if J; has been modified at z, and otherwise 6;(f) = F (false). The
signals 0, (1) represent the propagation of the modification from node i. If node i needs to tell
the present of the modification to node j, 6;;(#) becomes “T,” which means

5ij(t) = 6i(1) v[ \/ Sk,-o—D,-k)}.

keJi\{j}

According to §;(¢) and 0; (1), each node recalculates or updates each parameter. If (_Si.,-(t) is
“T,” node i executes an event to update C;; based on (4.25). Let §;(f) be

5i(1) = 6i(1) v [\/ 6i(t = Dij)
JjeJi
Node i needs to recalculate L; and C; when Si(t) is “T.” The triggered node updates C;as (4.28),
and chooses L; such that A — L;C; becomes stable. Algorithm 1 have summarized the above
procedure.

To execute Algorithm 1, each node needs to prepare C; and e~4P% for all j which are candi-
dates for the neighborhood nodes. Each node can utilize unsteady Kalman filter algorithms to
recalculate ;. The unsteady Kalman filter algorithms need to calculate Riccati differential equa-
tion, but do not need the real-time calculation of eigenvalues or an inverse matrix. Therefore,
the assumption that each node has the ability to execute Algorithm 1 is reasonable.
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Algorithm 1 Recalculation of ¢, C; ; and L; in Each Time Sequence

if J; is modified at r then
0i(t) « true
else
0,(t) « false
end if
for all j such that j € J; do
if 6i(t — D;;) = true then
Cji — C‘;ll.ew
end if
end for
for all j such that j € J; do
6ij(1) « 6i() vV (\/keji\{j} Ori(t — Dik))
if 0;;(1) = true then
C_'?jew — Ci + Yyeypj Crie P
end if
end for
5i(t) « 8i(H) Vv (\/keJ,- Ori(t — Djk))
if 0;(¢) = true then
Ci = Ci+ Yjey, Cjie™P
Calculate L; such that A — L;C; becomes stable.
end if
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4.4 Contribution of This Chapter

4.4.1 Comparison between Consensus Based Observer and Proposed Method

As related works of the proposed method, many consensus based observers are proposed
[69, 70, 71, 72, 73, 74, 75, 76, 77]. In both the consensus based observers and the proposed
method, all nodes over sensor network G estimate the full state. Although each node communi-
cates the raw measurement over delayed sensor networks in the proposed method, the consensus
based observers communicates the estimates. As a basic example, Kalman Consensus Filter
(KCF) [62] are explain in this subsection. Let d(; j) = 0 for all (i, j) € E and consider the system
(4.1) with system noises as

X =Ax+ Bu + Dw, (4.30)

where w is a while noise with corvariance matrix Q € S, . An output vector with a observation
noise in each node is given by

Y =H,~x+v,~ e R% (431)
where v; is a while noise with corvariance matrix R; € R%, . KCF is given by

§i = A%+ Bu+ Ki(yit) — Cifi(0) +y ) Pi(%; = %)
JeJi
P; = AP; + P,AT + DOD™ — P;H R, H,P.
where y > 0. Then, the stability condition of KCF is given by the following theorem.

Theorem 4.3 (Olfati-Saber [62])
Let the pair (A, H;) for all i € V be detectable, w = 0,, and v; = 0,,. Then, the estimation error
Xi = x — X; of (4.32) converges to 0.

As theorem 4.3 indicates, KCF can estimate only a part of the state which is observable
from local sensors. Therefore, communication between adjacent nodes in KCF can improve an
accuracy of the estimates and convergence rates, but can not expand the observable space in each
node. Some works improve this technical issue, but these requires all-to-all communications
over the sensor networks. On the other hand, our proposed method can expand the observable
space from the data-aggregation based communication, i.e even if (A, C;) is unobservable pair,
our proposed method permits that (A, C;) is the observable pair. This is verified by numerical
simulations in subsection 4.5.2.

4.4.2 Comparison between No Delay-Compensation Observer and Proposed Method

The past works consider a finite pole assignment method for a stabilization of linear delay
systems which have infinite pole [54, 78, 79, 80, 81, 82]. In this chapter, the model based pre-
diction proposed in [54] is utilized to realize the finite pole assignment method in an observer
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design. Therefore, we can select any convergence rates of each observer without system con-
straints.

On the other hand, a linear matrix inequality (LMI) based controller design methods for delay
systems have already proposed [83, 84, 85, 86, 87, 88, 89, 90, 91, 92]. Based on these works,
distributed observers without the delay-compensation can be designed. Let us consider (4.1) and
y1(t — Dy;), - -+ ,yn(t — Dy;). The observer without the delay-compensation is expressed by

Xi() = AXi(1) + Bu(r) + L; (yi(2) — Ci%i(1))

N
R (4.33)
+ Z Lﬁ (yj(l - Dﬁ) - ij,'(l - Dj,')) .
j=1,j#i
Then, the stability condition of (4.33) is given by the following theorem.
Theorem 4.4
If there exists P; € S"t,, Q; € S}, (j € V/{i}) and Mj; = P;Lj; (j € V) which satisfy
He (PA + CiM;i) + ey @ row (MTCT)
;= o IRV <, (4.34)
col (C;M;:) ieviti diag (-0 )jeV/{i}

the estimation error &; = x — %; of (4.33) converges 0.

Proof
Let us consider Lyapunov Krasovskii functional candidate V as

vosa'ren+ Y [ e gemar
jeViiy Y1 Pi

The time differentiation of V are given by
V = ei) ¥ieid),
where

e = [fi(f)T’TOW (fi(t - Dﬁ)T)jeV/{i}]

The time differentiation of V satisfies V < 0 except for e; = 0 if theorem 4.4 holds.

To calculate the estimate by using (4.33), each node needs to collect the non-aggregated mea-
surement in the other nodes. Therefore, unlike in the case of the proposed method, LMI based
observer requires unscalable communications. The stability condition shown in theorem 4.4
is conservative because Lyapunov Krasovskii analysis is utilized in the proof. In addition, to
obtain the solution of LMI, we need to solve semidifinite programmings. Therefore, it is dif-
ficult for us to obtain the reasonable solution, which is shown in the numerical simulation in
subsection 4.5.3.
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4.5 Numerical Simulation

4.5.1 Switching of Tree Network

Let us consider the linear system which is expressed by

561 0 1 0 0 X1 0
' 0 0 1 0 0
2 2| cosm). (4.35)
X3 0 0 0 1 X3 0
i) \-3.645 -10935 -1197 -57)\x) 3

A total of 50 sensors in the networks measure x;, xp, or x3. We set the observation matrix of
each node as

002 0 0 O
0 0 0 0}, if i=0 mod3
0 000
0 0 00
Ci=4/0 0.02 0 0, if i=1 mod3 (4.36)
0 0 00
00 0 O
0 0 0 of if i=2 mod 3.
0 0 002 O

The output matrix after the aggregation is

032 0 0 O
Cagr=| 0 034 0 O0f. 4.37)
0 0 034 0

Note that A and Cyq are observable. The communication delays between two neighbor nodes
are uniformly 0.25 seconds. In the numerical simulation, the three topologies in Fig. 4.4 are
switched every 4 seconds. The topologies are generated by a BA model which is proposed
in [93]. The BA model is a randomized algorithm which generates a scale free network. We can
find the scale free networks in the real wold, for example social network or world wide web.

