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CHAPTER |

INTRODUCTION

1.1 Literature Review and Motivation

Today, energy consumption in buildings where the thermal heating ventilation
and air conditioning (HVAC) systems account for the majority of total energy
consumption is about 40% of total energy usage in United States whereas the building
in Thailand consumes 42% total electricity usage [1]. Therefore, the modeling and
design of HVAC systems with energy-saving target by binding consumption capacity,
the heat source heating/cooling input are very important and urgent. Hitherto, many
approaches have been proposed as reported in [2]. We will study one part of HVAC,
e.g., building temperature control systems (BTCSs) since BTCS is a typical case of a
large-scale system in which the thermal dynamics of individual rooms or zones are
interconnected, the typical problem is the interconnection term among rooms, and the
elements of BTCS always consume a large quantity of energy in a building. This is
the first main reason that problems of BTCS have attracted many researchers so far.
And the second one is many control approaches could be developed for large-scale
interconnected dynamics of BTCS. For instance [3], the main contribution of the
paper is the application of complex distributed control heat source for multi-room
building in such a way that the room temperature satisfies the requirements of the
occupants. To control this plant, first the authors tried to model a multi-agent system
by applying thermal dynamics of room and wall. And to make it easier for design
techniques and make it effective, the obtained controller should be distributed.
Meaning that each room has a temperature controller, the controller can communicate
with one another to achieve the common goal, i.e. the temperature of the room is the
same and track the setpoint temperature signal. This is the meaning of the MAS
system. Furthermore, to be suitable for practical implementation the system should be
considered in discrete time domain. With the setting and resolve the issue, this paper
launched three major contributions [3] as follows. First, using distributed consensus
algorithms to control “heating energy coordination” to get the temperature track
setpoint, and assure the constraint of “heat energy generation”. Second, distributed
consensus controller is designed to regulate “heat flow”. The purpose of this work is
to make the coordination error go to zero. Last, study “thermal behavior of the wall
thermal capacitor”: the other existing works discussed only the temperature of room
as the main controlled variable. Therefore, the authors want to focus on the
uncontrolled variable: the wall’s temperature with the purpose is to use the variance
between wall’s temperature and the equilibrium point temperature equals to zero.

In papers [2], [4] by German Obando et al., the authors use a distributed
control system based on Multi-agent to control the room temperature of the building.
In this paper, the authors use the graph as a tool to describe the link and interactive
agents (the room's temperature) on the MAS (the building temperature). Moreover,
the author has used the passivity theory to demonstrate the effectiveness of this



method for heating power distribution to the rooms in the building even in the absence
of a reference temperature reached by the worst load condition. By using the variance
between steady state temperature errors compared to the target set criteria, so we want
to reformulate to master this method completely, thereafter we hope to find a week
points to improve and expand the results of this approach.

In paper [5] by John T. Wen et al., the authors was referring to the use of ILC
for building temperature control. Results showed that the system outputs are
satisfactory, sticking to the set values, but with the added problem of increase in
energy consumption. Although the authors have proposed solutions to reduce energy
consumption, how we choose the coefficient correction factor to save energy is still
difficult. Therefore there must be specific solutions to solve these problems. We can
extend this problem by varying desired temperature profiles and using time varying
cost functions. The reason is that the electricity price during peak hours is higher than
that used in the other hours of the day. Therefore ILC can be used to control the
system in off-peak hours to minimize the energy consumption during peak hours, but
the aim is to ensure the temperature of the building to stick the desired values of the
user.

In paper [6] by Yi Zheng et al., with the proposed algorithm of Impact-Region
Optimization based on DMPC applied to the control the temperature of the 4-room
building, this method has improved the output quality of the entire closed-loop system
without increasing the complexity of the agents in the network connection. However,
the analysis and how to ensure the stability of the system when using this control
method the authors have not mentioned. This problem can be expanded in the future.

From summary and discussion above, we decide to research the topic:
“Application of Linear Multi-Agent System Approach to Design Building
Temperature Control System”. The scheme of our work is described in the following
figure.

Hitherto, there have been several approaches to design distributed consensus
controllers for BTC systems, e.g. [2, 7]. Those approaches can be mainly categorized
into two sub-classes, namely, distributed linear (distributed Model Predictive Control,
distributed consensus control) and distributed nonlinear methods (Replicator
Dynamics). However, their common control purposes are to satisfy the users’
requirement (comfort criterion) and to save the power consumption. More
specifically, when the classical PID controller is used, [7] pointed out that it is
implemented at the point quite far from optimal resource allocation because of the
inefficiency of allocating energy. Usually, when non-conventional strategies are
employed, the control objectives are not satisfied due to the lack of theoretical
analysis. In addition, most of existing strategies contain saturation conditions resulting
in strong transient responses which may harm the system actuators. To overcome the
aforementioned drawbacks when applying non-conventional control strategies, [7]
utilized the replicator dynamics controller (RDC). Due to the reason that distributed
framework is the most suitable for large-scale interconnected system, e.g., BTCS is a
typical case of this class system, in our first main work, we decide to design DCC for
BTCSs described by linear time-invariant large-scale interconnected dynamics.



The BTCS is modeled by linear multi-agent systems subjected to undirected
communication topology using graph theory. The main advantages of DCC is that
first, it is fully distributed, then we do not need to divide the whole system into
smaller subsystems. Second, it can satisfy some certain input constraints including
limited power supply and user comfort. In this research, we formulate the controller
design of a multi-agent system and apply DCC to a four-connected room model. In
particular, we design a local controller for each room in the building that
communicates with other local controllers to achieve some global goals. The main
task of local controllers is to achieve objective that each room temperature can track
its own desired reference temperature.

Building
temperature Room | Room | Room | Room
control system 21 2 3 4
(BTCS)
Dynamic model Linear system

Formulate BTCS
as Multi-agent
system (MAS)

Saving energy by
control efforts of
tracking temperature

Quadratic iterative learning
control design via Alternating
Direction Method of Multipliers

Use distributed consensus Use decentralized
controller (DCC) iterative learning control

Figure 1. 1. Scheme of proposed research work.

On the other hand, when the daily desired temperature profiles of individual
rooms or zones in a building are specified, ILC seems to be the most suitable control
strategy. It has been well-known that ILC works well for processes with repetitive
dynamics and finite-time operations [8, 9] where traditional control methods are often
ineffective. The key idea of the ILC is that implementation information of previous
iterations as a control input and error between the desired output trajectory and the
system output is used to improve the performance quality of the system in the next



iteration. The advantages of the ILC are the simple structure and the ability to track
the reference input without needing an accurate model of the object. Therefore, in
second of our main work, we consider the design of a decentralized ILC for the BTC
systems described by linear time-invariant large-scale interconnected dynamics,
which is an effective strategy treating the interconnection problem. In particular, we
will design a local ILC, which means that the local input and local output of each
subsystem are used to design local ILC [10] for each room/zone in the building. Local
ILC does not have any connection with others. The main task of local controllers is to
achieve local control objectives that each room/zone temperature tracks its own
desired reference by controlling each room with power supply independently while
the interconnected terms, i.e., the heat flow among rooms, are moved. By applying
the methodology developed in Wu, et al. [11], and [12], and extended in Li, et al.
[13], we utilize the A-norm to analyze the convergence condition and derive the

learning gain I'; in each subsystem.