Figures 4.5, 4.6, 4.7, and 4.8 show the time responses of the estimation errors on xj, xp, X3,
and x4, respectively. From Figs. 4.5, 4.6, 4.7, and 4.8, we can confirm that the observer pro-
posed in this chapter can estimate the state. The effects of the parameter modifications appear at
approximately ¢ = 4 sec. However, the estimation errors converge to zero regardless of the pa-
rameter modifications. After the estimation errors converge to zero, the parameter modifications
do not affect the estimates. Therefore, these numerical simulation results verify the effectiveness
of the proposed observer and data aggregation method.
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4.5.2 Verification of Improvement on Observability

In this subsection, we confirm that our proposed method can improve observability of each
node unlike the consensus based filters. Let us consider the plant which is illustrated by Fig. 4.9,
where subplant are expressed by

X X 0
X X 1
o k.2 k.2 ,
Xie,1
k= (1 0)
Xke,2
and the eigen values of Ak are give by

(-1,-2) it k=1
A(Ap) = . o .
(=0.1+i,-0.1—i) if k=23

In the simulation of this subsection, we utilize Fig. 4.11 and Fig. 4.10 as sensor networks for
KFC and the proposed method, respectively. Note that Fig. 4.11 is one of spanning trees of
Fig. 4.10. Local outputs y; (i € V) are given by

0,22,0)7 if i=0 mod3
¥i =1(0,0,z3)7 if i=1 mod3
(z1,0,007 if i=2 mod 3.

Because each nodes can not estimates whole states of Fig. 4.9 from only y;, a collection of
the other outputs are required. The observable states from each output are summarized in Ta-
ble 4.1. For the proposed method, we select observer gain L; such that poles of A —L;C; becomes
(-2,-2.2,-3.9,-4.5, -3, -3). On the other hand, the parameters for KCF are given by Q = 0.1
and R; = 1.0 x 107,

Time responses of the estimation errors in this subsection are shown by Figs. 4.12, 4.13,
4.14, 4.15, 4.16 and 4.17. From Figs. 4.12 and 4.13, we can confirm that both the proposed
method and KCF can estimate (x 1, x12) with sufficient convergence rates because these states
are observable from all local outputs y; (i € V). On the other hand the other states, which
are unobservable from some local sensors, can not be estimated by KCF. However, we can
confirm that our proposed method can estimate full states in all nodes from Figs. 4.14, 4.15, 4.16
and 4.17. From these results, we conclude that our proposed method can expand observable
space in each node from the scalable communication over the sensor networks.
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Figure 4.11: Spanning Tree

Table 4.1: Observalble State

(x1,1, X1.2)

(x2,1,Xx22)

(x3,1,Xx32)

Y1

Observable

Y2

Observable

Observable

Y3

Observable

Observable

42



Chapter 4. Distributed Estimation over Delayed WSN 4.5. Numerical Simulation

S o
o ES

Estimation Error of x1 from KCF
o
[e0]

Estimation Error of x1 from Proposed Method

1 1 _1'6 1 1
10 15 20 10 15 20

Time Time

Figure 4.12: Time Responses of Errors for x; ; from Proposed Method and KCF

Estimation Error of x2 from Proposed Method
Estimation Error of x2 from KCF

h -0.5 k
_1 - l - u
-1.5 : L ! .15 I 1 .
0 5 10 15 20 0 5 10 15 20
Time Time

Figure 4.13: Time Responses of Errors for x| » from Proposed Method and KCF

43



Ryosuke Adachi

Estimation Theorem for Cyber Physical Systems

4D WoJj €X JO 1011T uonewnsy

A =_—==

<

poy1a|N pasodold wouly €X Jo 1ol uoirewnsy

™ o~ — o —

N

e s e

™

15 20

0

1
Time

Time

Figure 4.14: Time Responses of Errors for x, ; from Proposed Method and KCF

Time

4D Wolj #X Jo 1013 uonewnsy

o
T T T . : 2
1w
—
()
o
12 E
T
410
VI/WLN —
S ‘ o
0 o 0 o o ~ -
© o ' - ) o

pouylaN pasodoid Wolj X Jo J011g uonewnsy

Figure 4.15: Time Responses of Errors for x;» from Proposed Method and KCF

44



Chapter 4. Distributed Estimation over Delayed WSN 4.5. Numerical Simulation

Estimation Error of x5 from Proposed Method
Estimation Error of x5 from KCF

1 1 -3 1 1 1
10 15 20 0 5 10 15 20

Time Time
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4.5.3 Verification of Delay Compensation

In this subsection, we confirm that effect of the delay compensation in the proposed method
by comparing to LMI observer given by theorem 4.4. As simulation conditions in this sub-
section, we utilize the same system and networks in subsection 4.5.2. Time responses of the
estimation errors in this subsection are shown by Figs. 4.18, 4.19, 4.20, 4.21, 4.22 and 4.23.

From these results, it is confirmed that observer gains for the no-delay output tend to be very
high. In particular, from Figs. 4.18 and 4.19 whose estimates are observable from only local
output, we can confirm high convergence rates. In generally, high-gain observers, for example
the LMI based observer, are undesirable because they are very sensitive against observation
noises. On the other hand, we can select reasonable gains of the observer in each node because
the proposed method can assign the poles of the observer to any values.

For the delayed output, observer gains calculated from LMI tend to be very low. Therefore,
some nodes can not estimates the state with the sufficient convergence rates in Figs. 4.20, 4.21,4.22
and 4.23. Because existences of Lyapunov-Krasovskii functional is a conservative condition, the
semidefinite programming based on the LMI has a limited space of solution. Therefore, it is dif-
ficult to improve the convergence rates of the LMI based observer.
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Figure 4.19: Time Responses of Errors for x; » from Proposed Method and LMI Based Observer
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Figure 4.23: Time Responses of Errors for x3 » from Proposed Method and LMI Based Observer
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4.6 Conclusion

This chapter propose a data-aggregation-based delay compensated observer for a wireless
sensor network. The proposed method aggregates the values measured by all the sensors to each
node. The communication delay between the neighbor nodes is instantly compensated by each
node. Therefore, all of the nodes of a sensor network can estimate the state of the system. The
dimensions of the signals on all the communication paths is 2¢g, which is independent of node
number N. This implies that the proposed communication laws are scalable with respect to the
network size. A numerical simulation verifies the effectiveness of the proposed method.

In the proposed method, it is assumed that all the nodes can obtain inputs in real time via a fast
network. To remove this assumption, we will consider an observer-based distributed controller
in the next chapter. Moreover, the estimated state of the proposed method and output of the
sensor networks have redundancy. We believe that this redundancy could enable us to realize a
fault tolerant design for the distributed observers or controllers in wireless networks. This will
also be the focus of our future study.
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Chapter 5. Observer Design for
Distributed Control System

5.1 Introduction

In recent years, sensor networks which include a lot of sensors have attracted much attention.
Many sensors improve an accuracy of a sensing on the sensor network. Redundancies of sensors
are able to realize a fault tolerant sensing. The past studies of the applications to sensor networks
have the most interest about communication efficiencies. In order to reduce a communication
traffic, distributed consensus algorithms are proposed. In [62, 61, 64, 63], a distributed observer
which are combined a consensus and Kalman filter are proposed. The consensus filter can
calculate an average consensus value from the communication between neighbor nodes on the
network. An estimate of the observer proposed by Olfati-Sabe is calculated from the Kalman
filter based on the consensus value. A gossip algorithm [65] is also a distributed consensus
algorithm for the sensor network. In this algorithm, each node selects received data from the
neighbor nodes on the network at random. Finally, each node obtains the consensus value with
less communication. In the case that there exist communication delays in the network, a data
aggregation protocol is useful to collect the information of the other nodes. We can calculate the
estimate from aggregated data by using a delay compensated observer. In addition, it is indicated
in [67] that the data aggregation protocol can reduce a power consumption of each node.

Distributed estimation in sensor networks can be applied to distributed control systems. In
the observer based distributed control, each estimator which is collocated with the actuator has
to estimate the state without inputs of the other actuator except for own node. From these rea-
sons, some unknown input observers have been proposed in the past studies. in [94], a delayed
unknown input observer for a discrete-time system was proposed. The delayed unknown input
observer provides only a delayed estimate. However, this observer can reconstruct the unknown
inputs with delays. On the other hand, in [95, 96], the unknown input observers for a continuous-
time system were proposed. These observer can calculate the estimate from the no delay output
without some inputs. However, the unknown input observer proposed in [95, 96] cannot calcu-
late the state in real time under the existence of the communication delay.

We proposed a data aggregation based estimation for the sensor network with the commu-
nication delay in [97]. In this work, it is assumed that each node is connected by the actuator
network without the communication delay. Therefore, all nodes can obtain all input values of
the other nodes and estimate the state from the delay compensated observer proposed in [54].
However, in many cases, the assumption of the actuator network without the communication
delay is not satisfied. Thus, in this chapter, we consider unknown input observer problems in
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the sensor network with the communication delays. The communication delays depend on com-
munication paths in the network. Therefore, we need a multi-delay compensated observer for
the estimation on the network. The multi-delay compensated observer are also proposed in [66]
except for [54]. However, both observers utilize a memory of the inputs to compensate the delay
included in the outputs. Thus, instead of the unknown input, the alternative input is needed in
the calculation of unknown input observers with the delay compensation. In this chapter, we
propose an unknown input observer by using alternative inputs. In our method, all nodes cal-
culate full states from the information obtained from the sensor network. It is assumed that an
input of each node generated by an observer-based controller. Thus, each node calculates the
input values from own estimate. Instead of the inputs generated by the other nodes, each node
calculates the alternative inputs from own estimate based on the feedback controller of the other
node given by the assumption. We can expect that the alternative inputs converge to a real input
of each node if converge rates of each observer are sufficiently high. The estimate and the delay
compensated term of each node is calculated from the alternative inputs instead of the unknown
inputs. A stability of an estimation error of the proposed observer is proven by a Lyapunov-
Krasovskii functional proposed in [98]. Finally, the stability condition of the proposed observer
is given by LMIs.

This chapter is organized as follows. A problem formulation is explained in section 5.2. We
explain the detail of the alternative input observer and show a main result in section 5.3. Results
of a numerical simulation are shown in section 5.4. Section 5.5 gives a conclusion.

5.2 Problem Formulation

We consider a distributed network system showed by Fig. 5.1. The network has N nodes
which include sensors and actuators. Each node collects the observed value of the other nodes
via a network and estimates a state. An input of each node is calculated from the estimate of
own node like Fig. 5.2. The dynamics of the plant in Fig. 5.1 can be represented by

N
x=Ax+ B;u;
; o (5.1)

y=Cx

where x € R” is a state and u; € R™ is a distributed input of node i, and y € R? is the output of
the system. The output y consists of all redundant raw measurements. Therefore, rank C may be
less than p, and p may be larger than n.

In order to represent the network, we utilize an undirected graph. The set of nodes is defined
by V :={1,2,...., N}, and the set of edges is defined by £ C V x V. From V and E, the network
is expressed by G := (V, E). In this chapter, it is assumed that G is connected. If G is connected,
there exists at least one tree T := (V, ) which is a subgraph of G, where E is a set of the edges
which satisfies £ C E.

The nodes which have own sensors provides its measurements to the sensor network. Let us
define the scalable communication as follows.
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Definition 5.1 (Scalable Communication on 7')
When the dimension of communication data on all edges in £ is independent of N = [V|, we call
the communication scalable.

This paper considers aggregations of the sensor measurements by scalable communications.
The redundant raw output y is aggregated into a g-dimensional vector

Yagr = Fy = Cagrx’ (5.2)

where F € R?” represents the relationship between y and yagr, and Cyer = FC. By renumbering
the elements of y, we can decompose the matrix F' as

F:[Fl“" ‘FN 1,

where F; corresponds to the output of i-th node. Therefore, the outputs of the nodes, which are
mapped to the aggregated output space, are defined as

yr=[Fi 0] |0ly=Cix
(5.3)
yv=[ 0] | 0| Fy ly=Cnx,
where C; = [ 0 ‘ ‘ 0 ‘ F; 10 ‘ ‘ 0 ]C. If one can obtain the current outputs y; with no
transmission delay, the aggregated output of y; coincides with yag, i.€.
N
Yagr = Z Yi- (5.4)
i=1

We suppose that the physical meaning of measurements should be preserved in the aggregation.
For example, the aggregations of positions and velocities are prohibited by this assumption. In
addition, we also prohibit the aggregations which cancel the measurements each other.

The nodes which have actuators calculates input values from an estimate of the state. The
estimate of node i is denoted by %;. Based on %;, the input of node i is given by

u; = K. (5.5)

The nodes which have no sensor provide no information to the sensor network and the corre-
sponding F; has no column. Therefore, we model them as the nodes whose output matrices are
zero matrices, i.e. C; = 0.

In the sensor network, each node communicates the information of the measurements to the
other nodes via the paths in E. We define a set of the neighbor of node i connected by T like
Ji=1{j;0,)) e E}. Node i can mutually communicate to the nodes included by J;. Once a root
of the undirected tree T is fixed, a parent node and child nodes of each node are also determined.
The set of the child nodes of node j is represented by P;;, where i is a fixed root node. In Fig. 4.2,
if i #4,8,9, the set of the child nodes in node 4 is P;4 = {8, 9}.
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A communication delay from node i to j is denoted by d; ;). In the case that j ¢ J;, d;; )
represents a total delay on the simple path from node i to j. For example, d(1 ) in Fig. 4.2 is
dais) = da2) +doa) +das).

Each node collects the observed data of the other node by a data aggregation protocol as

gij() = yi() + Z Yri(t — diiy), (5.6a)
keJi\{j}

Git) = yit) + > 5t = dyj), (5.6b)
Jjedi

where y;; is the send data from node i to j, and #; is an aggregated output in node i. We can
represent j; as

N
gty = )" Cix(t - dqi ). (5.7)

J=1

When the communication delay is sufficiently small to be ignored, j; for all i becomes yygr.
In addition, it is also assumed that node i cannot obtain the input of the other nodes. In this
chapter, we solve Problem5.1 as a main problem.

Problem 5.1
Design the full state observer at all nodes by using only the information from own neighbor
nodes.

Remark 5.1
In many cases, it is assumed that d(; j, = d(;;. This is a natural assumption. However, our
proposed method does not need this one.

5.3 Main Result

5.3.1 Alternative Input Observer with No Delays

Consider the following problem.

Problem 5.2
Solve Problem 5.1 under the assumption that the communication delay dj; j is 0.

In [96, 95], Problem 5.2 is considered as an unknown input observer problem and a linear
system with unknown inputs is expressed as

X =Ax+ Bu + Duv,
(5.8)
y = Cx,

where u is a known input and v is an unknown input. In the problem formulation of this chapter,
Bu=Bu,D =) Bj,C = Cyg.

i+
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Figure 5.1: Distributed Network System
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Figure 5.2: Detail of Each Node

The unknown input observer of system (5.8) can be expressed by

2= Nz+ Ly + Gu,
(5.9

Xx=z—-Ey.
In [96], a stability condition of the observer (5.9) is indicated as algebraic equations of N, L, G
and E. On the other hand, in [95], the stability condition of the observer (5.9) is shown as the
LMI. A difference between a general unknown input observer and our problem formulation is
an assumption that the input of each node is given by (5.5). Note that the estimate of each node
converges to X1 = -+ = Xy = x if the estimation errors of each node are stable. If convergence
rates of the estimation errors are sufficiently high, we can expect that each node can estimate
the unknown input of the other node from own estimate. Therefore, we utilize an alternative
input #;; instead of u; in the calculation of the observer on node i like Fig. 5.3. By using %;, the
alternative input #;; is calculated by

Mij = Kj)?j.
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Conventional Observer Unknown Input Observer Alternative Input Observer
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Figure 5.3: Conventional, unknown, and alternative input observers in node i

Based on the alternative inputs, the observer in node i can be expressed by

)AC,' = A)AC, + B,'I/l,' + Z B,'Ijt,'j + L,‘(gi - Cagr)’e,'). (510)
i#]
The stability condition of the estimation error on (5.10) is given by Theorem 5.1.
Let B; be a matrix in which B;K; are horizontally arranged except for ith block element. In
the B;, ith block element is the negative sum of B ;K except for B;K;. Thus, B; can be expressed
by

B; = |BiKy, - ,Bi—lKi—l,—ZBjK','” ,BNKn|.
i)

For example, if N = 3, B, can be expressed by
B; = [BiK1, —(Bi K| + B3K3), B3K3] .