On the third of our main task, we solve an optimization problem with
quadratic criteria performance subject to hard control inputs constraints based on
Alternating Direction Method of Multipliers (ADMM). The main advantage of the
proposed scheme is that it gives good performance despite existing the
interconnection among rooms. In this task, the ILC design is formulated as computing
control input updating. Moreover, we apply ILC to a four-connected room model. It
aims that the temperature of each room in building is controlled by a central
controller. In particular, we will design ILC, which means that the local inputs and
local outputs of subsystems are used to design control strategy [10] for whole
rooms/zones in the building. ILC requires a central coordinator which collects,
processes, saves, and sends data to heater located in each room [14]. The main task of
ILC is to achieve local control objective that each room/zone temperature tracks its
own desired reference with dependent power supply while the interconnected terms,
i.e., the local states/outputs affected by the heat flow among rooms, are used to model
the influence with the adjacent rooms/zones.

Finally, a numerical example of building temperature control will be provided
to illustrate the effectiveness of above control schemes that we are considering and to
compare it with other control schemes’ in term of power consumption and time
response.

1.2  Objectives
1. To improve performance and energy efficiency of heating system for Building
Temperature Control System (BTCS).

2. To apply smart controllers that minimum power and still give comfortable
temperature to the occupant.

1.3 Scope of thesis
1. Studying distributed framework, a most suitable control technique for large-

scale interconnected system, and its possibility to combine with iterative
learning control (ILC) to derive novel control design methods.



1.4

1.5

1.6

Designing efficient distributed consensus controller (DCC) for large-scale
linear interconnected system.

Designing applicable decentralized ILC scheme for linear large-scale
interconnected system.

Designing applicable optimization ILC via Alternating Direction Method of
Multipliers (ADMM) for linear large-scale interconnected system.

. Applying the aforementioned algorithm to real model of BTCS.

Methodology

. A review and survey of large-scale interconnected system, e.g. one typical

case is BTCS, using distributed framework as well as ILC.

Model BTCS as a linear large scale interconnected time-invarying system by
using electric-analogous.

Formulate the controller design problem of a multi-agent system using graph
theory and employing distributed resource allocation algorithm when
considering the power supply constraints.

. Separate the whole system into a number of subsystems, then formulate, and

apply decentralized D-type ILC algorithm for each subsystem.
Formulate the ILC design problem as computing control input updating via

Alternating Direction Method of Multipliers (ADMM).
. Apply designed algorithms to dynamical model of BTCS.
. Analyze the output response of the feedback system and control input.

Choose good parameters, setup these parameters to the system and compare
performance of designed controllers with the existing method.

. Write conference paper for publication and thesis.

Expected Results
Reduce power consumption and improve output performance when comparing
with existing approaches.

Provide a systematic way to design efficient algorithms for large-scale
interconnected systems.

Achievements

This thesis have achieved the results as follows:

. We have proposed the formulation with the main design objectives by using

three typical control techniques, e.g., DCC, decentralized ILC, centralized ILC
via ADMM, in large-scale setting.

. We provide the implementations when using these control techniques that give

the good performance for BTCS.



1.7 Summary

In chapter 1, we briefly discussed overview of BTCS approaches and the
existing research related to this topic. Then, we provided the scope of this thesis and
the methodology to fulfill the expected outcomes, and the achievements are listed.



CHAPTER I

BACKGROUND

This chapter presents the definitions, basic background, and properties of mathematic
tool related to design problem utilized in this thesis. First, Section 2.1 presents the
building temperature control system. The definition and properties of multi-agent
system are presented in Section 2.2.

2.1  Building Temperature Control System

According to [2, 4], how to describe the mathematical expression of the
thermal dynamics for a building correctly is quite difficult because the temperatures
of the rooms in the building are not homogeneous. However, for simplicity we split
the system into several major subsystems which are corresponding to the rooms in the
building and assuming their temperatures is uniform and the heat flow occurs only
from one room to the other. When considering ways to control any system, we
classify the input-output variables as the uncontrolled variables and controlled
variables. Specifically, in thermal dynamics of a building, the temperature is the
controlled variable, and heat fluxes can be used in every room of the building. The
heat fluxes among rooms depend on the temperature differences between them and
these disparities are characterized by physical variables as conduction, convection,
and radiation. The thermal dynamics of a building depends on its own topology,
which includes the number of the rooms and layout space of each room. This is the
reason for the differences between thermal dynamic building models. The two main
components that build up a building thermal dynamics are rooms and walls. Hence,
let us investigate a multi-room building, of which each room is surrounded by a
limited number of walls and arranged into various types. Consider a simple and
popular case in construction, all the rooms of a multi-room building are arranged in a
row.

There are many ways to model the building thermal model. One typical way is
using the conservation of energy and mass to control the volume of a thermal multi-
zone building (e.g., 4 rooms). For simplifying, we use the resistor to model the wall’s
thermal model and the capacitor to model the room’s thermal model as follows.
According to [15], the physical meaning of thermal resistance is to model the heat

flow among room because of the deviation temperature @ = % where @ (W),

0]

AT (°c)and R denote the value of heat pass through resistance, the

deviation temperature, and thermal resistance. The potentiality to store the heat of



wall is presented by thermal capacitance and expressed by @ = Cdﬁ—tT, where C

[@] is the thermal capacitance.
oc

Room 1 Room2 |--J]RoomN-1] RoomN

Figure 2. 1. An example of a building with N rooms in series [10].

Applying the “energy balance” principle, we have the thermal dynamic
equation for each room in building as follows

i ~1 ~1
Ol = 2 I (T;(1) = T,(1) + B, (T (1) = T,(1) + w (1), (2.1)
JeEN;
where T'(t), and T[ef (t) are the room’s temperature and its temperature reference of

the i*" room, u,(t) is the heating power that is supplied by heater, C is the thermal

capacitance of ** room, R,; is the thermal resistance of the wall to connect i room
with j"room, R, is the thermal resistance of the wall to connect " room with

environment, o, = (R, +Ri;i1 +R.') is the total of each inverse-thermal

(13 1N—
resistance of i*" room, T(t) is the ambient temperature that i*"room connects

directly, IV, is the set that consists of all the rooms which can contact to the ™ room
directly.

Note that the thermal dynamic of room that is represented by analogy circuit is
often changing over time interval due to the characteristic of these devices and heat
flows among rooms. Hence, to simplify we assume that a thermal dynamic system is a
time-invariant system, and all the parameters are constant in the time domain. The
linear state-space model can be described as follows:

#(t) = Ax(t) + B,u(t) + B,T"(t), (2.2)
where z(t) = [T,(t),Ty(%),...., Ty (£)]" is the state vector,

u(t) = [uy(£), uy(£),..., uy (£)]7 is the control input vector,

T(t) = [T7 (1), T3 (1), TH(0)]", and

2 () = (170, T (), TR OF



are the vector of ambient temperature contacted directly with rooms, and the reference

temperature, respectively. Let e (t) = z,(¢) — x{ef (t) denote the tracking error. The

BTCS in our consideration is a class of large-scale interconnected systems consisting
of some physically divided subsystems where each subsystem connects with other
subsystems by their states. The system matrices* are

_ R
M e 0 0 0
Cl Cl
R R
21 %2 23 0 0
02 02 02
A= R—l B R—l ;
0 32 X33 34 0
Gy, & .
RyL «@
0 NN —1 NN
CN CN
Rfl
la
i 0 0 0 0 C, 0 0 0 0
C, 1
1 R
0O — 0 O 0 0 2a 0 O 0
02 02
B = 1 :B = R
U i ’a
0 0 e, 0 0 0 0 3. g 0
: 03
. :
0 0 0 o - O_ R_l
N 0 0 0 0 —Na
CN

2.2  Multi-Agent System

“MAS is a multi-agent system in which each agent is an entity that senses its
environment and acts upon it, and all the agents in this system are interacted to
exchange information with each other” [16].