By using B, A is defined by

A= diag (A);ey —
By

Theorem 5.1
If there exist P; € S}, and the observer gains L; which satisfy

He (diag (P)icy (A — diag (LiCide)ieV)) <0, (5.11)
the estimation error &; = x — X; of the observer (5.10) converges zero.

Proof
Let £ € R™ be a vector which is expressed by

E=[gl,- 60
By using &, the error dynamics of (5.10) can be expressed by

f. = (A — diag (LiCagr)iEV)g-
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We consider a Lyapunov function candidate V as
V = ¢ diag (P)iey €.
By time differentiating V, we can get
V = ¢"He (diag (P))ey (A — diag (LiCide)iey)) €.

Therefore, we can get Theorem 5.1 as a stability condition of the estimation error of the observer
(5.10).

Both the alternative input observer (5.10) and the unknown input observer (5.9) are also
solutions of Problem 5.2. However, the unknown input observer cannot provide the estimate in
real time for the network with the communication delay. Therefore, we propose a distributed
observer with the delay compensation by using the alternative inputs in next subsection.

5.3.2 Alternative Input Observer with Delay Compensation

An observer with sensor delays proposed by Watanabe [54]. They indicate that a delayed
output C;x(t — d; j)) can be compensated by adding delay compensation term Z(¢), which can be

expressed by
Cix(t—d,j) + E() = C,-e’Ad(f'f)x(t), (5.12a)
: N
2(t) = CjeAdi f A0S By, (5.12b)
1=dj) i=1

Each node obtains the all observed data of the other node via the aggregated data (5.6a) with
multiple delays which depend on communication paths. Therefore, a distributed calculation of
the delay compensation terms is necessary. In addition, the unknown input is needed to execute
the calculation of the delay compensation in each node. In this paper, we utilize the alternative
input in the calculation of the delay compensation. The delay compensation term sent from node
i to j can be expressed by

Bij(0) = Z (Eki(t —d))
ke \{j}
N

!
+ Cppe e f AN Biiy(vd |,
) =1

where C; j) is a matrix defined by

Cip=Ci+ Z Caipe 0. (5.13)
kedi\j)
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Note that &1;; = u; and the calculation of (5.13) can be executed in off line. Each node calculates

=; as

2, = Z (iji(l‘ —d(ji)

JeJi
t N (5.14)
+Cq j,i)e_Ad‘“) f A0 Z Bty (v)dt|.
1=dji k=1
By using ;, Z; and the alternative inputs, the observer of node i can be expressed by
N
fi(0) = ARi(0) + ) Bjtij(0)
= (5.15)

+ Li (:0) + Zi(0) - Cisi(0)),
where C; is a matrix given by
é,‘ =C; + Z C(j,i)e_Ad(j’i).
JeJi

In the case that each node can obtain all inputs in real time, the estimation error of the observer
(5.15) is asymptotically stable if and only if A —L;C; is Hurwitz. On the other hands, the stability
condition of the estimation error for (5.15) under existence of the alternative inputs is given by
Theorem 5.2.

Let £(i) be set of edges whose elements are a part of simple paths from node j to i for all
j # i. For example, E(1) in Fig. 4.2 is given by

E(1) ={(2,1),(3,1),(4,2),(5,2),(6,3),
(7,3),(8,4),(9,4)}.

The density of E(i) is N — 1 regardless of i. For each i, we define P; € S", and M; € R"™ = P;L;.
In addition, for each i and e € E(i), the matrices 'Q, € S™, W, € $"N and 'R, € S", are defined.
By using ‘R,, 'Q, is given by

d, o
Queiity = fo eAGleRelBJTeATGdG. (5.16)

From A, P;, M;, C; and ' Q,, the matrix ® is calculated by
® = He (diag (P)iey A - diag (M:Ci)._, )
N .
+ Z Z ‘Q..
i=1 ecE(i)
We set C;, 'Q as
C; =row (C‘

‘Q = diag ('Q.)

e)eeE(i) ’ ecEG) "
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Let us consider the function
Vi = & (ndiag (P))ey £().

Then the following lemma helds.

Lemma 5.1
The time differentiation of V| satisfies the following inequality:

Vi < ET(OAED)

N
£ > EOPLCQCIL P

i=1 e=(k,j)eE(i)
N t—dji) .
DM B
i=1 e=(k.pek() ¥ kD
A =He (diag (Pdiey (‘Li — diag (Liéi)iev))‘
Proof

Let ‘2 jk be a delay compensated term sent from node j to k when node i is root node.The term
iZ jx can be expressed by

B = Z (iélj(t —da.j)
lGP,‘j
5.17)

¢ N
+ Cq,jye 2% f eA(t_T)ZBpﬁjp(T)dT .
t=dq,j) p=1

In the protocol (5.14), each node does not need to distinguish where node is a root. For example,
25,0 = 3,6,7 are equal to Z3 in Fig. 4.2. But the notation of (5.14) is not convenient for the
proof, we use equation (5.17) in this subsection. Note that ’éii = .'é,-. Let an error between actual
inputs and the alternative input be @t;; = u; — i1;;. By substituting i#;; = u; — it;; to the equation
(5.17), we can get

2 = "E () + "2 (),

=NOEDY (iElj(f —da,p)

IGP,'I'

‘ N
+ C(],j)e_Adl'j f eA(’_T) Z Bpup(T)dTJ B
1=dq,j

p=1

=NOEDY (iélj(f —da,p)

IGP,']'

: N
- Ca e f eA("T)ZBpajp(T)dT :
1=dq.j)

p=1
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The term 'E jk means the actual delay compensation term from node j to k. On the other hands,
ic) jk means the error between the actual delay compensation term and the one based on the
alternative inputs. Therefore, ‘Z;; can be expressed by

N
iZ(f) = Z CieAdi f A Z B (t)dr.
k=1

djiy

By adding ‘Z;; to §J;, we can compensate the communication delays as
y g y p y

gi(r) + '—‘ll(t) =C; ix(1).

= = =T =T . .
LetZbe 2 =['Z,,--- ,NEyy17. Note that the following equation is held:
N
> Bjiu; = -Bié.
Jj=1

Thus, the dynamics of estimation error & for observer (5.15) can be expressed by

&(r) = (A - diag (L,Ci)l_ev) &(f) — diag (Ly)iey £(0), (5.18a)
Ep(t) = Z [iélj(t —dqj)
lePyj (5.18b)

/
+ C(l,j)eAd(mfd eA(tT)ij(T)dT).
—dj)

The time differentiation of V| can be expressed by

= A ~ 2Z§<r)TP Li'E; (). (5.19)

By substituting (5.18b) to the second term of the right side on equation (5.19), we can get

— 26T (OP,L'E(t)
_ Z ENOPLIEji(r - dijp)

JEPii

-2y f g (OPLiC ;e Bi(t)dr.

JEPii

(5.20)

Letaand bbe a,b € R" and Rbe R € S}, . For a, b and R, the following inequality holds:

2a"b <a"R'a + b"Rb.
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Therefore, the integral term in (5.20) can be expressed by

t

-2 f EN(PLC e ™70 Big(r)dr
diji
f

<2 f € (VPLCjpe 0 Bié(vldr
djiy

< €' OPLCji)' Qi Ci LT P E)

!
- &' (1)B] 'R Bi£(r)d.
t=dj iy

The first term in (5.20) can be expressed by

- 25 (t)P Lz sz(t - d(j,i))
=-2 Z ENOPLIEx(t — diey)

kEP,’j
1= d(]t)
23 | EOPILCy et T Bty
kEP,‘j t_d(k’)

The integral term in (5.21) is also expressed by

1=d(ji) _ _
-2 f ENOPLCy je D B g (r)dT
I—d(k’l')
< &' OPLCq. ' Q) Cli ;) Li PTED)
t—dj,) T AT _
+ f f (T)Bj lR(k’j)ij(T)dT.

t —d(k,,')

(5.21)

If node j is the leaf node, ‘= ;(2) satisfies that o i(®) = 0. Thus, V| is recursively given by

Vi <€T(OAE®)

N
£ > EOPLCQCIL] P Ew)

=1 e=(k,)eL()

+Z > f " (1)BI'R, B jé(1)dx.

=1 e=(k, k(i) VD

(5.22)

For the stability analysis of the estimation error & = x — &; of (5.15), let us consider V =

Vi + V, + V3 as a Lyapunov Krasovskii functional candidate, where V, and V3 are expressed by

v, = Z > f &0 et .

i=1 e=(k,j)eE(i)

t—d i) +de .
Vs = Z Z f f 'V, (1)drd6

=1 e=(k, )EEG) A +det6

Ve(1) = ET (1) Wet(a).

Then, the stability condition of (5.15) is obtained by the following theorem.
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Theorem 5.2
If there exit the matrices P;, M;, 'Q., ‘W, and ‘R, which satisfy

diag ('Q7") _~ diag (CT M)

, B i€V |> 0 (5.24a)
diag (M,C,-)iev -¥

d,'W,-'0,<0 (5.24b)

BI'R.B;-'W, <0, (5.24¢)

the estimation error &; = x — &; of (5.15) is stable.

Proof
The time differentiation of V, and V3 are given by

N
=3 > (@i

i=1 e=(k, j)eE i) (5.25a)
— &Nt — d(i) Qet(t - d(j,i)))

N
Vi = Z Z (de§T(t - d(j,i))iWef(t —djp)
i=1 e=(k,j)eE (i) (5.25b)

1=d(ji) .
- f (2 We@“(r)dr].
t

—d ki)

From Lemma 5.1 and the equation (5.25), we can get the inequality about V as

V < 0P

N
+ Z Z ) EN(t = dijp)(de' We = "Qu)E — dj)
i=1 e=(k,j)eEG)
1=d(ji)

N
£ D, & (1)(BL'R.B; ~ W,

=1 e=(k, pek) ¥ kD
where Y is given by
N
Y=0+) > PLC/QCILIP.
=1 e=(k,)EE()

The time differentiation of V satisfies V < 0 except for & = 0if (5.24b), (5.24¢) and the following
matrix inequalities holds:

¥ <0. (5.26)
By applying Schur complements to (5.26), (5.24a) is obtained.

The equation (5.24) is not the LMI for P;, M;, {Q,, "W, and ‘R,. However the equation (5.16)
can be transformed into

He (A'Q,) = e IR A d: — IR71,
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Therefore, the equation (5.24) becomes the LMI for P;, M;, 'Q, , ‘W,, 'R, and 'Q, with equality
constraints. However, in the numerical calculation of a semi-definite programming problem, the
equality constraint is undesirable. Thus, it is convenient that ‘R, is given in the actual calculation.

From the equation (5.11), we can confirm that if we can select the observer gains of each
node sufficiently high, the estimation error of each node converges to 0 in the no delay case.
This result is not contradictory to the motivation of the introduction to the alternative inputs.
In the existence of the communication delay, the stability condition (5.24a) can be transformed
into the equation (5.26). From the equation (5.26), it is also necessary that the observer gains of
each node are high to estimate the state. On the other hand, it is also confirm that when we raise
the observer gain too high, the equation (5.26) is not satisfied. Thus, there exist some systems
which has no solution of (5.24). Qualitative characteristics of the infeasible condition of (5.24)
are described in section 5.4 from results of numerical simulations.

5.4 Numerical Simulation

In this section, we consider the liner system with 10 nodes which can be expressed by

10
¥ 0.050 -0.105
e S B (5.27)
X2 0.015 0.085 Jx2) 4
The network which observes and controls the system (5.27) has a topology shown by Fig. 5.4.
The odd-numbered nodes can measure x; and inject the input to x,. On the other hand, the

even-numbered nodes can measure x; and inject the input to x;. Therefore, input and output
matrices of each node are given by

(1 0
B,_

i )T
(O 1) if i=0 mod?2

0 o .
if i=1 mod?2

0 1
Ci=

BRI
[ ] if i=0 mod 2.

if i=1 mod?2

00

The communication delays on the network is uniformly 0.25. The feedback gains of each node
K; are determined such that the eigenvalues of following matrix (5.28) becomes (—0.05, —0.1).

10
A+ Z BiK; (5.28)
i=1

We give the parameter matrices ‘R, as uniformly I, x 0.001. Under the above conditions, we
solve the LMI (5.24) to find the observer gains of each node. We can confirm that some observer
gain become height compared to system matrix of (5.27). For example, we can get the gain for
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Figure 5.4: Topology of Network

the 2-th node as

36.9160 —10.9542
-10.0549  2.9931

Time responses of the estimation errors on x; and x; are shown in Fig. 5.5 and 5.6. It is also
confirmed that the estimation errors converge to 0.

From a series of the other numerical simulations, we conclude that the condition (5.24) is
very severe for the system condition. Of course, there exist the cases that the LMI (5.24) be-
comes feasible like above example. However, in many case, for example the case that a feedback
gain is high, the system matrix A has a large unstable eigenvalue or the communication delay
is large, the LMI (5.24) becomes infeasible. On the other hand, if the communication delay is
enough small to be ignored, we can estimate the state from the alternative input observer with
high gains. In addition, if each node can obtain all input of the other node, the observer (5.15)
can estimate state if and only if (4, C;) is a observable pair. Therefore, it is important for us to
collect either the input or the output in real time to estimate the state without delays.

5.5 Conclusion

In this chapter, we proposed the alternative input observer for the sensor network with the
communication delays. Each node estimates the state and calculate the input from own estimate.
In the calculation of the observer and the delay compensation, each node utilizes the alternative
input which is calculated from own estimate instead of input of the other nodes. The stability
condition of the alternative input observer is given by the LMI.

Through the numerical experiments, it is confirmed that the stability condition that we pro-
posed is sensitive against the system condition. We introduce the stability condition from the
Lyapunov-Krasovskii functional analysis, which means the result of this paper is conservative.
We may be able to relax the stability condition of alternative input observer under existence of
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Figure 5.5: Time Response of Estimation Error on x;

communication delay. However, we conclude that it is important for us to collect either the input
or the output in real time to estimate the state without the delays.

65



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

T
Node 1
Node 2
Node 3
Node 4
Node 5
Node 6

8
6\
\\ Node 7
4 Nod 6 —— -
2
0

AN EH=

error of xo

0 5 10 15 20 25 30
time

Figure 5.6: Time Response of Estimation Error on x;

66



Chapter 6. Conclusion

This thesis discusses state estimation problem of cyber physical systems for the next generation.
In particular, an estimation of a quadrotor UAV and a distributed estimation over delayed sensor
networks are selected as main problmes of the cyber physical systems.

Chapter 3 proposes a maximum-likelihood-estimation method for a quadrotor UAV given the
existence of sensor delays. Since state equation of the UAV is given by nonlinear, an approx-
imated extimation method that has filter and predictor are required. The filter of the proposed
mehtod estimates the past state based on the delayed output through an extended Kalman filter.
The predictor involves calculating an estimate of the present state by simulating the original
system from the past to the present. It is proven that the proposed method provides an ap-
proximated maximum-likelihood-estimation. The effectiveness of the estimator is verified by
performing experiments. A future work will involve considering a particle filter based observer
with delay compensation for cases with large-amplitude noises.

Chapter 4 propose a distributed delay-compensated observer over wireless sensor network.
To reduce the communication amount, data aggregation of measurements are utilized. In the
data aggregation of each node, communication delays are compensated by using given system
dynamics and stored inputs. Therefore, all node can synchronize sensor measurements by using
the scalable and local communication in real-time. All nodes estimate the state variables of a
system simultaneously. Convergence rates of the proposed observer can be arbitrarily designed
regardless of communication delays. The effectiveness of the proposed method is verified by
numerical simulation. Future works involve analyzing the effect of data-aggregation against
reductions of energy consumption and noise affects.