According to [17], MASs have been attracted by a lot of researchers by its
practical applications in many fields such as system biology, power grids, and energy
management systems. They can be analyzed and designed under the context of MASs.
The main characteristic of MASs is that we can achieve the global targets by
executing the local measurement and control at each agent and combining of agents
using that local information. One of the most important issue in MASs is the

The parameters of BTCS can be found in [4]
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consensus problem due to its attraction in both the theoretical and practical issues.
The reference [2] says that the consensus control for MASs has been mightily
interested, and there are a lot of results on this issue. The main purpose of the
consensus algorithm is to design the distributed formalities so that a finite amount of
state variables corresponding to each agent in MASs can achieve the correspondence.

According to [17-19], the graph theory is a useful tool to describe the
interconnection among agents in MASs. Hence, the introduction of some basic
concepts of the graph theory, e.g., a weighted graph, set of node, set of edges,
adjacency matrix, etc., is necessary and mentioned in this section. Define
G ={V,E,A} be a weighted of a directed graph to represent the information

structure in Multi-Agent Systems including N agents. In which, each node and each
edge in G represent an agent and the link to connect with other agents, respectively.

V={V.Vy,..Vy} and E ={(V,V;):V,V; €V} CVxV are the vertices set
and the edges set of G, respectively. There exists an edge if i'" agent can receive
information from ;' agent, it is represented by an edge e; € E. We use the symbol

N, £{j: e; € E} to represent the neighbours of vertex set of i" agent. Let a; is

an element of a non-negative symmetric adjacency matrix A of graph G, the
calculation of a,;, i.e., a; >0 if ¢; € E and a;; =0 if ¢, ¢ E'. Moreover, there

does not exist an edge connecting to a node with itself, i.e., a; = 0. The in-degree of

vertex i is denoted by deg!” £ Zz:v a; thus D = dz’ag{deg;‘in}i:h“? n s the in-
JEN;
degree matrix of G'. Continually, Laplacian matrix L of G is introduced. This can
be calculated by L = D — A. The Laplacian matrix is singular, i.e., L1y, = 0. We
consider the balanced condition of graph G by using the concept of out-degree
deg?"" £ E%jv aj. G becomes balanced graph if deg?”” = deg?, V i =1,... N. A
JEHN
set of edges that has a tail at i*" agent and head at ;'" agent is called a directed path
connecting vertices i and j in graph G . The graph G is proved to contain a
spanning tree if there is a node root leading to a driven path to all other nodes.
Remember that an undirected graph (aij = aﬁ) is a special case of a directed graph.

An undirected graph G is connected if and only if rank(L) = N —1 [19].

2.3 Summary

This chapter briefly discusses basic concept of mathematical notation and
background relevant to building thermal dynamic model and multi-agent system.
First, we provide some mathematical notations and their definitions used this thesis.
Next, the description of BTCS are introduced. BTCS is modeled as a linear large-
scale interconnected system by using electric-analogous devices such as resistors and
capacitors. Finally, we discuss the principle and typical properties of MAS by
employing graph theory.
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CHAPTER 111

DISTRIBUTED CONSENSUS CONTROLLER DESIGN

This chapter presents the principle of DCC design and its application for BTCS. This
chapter starts with the problem formulation of DCC design that links directly with
application for BTCS in Section 3.1. Then, Section 3.2 present the detail concepts of
consensus algorithm and its design procedure. Lastly, in Section 3.3, the numerical
example when applying DCC for BTCS and comparison with existing method,
namely, replicator dynamic control (RDC) are given to illustrate the effectiveness of
proposed control techniques.

3.1 Problem Formulation

In this section, we use all ideas in reference [2] to apply for our model.
However, it is noted that the main differences between the idea of this chapter and [2]
are on the model of BTCS and on the inverse-barrier functions to guarantee the input
constraints. The purpose of BTCS is to keep the temperature of the room close to the
desired value. Thus, to control all the room temperatures to be exactly the same is not
necessarily needed in this case. To achieve control objectives, assuming each room
has one actuator (heating/cooling), and they are bound to physical and mechanical
properties depending on the type of heating system installed for the building. The
actuator is provided by one total heating power P located in one particular location in
the building. From which, P is distributed to the heater located in each room.

Consumed heating power w,(t) at the i*" room, and the remaining power wy_(t),

i.e., the difference between P and w,(¢) in all rooms, satisfies

N
>ou(t) +Fuy () = P. (3.1)
i=1

In which the thermal storage capacity of the actuator located at each room is within

the following limits

U <wu < Vi=1,...,N, (3.2)

T min 1 max’

uy () >0, (3.3)

If P is large enough, this is a necessary condition for the room temperature to stick
setpoint temperature using the individual controller.

In fact, when the BTCS is operating the worst case may happen, i.e., P is not
enough making the control strategy fail to work well because the power allocation
does not work at the optimal point, particularly in the worst case load. Therefore, a
good alternative to solve the above problem is to use the "dynamic resource allocation

strategy". The goal of this solution is to provide w,(¢f) among rooms with the
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assumption that each of the building’s occupants received an equal heat source.
References [2], [20] and [21] have proposed distributed resource allocation (RA)
which is formulated as optimization problem

N+1

min 3 (e t)+ &8, (1,) (3.4)

i=1
subject to (2.2), (3.1), and (3.3).
where

ﬁl(%(t)) B (Uz‘_max B uz(t)) i (uz(t) - u?_mzn)

is called inverse-barrier function. DCC is designed to track the reference temperatures
while satisfying given constraints. It is the solution of optimization problem (6).

3.2  Consensus Algorithm

Quality indicators proposed in [2] show that this is a good strategy to solve the
problems mentioned above, which leads to an agreement between e¢,(t),Vi = 1,...,N
in the rooms. The main purpose of [2] is to use DCC based on a MAS, where each
agent has a linear dynamic and performs a consensus protocol to coordinate decisions.
To perform one consensus protocol, the authors in [2] designed the lead equalization,

with the assumption that the '

only local information

I agent manages the function f,(e,(t),u,(t)) and uses

’

fi(ei (t),ul. (t)) = ¢ (t) 21 Q’%(Ui(t))’ (3.5)

where

1 1
(1) = + (3.6)
v (uiimax — U (t))2 (uz(t) - uiimm)2

denote the derivative of a inverse-convex barrier function 3,(u,(t)), in which ¢, is
positive real number for tuning ,(u,(t)). The task of the second term in (3.5) is to
keep the value of wu,(t) within the allowed value range. The characteristic of
@;(u,(t)) is that it is a strictly increasing continuous function when (3.2) is satisfied;

e. is

i_mazr " "1

@;(u,(t)) — —o0 as wu,(t) — U i @;(u;(t)) — 400 as u,(t) — u

chosen in such a way that the effect of ¢, (u,(t)) is minimized when w,(t) is located
far from the boundary in the feasible domain. The value of &, converges to zero,
provided that it satisfies criterion of ,(u;(t)) We can think that uy_ (t) is a virtual

agent and represented by a vertex N + 1 in communication topology. Hence, the
coordination of agents is represented by the graph G, ={VU(N +1), E., A},
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where E, and A, correspond to the set of edges and weighted of the adjacency
matrix of G, respectively. We notice the fact that G, has the same all the same
properties of G' as mentioned earlier.

To measure the success of the allocation process, [2] uses the variance of the
difference between z'% and temperature at steady state 7, ,, denoted by Var and

expressed by (3.7). Let ¢, ., = 2/ — x, _ denote the tracking error at steady state.

2

Var = (ems —€gs) (3.7)

uMz

1
N;

where e.  is the mean value of e.

1,88 1,887

not over the tracking error of one room in time domain. The control strategy tries to
make Var small as much as possible. The faster the speed of convergence of f and

variance is, the better performance of DCC will be. Reference [2] have executed
resource allocation (RA) for satisfying RA constraints from (2.2) to (3.3), acting of

control signals w,(t), driving the system to reach output consensus, i.e.,

the mean is over tracking errors of rooms, it is

f:(e;(t),u,(t)) = 0. The authors of [2] have proposed the consensus protocol for each
agent as follows:

Uy =y 22 aylfi(e;(),u;(8)) = filei(t),u;(1))], (3.8)

JEN;

which means that each agent uses only the local information and receives its
neighbours’ information, 7 is the tuning parameter (v > 0). We rewrite Eq. (3.8) in

the following compact form
tGzoRy LN (3.9)

where  u, = [u(t),..., uNH(t)]T, L. is the Laplacian matrix of G,

f= e @), u ()., falen(®), un(D), fy A uN+1(t))]T. The changing of the
control signals u,(t), Vi = 1,...,N will be affected by the choice of 7. If 7 is very

large, u,(t) will change abruptly, and the output response will have a large overshoot.
Based on analysis of the output response, we may choose a suitable range for . Let

fN+1(uN+1(t>) = TEN41 L 5 (3.10)

(UN+1(t) - U’N—}—limm)

denote the derivative strictly increasing continuous function when
Uy 1 (1) € [Uy g i +09); Fyia(uy(8) = =00 as Uy (8) = Uy i

Sy (£) — 400 as uy () — +oo.



14

N+1
Under some constraints from (3.1) to (3.3), it is shown by [2] that if > . (0) = P
=1

N+1
then ° w,(t) = P, VYt > 0 (see proof of proposition 4.1 in [2]).
1=1

MAS with the kinematic of agents described by expression (3.9) reaches the output
consensus if the following condition is fulfilled.

£(e;(0), (1)) — fi(eju;()| = 0, Vi, j=1,..., N, (3.11)

lim
t—00

which means that f.(e;(t),u;(t)) will converge to be the same value at steady-state,

>

thus the two following terms will be consensus, i.e.,
e,(t) = ¢;(t) and £,,(u; (1)) = €, (u;(1)) -
Therefore, the closed-loop system will be stable. Reference [2] has proved that control

system is asymptotically stable at equilibrium point x: (1), “;(t)a “;Fv +1(t) if graph

N+1

G, is connected and > w/(0) = P, by using a suitable Lyapunov function
i=1

candidate V satisfying V < 0 (see proof of proposition 4.3 in [2]). If the controller

operates well and P is adequate, then e;(t) = e;(t) = 0. This means that (1)

converges to :L-Z?"ef(t)for all  =1,...,N.

The main task is to design DCC for coordination network. It means to find
u,(t) for each agent described by (3.9) in such a way that e(t), Vi =1,...,N
reaches consensus while they exchange information through graph G, .
Next, we propose the design procedure for DCC.
Step 1: Model

Given the position of uy_; in G, compute L.

Step 2: Set the initial conditions

. N : P
GivenP, u; ., and w ... set the initial value of control inputs v,(0) = Nl

and choose ¢, 7.

Step 3: Consensus controller
Set the consensus controller, which is described by (3.9).

To find the control law w,, we consider the coordination state-space linear dynamic
system described by
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u, = —yL.f
: 3.12

ye = Ceu(i ( )

On the other hand, we can solve the problem of the closed-loop control system in
order to achieve the output in time domain when combining the thermal dynamic
model (2.2) with DCC (3.9) by solving the ordinary differential equation (ODE) with

initial conditions z,(0) and ,(0).

Ta
ﬁ T
BTCS
'!+'
f
= DCC T
h
e

Figure 3. 1. Block diagram of a closed-loop BTCS [22].

3.3 Numerical Example

3.3.1 System Descriptions

To illustrate the output response when applying DCC, we consider four rooms
(N = 4) temperature control with almost all of the parameters and description are
taken from [4, 22], and shown in Figure 2. 1.

Table 3. 1. The parameters of BTCS [4].

Parameter value Parameter value
Room 1 Room 4
Wh 4 Wh 4
o, (Wh 7.476 x 10 c, Wh 7.476 x 10
°C °C
., °C 35.392 IEle 35.392
R121 (_) R431 (_)
%Y W
Rl_l (E) 159.067 R4_1 (O_C) 159.067
@ W @ W
Room 2 Room 3
Wh 1 Wh 1
02 ( OC ) 7.476 x 10 03 ( OC ) 7.476 x 10
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e 35.392 .o 35.392
R211 (_) R321 (_)
A A
., °C 35.392 IEle 35.392
3231 (_) Rggl (_)
W W
. oC 123.675 IETe 123.675
R () B! ()
W W
When adding u; on communication topology next to room 4, we obtain the following
G, as follows.
Room 1 (a) Room 2 Room 1 ) Room 2
T T
L
-_g T .: ViLt5uaI '
< . .
7
T4 T3
Room 4 Room 3 Room 4 Room 3

Figure 3. 2. a) Four connected rooms with associated graph represent thermal
interconnections in BTCS and b) Communication topology when adding a virtual

agent uy_ 1 (ug).

The Laplacian matrix corresponding to Figure 3. 2b is as follows:

1 -1 0 0 O

-1 2 -1 0 0

L =0 -1 2 -1 0
o 0 -1 2 -1

0O 0 0 -1 1

3.3.2 Numerical Results

We assume that the ambient temperature equals to 10°C. The desired reference
temperature at room 1, room 2, room 3, and room 4 is 23°C, 22°C, 21°C, and 20°C,
respectively. The maximum of P is equal to 6.6 kW, which will supply to heaters. We

choose u, =0kW; u, =3kW; ~v=1.1, and € =100. With these

T min 1 mazx

conditions, the numerical results are shown in Figure 3. 3-Figure 3. 5.
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Figure 3. 3. Room's temperature when applying Distributed Consensus Controller.

60

Control inputs (kW)

P . B

5 10 15 20 25 30 35 40 45 50 55
Time (minutes)

60

Figure 3. 4. Control signals when applying Distributed Consensus Controller.

Figure 3. 3 shows that the room temperatures track their setpoints without
overshoot. Figure 3. 4 provides the control input, i.e., the power supply for each room
and the total consumed power. It also depicts that control inputs satisfy constraints

(3.1)(3.2), and (3.3). Figure 3. 5a shows the value of f.(e,(t),,(t)), which converges

to zero at steady-state. It implies that the closed-loop system is stable. Figure 3. 5b
shows the value of tracking error which converges to zero because P supply is

enough. Figure 3. 5¢ depicts the value of ¢,(u,(t)) to penalize control inputs. Figure

17
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3. 5d demonstrates the effectiveness of DCC which makes variance go to zero at

steady-state.