In Chapter 5, we extend the result in Chapter 4 into an unknown-input observer for distributed
network systems under existence of communication delays. The proposed method provides the
distributed observer over the delayed sensor networks, which requires only the input generated
by own node. Other input values are replaced by surmised values using own state estimate.
State-estimation error of a node affects the delay compensation, which is used by the observers
in the other nodes, and therefore the stability analysis of the proposed method is not straight-
forward. In this chapter, a stability condition is obtained via Lyapunov-Krasovski functional,
and the parameters of the distributed observer over the delayed sensor network, which assure
the stability, are obtained as a solution of a semidefinite programming. Finally, a result of a
numerical simulation is shown to verify the effectiveness of the proposed method.

67






Acknowledgements

I sincerely thank my advisor Professor Yuh Yamashita for the proper guidance of and numerous
suggestions for this work.

I would like to thank Professor Shun’ichi Kaneko, Professor Atsushi Konno, and Associate
Professor Koichi Kobayashi for being my committee.

I would like to thank Associate Professor Koichi Kobayashi for being my committee and his
good advise.

My profound thanks to Lecturer Daisuke Tsubakino of Nagoya University, who was Assis-
tant Professor of Dynamical Systems and Control Laboratory until October 2015, for his helpful
discussions, advise, and encouragement in the laboratory.

Special thanks go to students of Dynamical Systems and Control Laboratory for my pleasant
days in the laboratory.

I also would like to express my gratitude all the staff and students whom I have met during
my doctoral life at Hokkaido university.

Finally, I would like to thank my family for their support that have enabled me to complete
my Ph.D. degree.

69






References

[1]

[7]

(8]

[9]

[10]

[11]

Y. A. Prasetyo and A. A. Arman, “Group management system design for supporting society
5.0 in smart society platform,” in Information Technology Systems and Innovation (ICITSI),
2017 International Conference on. 1EEE, 2017, pp. 398—404.

H. Hayashi, H. Sasajima, Y. Takayanagi, and H. Kanamaru, “International standardization
for smarter society in the field of measurement, control and automation,” in Society of
Instrument and Control Engineers of Japan (SICE), 2017 56th Annual Conference of the.
IEEE, 2017, pp. 263-266.

B. Salgues, Society 5.0: Industry of the Future, Technologies, Methods and Tools. John
Wiley & Sons, 2018.

D. Serpanos, “The cyber-physical systems revolution,” Computer, vol. 51, no. 3, pp. 7073,
2018.

J.-Q.Li, F. R. Yu, G. Deng, C. Luo, Z. Ming, and Q. Yan, “Industrial internet: A survey on
the enabling technologies, applications, and challenges,” IEEE Communications Surveys
& Tutorials, vol. 19, no. 3, pp. 1504-1526, 2017.

M. S. Hossain and G. Muhammad, “Cloud-assisted industrial internet of things (iiot)—
enabled framework for health monitoring,” Computer Networks, vol. 101, pp. 192-202,
2016.

J. Lee, B. Bagheri, and H.-A. Kao, “A cyber-physical systems architecture for industry
4.0-based manufacturing systems,” Manufacturing Letters, vol. 3, pp. 18-23, 2015.

H. Lasi, P. Fettke, H.-G. Kemper, T. Feld, and M. Hoffmann, “Industry 4.0,” Business &
Information Systems Engineering, vol. 6, no. 4, pp. 239-242, 2014.

M. RiiBmann, M. Lorenz, P. Gerbert, M. Waldner, J. Justus, P. Engel, and M. Harnisch,
“Industry 4.0: The future of productivity and growth in manufacturing industries,” Boston
Consulting Group, vol. 9, 2015.

S. Wang, J. Wan, D. Zhang, D. Li, and C. Zhang, “Towards smart factory for industry
4.0: a self-organized multi-agent system with big data based feedback and coordination,”
Computer Networks, vol. 101, pp. 158-168, 2016.

Y. Lu, “Industry 4.0: A survey on technologies, applications and open research issues,”
Journal of Industrial Information Integration, vol. 6, pp. 1-10, 2017.

71



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

C. G. Cassandras, “Smart cities as cyber-physical social systems,” Engineering, vol. 2,
no. 2, pp. 156-158, 2016.

F. Baronti, S. Vazquez, and M.-Y. Chow, “Modeling, control, and integration of energy
storage systems in e-transportation and smart grid,” IEEE Transactions on Industrial Elec-
tronics, vol. 65, no. 8, pp. 6548-6551, 2018.

J. A. Guerrero-Ibanez, S. Zeadally, and J. Contreras-Castillo, “Integration challenges of
intelligent transportation systems with connected vehicle, cloud computing, and internet of
things technologies,” IEEE Wireless Communications, vol. 22, no. 6, pp. 122-128, 2015.

E. Cascetta, A. Carteni, F. Pagliara, and M. Montanino, “A new look at planning and
designing transportation systems: A decision-making model based on cognitive rationality,
stakeholder engagement and quantitative methods,” Transport policy, vol. 38, pp. 27-39,
2015.

R. Herndndez, C. Cardenas, and D. Mufioz, “Game theory applied to transportation sys-
tems in smart cities: analysis of evolutionary stable strategies in a generic car pooling sys-
tem,” International Journal on Interactive Design and Manufacturing (1JIDeM), vol. 12,
no. 1, pp. 179-185, 2018.

P. Neirotti, A. De Marco, A. C. Cagliano, G. Mangano, and F. Scorrano, “Current trends
in smart city initiatives: Some stylised facts,” Cities, vol. 38, pp. 25-36, 2014.

S. Djahel, R. Doolan, G.-M. Muntean, and J. Murphy, “A communications-oriented per-
spective on traffic management systems for smart cities: Challenges and innovative ap-
proaches,” IEEE Communications Surveys & Tutorials, vol. 17, 2015.

A. Radziwon, A. Bilberg, M. Bogers, and E. S. Madsen, “The smart factory: exploring
adaptive and flexible manufacturing solutions,” Procedia engineering, vol. 69, pp. 1184—
1190, 2014.

R. Aversa, R. V. Petrescu, F. I. Petrescu, and A. Apicella, “Smart-factory: Optimization
and process control of composite centrifuged pipes,” 2016.

F. Shrouf, J. Ordieres, and G. Miragliotta, “Smart factories in industry 4.0: A review of
the concept and of energy management approached in production based on the internet of
things paradigm,”’ in Industrial Engineering and Engineering Management (IEEM), 2014
IEEE International Conference on. 1EEE, 2014, pp. 697-701.

M. Amin, “Smart grid,” PUBLIC UTILITIES FORTNIGHTLY, 2015.

E. Fadel, V. C. Gungor, L. Nassef, N. Akkari, M. A. Malik, S. Almasri, and I. F. Akyildiz,
“A survey on wireless sensor networks for smart grid,” Computer Communications, vol. 71,
pp- 22-33, 2015.

72



References

[24] M. L. Tuballa and M. L. Abundo, “A review of the development of smart grid technolo-
gies,” Renewable and Sustainable Energy Reviews, vol. 59, pp. 710-725, 2016.

[25] F. Kamyab, M. Amini, S. Sheykhha, M. Hasanpour, and M. M. Jalali, “Demand response
program in smart grid using supply function bidding mechanism.” IEEE Trans. Smart Grid,
vol. 7, no. 3, pp. 1277-1284, 2016.

[26] Y. Kabalci, “A survey on smart metering and smart grid communication,” Renewable and
Sustainable Energy Reviews, vol. 57, pp. 302-318, 2016.

[27] R. Baheti and H. Gill, “Cyber-physical systems,” The impact of control technology, vol. 12,
no. 1, pp. 161-166, 2011.

[28] K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-agent formation control,” Auto-
matica, vol. 53, pp. 424440, 2015.

[29] X. Ge and Q.-L. Han, “Distributed formation control of networked multi-agent systems
using a dynamic event-triggered communication mechanism,” IEEE Transactions on In-
dustrial Electronics, vol. 64, no. 10, pp. 8118-8127, 2017.

[30] Z.Lin, L. Wang, Z. Han, and M. Fu, “Distributed formation control of multi-agent systems
using complex laplacian,” IEEE Transactions on Automatic Control, vol. 59, no. 7, pp.
1765-1777, 2014.