(a)

=}
|

'
o
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-15

Value offi(ei{t),ui(t))
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10 20

30 40 50
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%10
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Value of barrier phii{t)

10 20
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60
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3 [} E-Y n

Variance
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(b)

20
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(d)

Variance

20
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Figure 3. 5. Value of f.(e;(t),u,(t)) , e,(t), @;(v;(t)) and variance.

Table 3. 2. Comparison of performance between RDC and DCC.

Controller

Criteria RDC DCC Change (%)

Room 1 58.228 44.777 -23.10
L ) Room 2 66.456 55.443 -16.57

Settling time (min)
Room 3 70.886 64.827 -8.55
Room 4 72.215 70.642 -2.18

Peak of power supply (kW) 6.8 6.6 -2.94

We compare the results of RDC and DCC. Numerical results show that RDC
gives longer settling time and its control input fluctuates with maximum magnitude of
approximately 3.6 kW (see Fig. 6 in [7]). This saturated control signal may seriously
harm the actuator. Meanwhile, DCC gives a better response with a smaller settling
time. It is observed that with a DCC the settling time of room 1 output decreases by
about 23% and for room 4, about 2% (compare Fig. 6 of [7] and Figure 3. 3 of this
chapter). Moreover, the DCC needs less consumed power than that of RDC. The
DCC’s total power has a negligible fluctuation (only 0.2 kW). It is good not only for
response of room temperature, but also for actuators. Performance of both control
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techniques are compared in Table 3. 2. It ensures the advantages of distributed
consensus algorithm.

Next, we show the experimental results when using derivative of inverse-
barrier function and varying v in Table 3. 3. We observe that with small and large v

the stability of the system can be maintained. More specifically, for BTCS model,
v € [0.01; 1.1] would give better results, namely, less settling time and reduction of
peak of power supply. For convenience, we omit the output response and control
input. All the room temperatures reach their references, respectively, with longer
settling time. In addition, in these cases, the control inputs oscillate with large
magnitude, and the output response have large overshoots. Moreover, if 7 is very

large, the output responses take much longer settling time. Finally, we choose
~v =1.1 and the tracking error of system can be well maintained. The output

responses have a small overshoot and less settling time. It reflects the best
performance of the system.

Table 3. 3. Comparison of performance when varying 7.

DCC

Criteria v = 0.01 vy=01 |vy=11]~y=10

Room1 | 127.908 159.05 44777 | 200.25
L ) Room2 |61.963 126.065 55.443 | 200.35

Settling time (min)
Room3 | 60.82 97.073 64.827 | 200.183
Room4 | 86.285 115.332 70.642 | 200.3

Peak of power supply (kW) 6.6 6.6 6.6 6.6

3.4  Summary

This chapter presents the design of DCC for BTCS. DCC is designed based on
MAS framework and we employ resource allocation algorithm. Comparing between
DCC and RDC [7], the performance of DCC is better in terms of less power
consumption and faster time response.
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CHAPTER IV

DECENTRALIZED ITERATIVE LEARNING CONTROL DESIGN

Iterative Learning Control (ILC) is a control algorithm whose key feature is
that the information of the previous iterations such as the control input and the error
between the desired output trajectory and the system output is used to improve the
performance quality of the system in the next iteration [10, 23]. According to [24],
decentralized iterative learning control is one type of non-centralized controller. The
main idea of designing this scheme is to separate the whole system into a number of
subsystems. Once above works are completed, we can divide the big problem into
several sub-problems and solve them individually and easily. Hence, the separated
calculation would be more efficient, and the optimal solution can be achieved with
faster convergence rate than dealing with the whole main problem.

The main difference between the distributed configuration and the
decentralized configuration. In distributed scheme, some local controllers can share
information together while in decentralized scheme, there is no shared information
among local controllers. Consequently, the distributed scheme has better performance
than the decentralized one in time response but its costs of communication and
computation are larger [24]. In the second work, we aim to design decentralized ILC
and investigate the power consumption of the decentralized scheme. The design and
implement in decentralized ILC will be considered next.

Local Control 1 < Subsystem 1

Local Control 2 Y2 Subsystem 2

| tn |
l 4 Local Control n A Subsystem n

Figure 4. 1. Distributed scheme [20].
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Local Control 1 < Subsystem 1

_b
Local Control 2 Y2 Subsystem 2

n.
Local Control n A Subsystem n

Figure 4. 2. Decentralized scheme [20].
4.1  Problem Formulation

Consider a linear large-scale interconnected system S including N
interconnected-subsystem S, 7 = 1,..., N expressed by the following equation

dmi(t) 7
o= Az;(t) + Bu,(t) + jg]:vi ijj(t)’ (4.1)

y,(t) = Cyz,(t)
where z,(t) € R", wu,(t) € R™, y,(t) € R' correspond to the state vector, control
input vector, output vector of " agent, respectively. A, is called the state matrix, B,

is the input matrix, C; is the output matrix of " agent. These matrices are constant
matrices. A, which is an unknown constant matrix of appropriate dimension is

represented interconnection between ‘" agent and ;** agent.

For each subsystem S;, ¢ =1,..., N, we assume that there exists a local

desired output trajectory y[ef (t) € R is defined in a finite- time interval ¢ € AR
We define the local tracking error between the local desired output trajectory and the
real output error of each subsystem as follows e, (t) = y[ef (t) —y,(t), where

e,(t) € R’ .The main goal is to determine the decentralized ILC rules for subsystems

with unknown desired initial state x;"ef (t,) such that the local tracking error goes to
zero when the iteration number approaches infinity, i.e.,

y;if () — v, (1) H =0, YVt € [t,, Ty].

lim H e 1. (t) H = klggo

k—o00
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It means that we can find a series of control input «,,(¢) and initial state value

2, (ty) In the next iteration  satisfying klggo le () [|=0 and

lim || xfzf(to) —;,(t,) || = 0 by using an arbitrary initial control input values u, (t)
k—o00 ’ ’ ,

and an arbitrary initial state z, ,(¢,) at the first iteration % = 0.

4.2  Assumptions

Assumption 1. For each subsystems S, 7 = 1,..., N the desired local output

trajectory y[ef (t) is continuous differentiable vector function on ¢ € [£,,T] [11].

Assumption 2. The matrix C,B;, (i = 1,..., N) is full row rank [11].

The meaning of Assumption 1 is to ensure that the output trajectory of each
subsystem can track a continuously desired output trajectory. This assumption makes
sure that we can apply the D-type ILC to control each subsystem. The decentralized
ILC rules for each subsystem would be feasible by using Assumption 2. This
assumption is a criterion to derive the learning gain to guarantee the closed-loop
system to be asymptotically stable. We will further discuss in the next section.

4.3  Algorithm

There are many kinds of ILC such as D-type ILC, PD-type ILC, and PID-type
ILC. In this work, we investigate D-type ILC for each local controller with the reason
that it is possible to implement decentralized ILC using the local control input and
output data. In [25], with D-type ILC, local tracking objective in each interconnected
subsystem can be easily solved. That is to say, we can overcome the issue caused by
the unknown interconnected terms and insufficiency state information from other
subsystems.

The control objective is to make the output system tracking a desired output
reference from any arbitrary initial input and initial state, and the Kinetic behavior can
treat the various parameter of the system [25]. To achieve this objective, a D-type ILC
algorithm is chosen to derive control inputs in each iteration. The mathematical
updating input algorithm proposed by Arimoto et al. [25] can be expressed as follows.

d
U g1 () = w5, (8) + T aez,k(t)’ (4.2)

where ¢ = 1,...,T); denote a sampling time, I'; is the learning gain matrix of i™ local
controller, w,, (¢), and %eﬁk(t) are the control input and the derivative output error,

e, € ,(t) =y I (t) — y; 1 (t) of i™™ subsystem at iteration % , respectively.

To implement this algorithm, we assume an initial control input at the first iteration
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k=0,Iie., u ,(¢t). It means that at the initial iteration, «, ,(¢) has the same value for
all sampling time ¢ . The main idea of this algorithm is to find the control input «, , (¢)

at each sampling time ¢ of each iteration %, so after the initial iteration condition,
control input «, ,(¢) will be computed by (4.2). The main advantage of D-type ILC

algorithm is that it does not require accurate model while ensuring the tracking when
the algorithm is repetitively applied. In other words, the good tracking can be satisfied
by applying a simple algorithm. Moreover, the D-type ILC is the most suitable
updating rule for reference tracking among decentralized systems [26]. Most of the
existing approaches are assumed that initial states are the same at all iterations.
Recently, some research investigates a way to alleviate the above hypothesis by
proposing the initial state learning algorithm described as follows

;11 (to) = @4 (o) + BLe; 1 (4) (4.3)
where z; (¢,) is an initial state at the first sampling time of the initial iteration,
We can see that the decentralized ILC (4.2) and (4.3) use only available actions of
local measurement ., (¢). Then only information of input matrix B; and output

matrix C; is utilized to design the learning gain. It does not require information of
dynamic matrix A, then ILC can work well for uncertainty model [10], [27].

The stopping criteria for iterative learning procedure are given as follows.
” 2 ” < Edile (4.4)

k = iter max , (4.5)

where ¢4, denotes a error tolerance selected by the designer, and iter _max is the
maximum number of iteration.

4.4  Convergence Analysis

In this section, we analyze convergence condition using the ILC algorithm as
discussed earlier, and then propose a way to design learning gain I', for each
controller. Main theorem is as follows Wu [11, 12], and L. et. al [13].

Consider large scale interconnected systems (4.1) which satisfies assumption
2. Given desired local output trajectory y[‘”f (t), which satisfies assumption 1, over

the finite time interval ¢ € [¢,,T], by employing the decentralized ILC law described
by (4.2) and the initial state learning control law described by (4.3), then the local
output error e,(t) of each subsystem can be guaranteed to asymptotically converge to

zero, i.e., foreach ¢ = 1,...,N and any ¢ € [t,,Ty],

Jim ] e;,(¢) [|= lim || i (0 =y (6) || = 0, VE € [1,T),  (4.6)
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if there exists an iterative learning gain control matrix I'; such that
| I, -CBIL,|| <1 i=1..N. 4.7
The existence of such ILC matrix gain is ensured by the following theorem.

Theorem [27]. Assume the existence of the product of matrix C;B;, there always
exists a learning gain I'; such a way that (4.7) holds.

Proof [27]: From assumption 2 that C,B; is a full column rank, then employing
Moore-Penrose pseudo-inverse, C;B; is invertible, and there exist a pseudo-inverse

(C,B))! = (C,B)T(C,B;)(C;B,)T]!, which makes

(C,B,)(C,B,) = I. Then, if we choose T, = ¢,(C;B;)', where g, is a positive real
number, then || I, — C.B,I',|| = 0 when ¢, = 1.

Relating the effectiveness of ¢,, the value ¢, affects the value of I';, then it
affects the magnitude of || I, — C, BT, ||. The larger the value of g, is, the smaller
the value of || I, — C;B T, || will be. Hence, if the value of ¢, is very close to 1, the
value of the corresponding norm || I, — C, BT, || is small. When the above occurs,

the convergence speed of tracking error is very fast. If ¢; is close to 0, the opposite
occurrence will happen.
The convergence of decentralized ILC rule (4.2) is not affected by the

physically interconnected term. However, the transient response is affected by the
interconnected term [25].

Next, we will describe how to choose the learning gain to satisfy the
convergence condition and to make the system asymptotically stable. Design
procedure of decentralized ILC scheme consists of 4 steps. Employing this design
procedure, we obtain ILC which fulfills convergence requirement. We observe that
when (4.7) holds, it is possible to design local controller using the local information of
a subsystem model and ignoring the interconnected terms [26]. We will propose the
design procedure for D-type decentralized ILC.

Step 1: Learning gains T',.

By solving the inequality (4.7), we can obtain the feasible learning gain I', [18]
expressed by

I, = %(C«L‘B@')T[(CZ'BZ')(CZ'B«L‘)T]_l’ (4.8)
where ¢; is a positive number and 0 < ¢; <1.

After choosing diagonal learning gains I';, verify whether the inequality (4.7) is
satisfied or not.
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Step 2: Set the initial conditions
Set & := 0, given the initial value of control input «, , (¢) = v,, and the initial states

Implement the 1% iteration, measure output . ,(¢) and calculate errors ¢, ().

Step 3: Solve iterative learning problem

Update control signal U 1y () according to (4.2), and compute initial states z; 111(0)
using (4.3).

Implement the 2" iteration, apply Ui 111 (1) and T, 141(0) 10 the system and measure
the outputs y,,.,(t) and compute the errors ¢, ., (t). Then, reset the initial
conditions.

Step 4: Check the stoping criteria

If (4.4) or (4.5) is true, then, stop the iteration, else, set & := k£ + 1 and return to step
3.

4.5  Numerical Example

45.1 Numerical Conditions

To illustrate the output response when applying decentralized ILC, we
consider the building temperature control consisting of four-room (N = 4)
temperature control with four independent electrical heaters and almost all of the
parameters and descriptions taken from [7], and shown in [10]. We assume that the
ambient temperature equals to 10°C. The total power P is located in one place in
building, which will supply for each of the heaters placed in each room.

We choose the initial condition of state vector and the initial control input as follows:
%p(t) = u270(t) = u370(t) = u470(t) =0;
1 3(0) = 75,((0) = 25((0) = 2, (,(0) = 10.

Let the sample time be 1 minute, the number of samples is 501. The desired reference
output is

(10°C,10°C,10°C,10°C), t € [0,100) U [400,500]
e _ (0.13t — 3, 0.12t —2, 0.11¢t —1, 0.1¢)", ¢ € [100,200) 49)
! (23°C,22°C,21°C 20°C)T, t € [200,300)

(—0.13t 4 62,—0.12t + 58,—0.11¢ + 54,—0.1¢ + 50)7, ¢ € [300,400)

For stopping criteria, we choose

g0 = 1072 and dter _max = 16000.
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For the decentralized ILC given in (4.2), and (4.3) with the convergence condition
(4.7)we choose the learning gains T',, i =1, 2, 3, 4, and then check the convergence
condition described by (4.7) as follows.

g; = 0.9,then T, = 12105, |1, - C;BT",| = 0.2 < 1.
It is noted that all convergence conditions are satisfied.

4.5.2 Numerical Results

The simulation run with maximum 16000 iterations, and the tracking errors of
output system converge to zero at iteration & = 5000 demonstrated in the following
Figures.

Applying D-type decentralized ILC control law (4.2) and (4.3) to BTCS, we
get the output responses of a closed-loop system gradually track the desired reference
temperatures shown in Figure 4. 3.
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Figure 4. 3. Room temperature when using ¢, = 0.9.