[31] L. Consolini, F. Morbidi, D. Prattichizzo, and M. Tosques, “Leader—follower formation
control of nonholonomic mobile robots with input constraints,” Automatica, vol. 44, no. 5,
pp. 1343-1349, 2008.

[32] D. Ding, Z. Wang, B. Shen, and G. Wei, “Event-triggered consensus control for discrete-
time stochastic multi-agent systems: the input-to-state stability in probability,” Automatica,
vol. 62, pp. 284-291, 2015.

[33] Z. Li, Z. Duan, and F. L. Lewis, “Distributed robust consensus control of multi-agent
systems with heterogeneous matching uncertainties,” Automatica, vol. 50, no. 3, pp. 883—
889, 2014.

[34] J. Qin and C. Yu, “Cluster consensus control of generic linear multi-agent systems under
directed topology with acyclic partition,” Automatica, vol. 49, no. 9, pp. 2898-2905, 2013.

[35] M. Zhong and C. G. Cassandras, “Distributed coverage control and data collection with
mobile sensor networks,” IEEE Transactions on Automatic Control, vol. 56, no. 10, pp.
2445-2455, 2011.

[36] L. I. Hussein and D. M. Stipanovic, “Effective coverage control for mobile sensor networks
with guaranteed collision avoidance,” IEEE Transactions on Control Systems Technology,
vol. 15, no. 4, pp. 642-657, 2007.

73



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

W. Liand C. G. Cassandras, “Distributed cooperative coverage control of sensor networks,”
in Decision and Control, 2005 and 2005 European Control Conference. CDC-ECC’05.
44th IEEE Conference on. 1EEE, 2005, pp. 2542-2547.

J. Jia, J. Chen, G. Chang, and Z. Tan, “Energy efficient coverage control in wireless sensor
networks based on multi-objective genetic algorithm,” Computers & Mathematics with
Applications, vol. 57, no. 11-12, pp. 1756-1766, 2009.

Y. Wang and I. I. Hussein, “Awareness coverage control over large-scale domains with
intermittent communications,” IEEE Transactions on Automatic Control, vol. 55, no. 8,
pp. 1850-1859, 2010.

M. Kido, K. Kobayashi, and Y. Yamashita, “Mpc-based surveillance over graphs by multi-
ple agents,” SICE Journal of Control, Measurement, and System Integration, vol. 10, no. 3,
pp- 253-258, 2017.

R. Masuda, K. Kobayashi, and Y. Yamashita, “Optimal monitoring of multiple agents via
time sequence-based modeling,” SICE Journal of Control, Measurement, and System Inte-
gration, vol. 11, no. 3, pp. 169-173, 2018.

C. G. Cassandras, X. Lin, and X. Ding, “An optimal control approach to the multi-agent
persistent monitoring problem,” IEEE Transactions on Automatic Control, vol. 58, no. 4,
pp- 947-961, 2013.

X. Lin and C. G. Cassandras, “An optimal control approach to the multi-agent persistent
monitoring problem in two-dimensional spaces,” IEEE Transactions on Automatic Control,
vol. 60, no. 6, pp. 16591664, 2015.

X. Dong, B. Yu, Z. Shi, and Y. Zhong, “Time-varying formation control for unmanned
aerial vehicles: Theories and applications,” IEEE Transactions on Control Systems Tech-
nology, vol. 23, no. 1, pp. 340-348, 2015.

S. L. Waslander, G. M. Hoffmann, J. S. Jang, and C. J. Tomlin, “Multi-agent quadro-
tor testbed control design: Integral sliding mode vs. reinforcement learning,” in Intelli-
gent Robots and Systems, 2005.(IROS 2005). 2005 IEEE/RSJ International Conference on.
IEEE, 2005, pp. 3712-3717.

G. M. Hoffmann, H. Huang, S. L. Waslander, and C. J. Tomlin, ‘“Precision flight control for
a multi-vehicle quadrotor helicopter testbed,” Control engineering practice, vol. 19, no. 9,
pp. 1023-1036, 2011.

P. T. Nathan, H. A. Almurib, and T. N. Kumar, “A review of autonomous multi-agent
quad-rotor control techniques and applications,” in Mechatronics (ICOM), 2011 4th Inter-
national Conference On. 1EEE, 2011, pp. 1-7.

74



References

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

T. Madani and A. Benallegue, “Backstepping Control for a Quadrotor Helicopter,” 2006
IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 3255-3260,
2006.

T. Madani and a. Benallegue, “Backstepping sliding mode control applied to a miniature
quadrotor flying robot,” IECON Proceedings (Industrial Electronics Conference), pp. 700—
705, 2006.

M. O. Efe, “Robust low altitude behavior control of a quadrotor rotorcraft through slid-
ing modes,” 2007 Mediterranean Conference on Control and Automation, MED, pp. 0-5,
2007.

G. V. Raffo, M. G. Ortega, and F. R. Rubio, “Backstepping/nonlinear h™ control for path
tracking of a quadrotor unmanned aerial vehicle,” in American Control Conference, 2008.
IEEE, 2008, pp. 3356-3361.

A. Benallegue, A. Mokhtari, and L. Fridman, “High-order sliding-mode observer for a
quadrotor uav,” International Journal of Robust and Nonlinear Control, vol. 18, no. 4-5,
pp. 427-440, 2008.

A. Levant, “Higher-order sliding modes, differentiation and output-feedback control,” In-
ternational journal of Control, vol. 76, no. 9-10, pp. 924-941, 2003.

K. Watanabe and M. Ito, “An observer for linear feedback control laws of multivariable
systems with multiple delays in controls and outputs,” Systems & control letters, vol. 1,
no. 1, pp. 54-59, 1981.

M. Krstic, Delay compensation for nonlinear, adaptive, and PDE systems. Springer, 2009.

K. Khoshelham, “Accuracy analysis of kinect depth data,” in ISPRS workshop laser scan-
ning, vol. 38, no. 5, 2011, p. W12.

J. Stowers, M. Hayes, and A. Bainbridge-Smith, “Altitude control of a quadrotor helicopter
using depth map from Microsoft Kinect sensor,” 2011 IEEE International Conference on
Mechatronics, pp. 358-362, 2011.

R. E. Kalman, “A new approach to linear filtering and prediction problems,” Journal of
Fluids Engineering, vol. 82, no. 1, pp. 35-45, 1960.

R. E. Kalman and R. S. Bucy, “New results in linear filtering and prediction theory,” Jour-
nal of Fluids Engineering, vol. 83, no. 1, pp. 95-108, 1961.

I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “A survey on sensor net-
works,” IEEE communications magazine, vol. 40, no. 8, pp. 102—-114, 2002.

R. Olfati-Saber, “Distributed kalman filter with embedded consensus filters,” in Decision
and Control, 2005 and 2005 European Control Conference. CDC-ECC’05. 44th IEEE
Conference on. 1EEE, 2005, pp. 8179-8184.

75



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

——, “Distributed kalman filtering for sensor networks,” in Decision and Control, 2007
46th IEEE Conference on. 1EEE, 2007, pp. 5492-5498.

R. Olfati-Saber and R. M. Murray, “Consensus problems in networks of agents with switch-
ing topology and time-delays,” Automatic Control, IEEE Transactions on, vol. 49, no. 9,
pp- 1520-1533, 2004.

R. Olfati-Saber and J. S. Shamma, “Consensus filters for sensor networks and distributed
sensor fusion,” in Decision and Control, 2005 and 2005 European Control Conference.
CDC-ECC’05. 44th IEEE Conference on. 1EEE, 2005, pp. 6698—-6703.

S. Boyd, A. Ghosh, B. Prabhakar, and D. Shah, “Randomized gossip algorithms,”
IEEE/ACM Transactions on Networking (TON), vol. 14, no. SI, pp. 2508-2530, 2006.

D. Tsubakino, M. Krstic, and T. R. Oliveira, “Exact predictor feedbacks for multi-input Iti
systems with distinct input delays,” Automatica, vol. 71, pp. 143-150, 2016.