We clearly see that the output responses tend to track the desired reference trajectory
when the number of iteration increases. After 5000 iterations, the output responses
track their desired reference with no overshoot. Moreover, Figure 4. 4 and Figure 4. 5
illustrate the control input converges with small fluctuation. This control makes the
tracking error of temperature output asymptotically converge to zero. In Figure 4. 6,

we vary ¢, and observe that the smaller value of q; is, the slower convergence speed

of output response will be. When ¢, is small (g; = 0.3),it needs at least 15000
iterations to track the desired references. The control objective is fulfilled when using
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the decentralized ILC despite the complexity of the interconnected term. In addition,
we can easily set up and implement the algorithm since the D-type decentralized ILC
is formulated as the first-order derivative of tracking errors and this algorithm can
reduce the complexity of the system by treating the interconnected term.
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Figure 4. 4. Power supply when using ¢, = 0.9.
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Figure 4. 5. Total power supply when using ¢; = 0.9.
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Figure 4. 6. Errors between the desired and output temperature when varying g; .

Next, we will simulate the trapezoidal response and show the comparison of
output responses and control inputs between two controllers. The decentralized ILC

uses ¢, = 0.9 and a maximum of 5000 iterations while DCC uses the best tuning
parameters v = 1.1 and = = 100 referred in [2, 22]. The comparison is specified by

the magnitude of steady-state error of temperature output subject to a ramp-input.
This error is the difference between the desired reference temperature and the output
response at steady-state. Furthermore, we will compare the peak of the control signal
at steady state and transition state.
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Figure 4. 7. Comparison of output responses between decentralized ILC and DCC.
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Figure 4. 8. Comparison of control inputs between decentralized ILC and DCC.

Figure 4. 7 shows that the output responses of both control techniques track
their desired reference trajectories. When reference-temperature is constant, the
steady-state error goes to zero. However, when the reference temperature is a ramp
input, the output of DCC has error ranging from 0.5-2 degrees whereas the output of
decentralized ILC has no error. On the other hand, when reference temperature is
constant, the steady-state error goes to zero for both controllers. Figure 4. 8 illustrates
the control input or the power supply of each room.
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Figure 4. 9. Comparison of total control input between decentralized ILC and DCC.

Figure 4. 9 shows the total power supply for 4 rooms of both cases. When
considering the ramp-up inputs, the decentralized ILC spends more total control input
than that of DCC. On the other hand, during the ramp-down inputs, decentralized ILC
employs less total control input than that of DCC. When the reference temperature is
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constant, decentralized ILC uses the same magnitude of total control input as that of

DCC.

Table 4. 1. Comparison of output performance when reference is ramp input.

Output Steady-state error (°C)
Decentralized ILC DCC
T, 0 2
T, 0 2
Ts 0 1
T, 0 0.5

Table 4. 2. Comparison of control input between decentralized ILC and DCC.

Peak magnitude of Ramp-up input Ramp-down input
control input DILC | DCC | DILC | DCC
uz (kW) 2.25 1.84 1.93 2.10
Uz (KW) 1.63 1.34 1.33 1.48
uz (KW) 1.49 1.28 1.22 1.36
ug (KW) 1.67 1.55 1.42 1.56
Total control input at
transition state (kW) 704 6.01 590 6.5

4.6 Summary

This chapter utilized a decentralized ILC algorithm for BTCS. First, we
employ the D-type algorithm to design the local ILC for each subsystem in a
decentralized scheme. Moreover, we show how to properly choose the ILC matrix
gain. The control strategy is applied to a four-room model and we compare the output
performance and control input between decentralized ILC and DCC. It reveals that
decentralized ILC outperforms DCC for tracking trapezoidal reference input and uses
less total control input at the transition state.
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CHAPTER V

QUADRATIC ITERATIVE LEARNING CONTROL DESIGN

This chapter aims to design of Iterative Learning Control (ILC) based on Alternating
Direction Method of Multipliers (ADMM) with application to BTCS. The
organization of this chapter is as follows. Section 5.1 presents formulation of Q-ILC
design. Section 5.2 gives the main results of ADMM approach to Q-ILC design
consisting of update variables. The convergence property are analyzed in Section 5.3.
The implement algorithm is shown in Section 5.4. Lastly, Section 5.5 gives numerical
results of ILC design for BTCS to illustrate effectiveness of proposed approach.

5.1 Formulation of Q-ILC Design

Consider the discrete-time linear ILC system described by linear time-
invariant state-space model [9, 23, 28].
7, (t +1) = Az (t) + B,u, (t) + BT (1)

(1) = Cry (1) ’ G

where z € RY, u € R%, T.(t) € R%, y € RP, are state vector, control input,

ambient temperature vector, and output of system (5.1); A, B
matrices with appropriate dimensions.

B,, C are the system

u!

Let we define

X = [mk(l)Txk(Q)T... a:k(TN)T]T
u, = [u,(0) u, (V). u (Ty — D'

O T T, DT 52)

where y,, u,, T, x, are said to be the equivalent super vectors consisting of the
state vector, control input, ambient temperature, and output of system at all sample

times in the time interval [0,7y], at the k" iteration. We rewrite the system (5.1) in

the super vector framework in order to express the input-output relationship as
follows

yk' = Guuk + GaTl? + ka(o)' (53)

where G, € RIN%*INP s called a Markov matrix, which are the impulse responses
of the discrete-time system (5.1) to present the relation between the control input

u, € R'¥% and output system y, € R'N? at different samples; G, € RN%"n?
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is the matrix to express relation between ambient temperature T¢ € R'V% and
output system y, € R™¥?; in addition, F € RIVY*IN? s the matrix relating initial

state x,(0) € R'¥" and output y, € R'~?.
Without loss of generality, assuming that the relative degree of system (5.1) is unity,

i.e., the condition CB = 0 is fulfilled. Then, the three following matrices can be
expressed [9] in general forms

CB, 0
CAB, CB,
Gu = : : )
cA™"'p cA™T?B, ... ... CB,
CB, 0 o - 0
CAB, CB, o - 0
Ga = : ; oo P (5.4)
CATN—lBa C’ATN_QBa .o - CB,

in,
F =|CA CA?... CAT~

Let ¢ is the tracking error between desired reference trajectory r and the output
system y expressed [9] as

eft) = r(t) — y(®). (55)
Then, we have the tracking error in the super vector framework [9]
e, =r—Yy,, (5.6)
where
e, = [e, ()T e, (2)7... e,(T)" 1",
r = [r()"r@2)7... r(Ty)T]".

Note that the reference inputs are iteration-invariant, so the iteration index & is
ignored in the super-vector r; the initial condition x,(0) and ambient temperature

T, are identical. Then, the tracking error update model of system (5.3), which is
computed by minimizing the ILC optimization problem are defined by

€1 =T =Y =T =Y, — (Y1 — ¥i) (5.7)
e =€, —G,Au

where Aw,_; =u,; —u; denote the difference of control input between two
continuous iterations, namely, control input update of the system.
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To design ILC input, we use the quadratic performance criterion expressed as
follows:

T (A y) = ef Qe + Aup RAuy (5.8)
where Q, R are positive definite matrices.

According to [9, 29], to design controller, we often use the linearization model
around the working point with small deviation. Then, the constraint on control inputs

u,; .., 1S considered to make sure that the system will not diverge far from

equilibrium point. In addition, the constraint on the deviation input between
continuous iterations Au, , ., is added to guarantee the smooth and safe running of

the control system.

N
Moreover, the total control input 3" w,, , should be bounded to saving
i=1

energy. Hence, we consider the following constraints of the control inputs.