R. Rajagopalan and P. K. Varshney, “Data aggregation techniques in sensor networks: A
survey,” IEEE Communications Surveys & Tutorials, vol. 8, no. 4, pp. 48—63, 2006.

T. Tanaka, K.-K. K. Kim, P. A. Parrilo, and S. K. Mitter, “Semidefinite programming ap-
proach to gaussian sequential rate-distortion trade-ofts,” IEEE Transactions on Automatic
Control, vol. 62, no. 4, pp. 1896-1910, 2017.

H. Ji, F. L. Lewis, Z. Hou, and D. Mikulski, “Distributed information-weighted kalman
consensus filter for sensor networks,” Automatica, vol. 77, pp. 18-30, 2017.

F. S. Cattivelli and A. H. Sayed, “Diffusion strategies for distributed kalman filtering and
smoothing,” IEEE Transactions on automatic control, vol. 55, no. 9, pp. 2069-2084, 2010.

J. Liang, Z. Wang, and X. Liu, “Distributed state estimation for discrete-time sensor net-
works with randomly varying nonlinearities and missing measurements,” IEEE Transac-
tions on Neural Networks, vol. 22, no. 3, pp. 486-496, 2011.

J. Hu, L. Xie, and C. Zhang, “Diffusion kalman filtering based on covariance intersection,”
IEEE Transactions on Signal Processing, vol. 60, no. 2, pp. 891-902, 2012.

I. Matei and J. S. Baras, “Consensus-based linear distributed filtering,” Automatica, vol. 48,
no. 8, pp. 1776-1782, 2012.

G. Battistelli and L. Chisci, “Stability of consensus extended kalman filter for distributed
state estimation,” Automatica, vol. 68, pp. 169-178, 2016.

V. Ugrinovskii, “Conditions for detectability in distributed consensus-based observer net-
works,” IEEE Transactions on Automatic Control, vol. 58, no. 10, pp. 2659-2664, 2013.

N. Li, S. Sun, and J. Ma, “Multi-sensor distributed fusion filtering for networked systems
with different delay and loss rates,” Digital Signal Processing, vol. 34, pp. 29-38, 2014.

76



References

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

P. Millan, L. Orihuela, C. Vivas, and F. R. Rubio, “Distributed consensus-based estimation

considering network induced delays and dropouts,” Automatica, vol. 48, no. 10, pp. 2726—
2729, 2012.

K. WATANABE and M. SATO, “A predictor control for multivariable systems with general
delays in inputs and outputs subject to unmeasurable disturbances,” International Journal
of Control, vol. 40, no. 3, pp. 435-448, 1984.

——, “A process-model control for multivariable systems with multiple delays in in-
puts and outputs subject to unmeasurable disturbances,” International Journal of Control,
vol. 39, no. 1, pp. 1-17, 1984.

Z. Artstein, “Linear systems with delayed controls: a reduction,” IEEE Transactions on
Automatic control, vol. 27, no. 4, pp. 869-879, 1982.

A. Manitius and A. Olbrot, “Finite spectrum assignment problem for systems with delays,”
IEEFE Transactions on Automatic Control, vol. 24, no. 4, pp. 541-552, 1979.

R. M. LEWIS, “Control-delayed system properties via an ordinary model,” International
Journal of Control, vol. 30, no. 3, pp. 477-490, 1979.

C. Lin, Z. Wang, and F. Yang, “Observer-based networked control for continuous-time
systems with random sensor delays,” Automatica, vol. 45, no. 2, pp. 578-584, 2009.

M. Chen, “Synchronization in complex dynamical networks with random sensor delay,”
IEEFE Transactions on Circuits and Systems II: Express Briefs, vol. 57, no. 1, pp. 46-50,
2010.

E. T. Jeung, J. H. Kim, H. B. Park, et al., “Robust controller design for uncertain systems
with time delays: Lmi approach,” Automatica, vol. 32, no. 8, pp. 1229-1231, 1996.

M. Yu, L. Wang, T. Chu, and F. Hao, “An Imi approach to networked control systems with
data packet dropout and transmission delays,” in Decision and Control, 2004. CDC. 43rd
IEEFE Conference on, vol. 4. IEEE, 2004, pp. 3545-3550.

X.-J. Jing, D.-L. Tan, and Y.-C. Wang, “An Imi approach to stability of systems with severe
time-delay,” IEEE Transactions on Automatic Control, vol. 49, no. 7, pp. 1192-1195, 2004.

S. Mondie and V. L. Kharitonov, “Exponential estimates for retarded time-delay systems:
an Ilmi approach,” IEEE Transactions on Automatic Control, vol. 50, no. 2, pp. 268-273,
2005.

S. X. Ding, Z. Maiying, T. Bingyong, and P. Zhang, “An Imi approach to the design of
fault detection filter for time-delay Iti systems with unknown inputs,” in American Control
Conference, 2001. Proceedings of the 2001, vol. 3. 1EEE, 2001, pp. 2137-2142.

77



Estimation Theorem for Cyber Physical Systems Ryosuke Adachi

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

V. Phat, Y. Khongtham, and K. Ratchagit, “Lmi approach to exponential stability of linear
systems with interval time-varying delays,” Linear Algebra and its Applications, vol. 436,
no. 1, pp. 243-251, 2012.

D. Ivinescu, J.-M. Dion, L. Dugard, and S. Niculescu, “Dynamical compensation for time-
delay systems: an Imi approach,” International Journal of Robust and Nonlinear Control:
IFAC-Affiliated Journal, vol. 10, no. 8, pp. 611-628, 2000.

T. Mori, E. Noldus, and M. Kuwahara, “A way to stabilize linear systems with delayed
state,” Automatica, vol. 19, no. 5, pp. 571-573, 1983.

R. Albert and A.-L. Barabasi, “Statistical mechanics of complex networks,” Reviews of
modern physics, vol. 74, no. 1, p. 47, 2002.

S. Sundaram and C. N. Hadjicostis, “Delayed observers for linear systems with unknown
inputs,” IEEE Transactions on Automatic Control, vol. 52, no. 2, pp. 334-339, 2007.

W. Chen and M. Saif, “Unknown input observer design for a class of nonlinear systems:
an LMI approach,” in American Control Conference, 2006. 1EEE, 2006, pp. 5—pp.

M. Darouach, M. Zasadzinski, and S. J. Xu, “Full-order observers for linear systems with
unknown inputs,” IEEE Transactions on Automatic Control, vol. 39, no. 3, pp. 606—609,
1994.

R. Adachi, Y. Yamasita, and K. Kobayashi, “Data aggregation based estimation for sensor
network with communication delay,” in The 20th IFAC World Congress, Toulouse, 2017,
(Accepted).

E. Fridman, “New Lyapunov—Krasovskii functionals for stability of linear retarded and
neutral type systems,” Systems & Control Letters, vol. 43, no. 4, pp. 309-319, 2001.

78



List of Publication of the Author

Journal Papers

1. Ryosuke Adachi and Yuh Yamashita,”’Delay-Compensated Maximum-Likelihood-Estimation
Method and its Application for Quadrotor UAVs”, IEICE Transactions on Fundamentals
of Electronics, Communications and Computer Sciences, Vol.101-A, N0.4, pp.678-684,
2018.

Reviewed Conference Papers

1. Ryosuke Adachi and Yuh Yamashita: Delay-Compensated Maximum Likelihood Estima-
tion Method for Quadrotor UAV, 2015 IEEE Multi-Conference on Systems and Control,
pp- 601-606, 2015, Sydney, Australia.

2. Ryosuke Adachi, Yuh Yamashita and Koichi Kobayashi: Data Aggregation based Esti-
mation for Sensor Network with Communication Delay, Proc. of the 20th IFAC World
Congress, pp. 2543-2548, Toulouse, 2017.

3. Ryosuke Adachi, Yuh Yamashita and Koichi Kobayashi: Observer Design for Distributed
Network Systems with Communication Delays, Proc. of the 5th IFAC Conference on
Analysis and Control of Chaotic Systems, pp. 191-196, Eindhoven, 2018.

79