C1. Bounded magnitude: w;; <wu,;, ; <u,,.
C2. Bounded rate w.r.t. iteration index:

Auz‘,l < A“i7k+1 < Aum, Au“ <0, A“z‘,h > 0.

N
C3. Bounded magnitude of total input: 3 w,, ; < P.
EINGS

The constraints C1 and C2 can be combined to be a constraint [9]

—I —u;;
I u, u
AR < i,h i,k
I Lh+1l = Au,,
I Aui b
We can write constraints in a form of box constraints for vectors as
h N —I —Au,
where = o= = |
I ¢ Aui

Au,; = max{uivl — uiﬁ,AuM}; Aui = min{ui’h — Auiyh}.

Let X, X, and X contain the sequence, the lower bounded rate, and the upper
bounded rate of control input change in iteration as follows:

_ T T T T
X = [Au17k+1,Au27k+1,...,AuN’,H_l] ,
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X = [aa], Al AT
X = [Zuf,ﬁug,...,ﬁu%]T.
Then, the constraint (5.9) is in the form as follows:

X<X<X (5.10)
On the other hand, constraint C3 can now be reformulated as follows:

1§NNX <P, (5.11)

Substitute (5.7) into (5.8), and rewrite this performance index in terms of X, we
obtain

J, (X)) = XT(R + GTQG,)X —2eTQG, X + el Qe,

We observe that there is a variable X . Since e, is known from previous iteration, in

the design, e’ Qe, can be omitted from the cost function.

J,1(X)=X"(R+GIQG,)X —2¢[ QG X
Then, the design of control input is formulated as min problem

min X' RX + QX

Xe=
where R € RINVINN -5 ¢ RIXINN
R=(R+G,QG,), (5.12)

Q2 —2¢1QG,, (5.13)

= is the convex set defined by (5.10), and (5.11).

In this work, we aim to solve this optimization by using ADMM. In order to employ
ADMM for solving the following minimizing optimization problem

min X7"RX + QX (5.14)
s.t. (5.10), and (5.11),

we need to reformulate it to a suitable form. We define an auxiliary variable Z, which
is the one algorithm state in ADMM [14, 30], and two convex sets, namely ), €2,

corresponding to (5.11) and (5.10), respectively where (5.11) now is defined in terms
of Z.

Q,(X) ={X e R"VN :1TX, < P Vi =1,...,N}, (5.15)

0 (Z2)={Z e RN . X <7 <X, Vi=1..,N}. (5.16)
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Consequently, the following two indicator functions are defined to incorporate these
sets €1}, €),.

1(x 0 :X ey, I.(Z 0 :72¢€,,
1(X) = 00 X &Q,’ (%) = 00 : Z & (1.

Finally, we get the formulation for the considering ILC problem with equality
constraint X = 7.

min X" RX + QX + I,(X) + L,(Z) (5.17)
s.t. X—Z2=0

5.2 The Main Result

Because the indicator function of a convex set is proper, closed, and convex, the cost
function with respect to X and Z in (5.17) is also proper, closed, and convex [14, 30].
This formulation is actually fitted into ADMM framework. The augmented
Lagrangian associated with (5.17) is defined as follows:

L(X,Z,W) £ XTRX + QX + L,(X) + I,(%)
S (5.18)
(X -2)+ gHX ~z|;

where 7 € R™VY s a Lagrange multiplier, and p is scalar penalty parameter. The
augmented Lagrangian (5.18) can be written as follows.

L(X,Z,W) £ X"RX + QX + [,(X) + 1,(Z)
p ) , (5.19)
+ 5HX —-Z+Ww|,

where W = ln e RIVY s called a scaled Lagrange multiplier. Accordingly, the
p

optimization problem (5.17) is iteratively solved by the updating variables in scalar
form as follows [14, 30].

X™* .= argmin L,(X, 2™, W™) (5.20)
X

A= argmian(XmH,Z,Wm) (5.21)
A

W?TH-I = Wm 4+ Xm+1 . Zm+1 (522)

If the two following criteria are satisfied, the iterative process (5.20)-(5.22) is
completed [14, 30],

Hrm H2 < gpri ' Hsm H2 < 6duaul ’ (523)
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A

where ,m 2 xm _ zm and s™ £ —p(Z™ — Z™1) are the primal and dual

residuals at iteration m [30]; e™ > 0 and 9!

tolerances chosen as follows [30].

> 0 are primal and dual feasibility

e = [T Ne™ e maxf| x| [ -2 3.

8duaul _ TNN6abS _’_6rel ‘pwm H27

(5.24)

where 2 > (0 and ™ > 0 are absolute and relative tolerance that depend on the

scale of typical values. The value of <! should be selected to be 10~3 or 107*[14,
30].

The updating variables X,Z,WW can be separated into individual updates at
each time slot and can be implemented in a centralized manner. When the variables

X in(5.20) and Z in (5.21) have updated, respectively, the update of W in (5.22) is
decentralized [14]. Hence, we only focus on the updates of X , and Z .

5.2.1 X-update Step

In this section, we would like to show the update of variable X in (5.20).

Regarding the definition of indicator function [14], it is clear to see that X! is the
solution of the following optimization problem,

min f(X) (5.25)
s.t. (5.11),
T3 A P 2
where f(X) = XTRX + QX + 5||X —Z+W|,.
This is the convex optimization problem since the cost function f(X) is in quadratic

form and the inequality constraint (5.11) is affine [14]. Therefore, the strong duality

holds for (5.25) and (5.11), i.e., the optimal solution X" are found by employing
the Karush-Kuhn-Tucker (KKT) conditions.

Applying KKT condition [31], we have

8f(X) m+1 0 T P
— — (1" X —-P)=0, 5.26
ox THT o5 ) (5.26)
p" A’ x — Py =o, (5.27)
pmtt >0, (5.28)

where ™+ e R is Lagrange multiplier in the iteration m + 1 of ADMM approach.

To find the solution, we consider the active characteristic of constraint, after that, we
check the sign of resulting Lagrange multiplier. Here, we set constraint to be active or
inactive.
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By assuming the constraint (5.11) is active (™! > 0), we obtain

T s
1TNNX =P
From (5.26), we obtain the solution X

2XTR+Q+p(X —Z+W)' + ] =0
N

X =[p(-Z+W)=Q" — i1y yJCR+plp, y)' (529)

Multiplying both side of (5.29) with 17, we obtain
N

1§NNX = 1§NN[—p(—Z +W) - QT — ulTNN](QR + pITNN)_l. (5.30)

Then, comparing this solution (5.30) with P .

By assuming the constraint (5.11) is inactive (' = 0), we obtain

ge x
ITNNX <P
From (5.26), we obtain the solution X

2XTR+Q+pX —Z+W)' =0
X =[=p(~Z + W)= Q"R + ply, 5)" (5.31)
Multiplying both side of (5.31) with 1? v e acquire
N

T _ 1T AT D -1
1 X =10 [=p(-Z + W)= QTIQR + plp, ) (5.32)

Then, comparing this solution (5.32) with P .

Without loss of generality, we assume that the optimal solution X can be expressed
by the following form

X = [p(—Z + W) — QT — ﬁlTNN]@R + pITNN)*l, (5.33)
where
P+l [p(=Z+W)+Q"|2R + pITNN)il

= . - . (534)
—1TNN1TNN(2R + pITNN)
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5.2.2 Z-update Step

The update of Z in (5.21) is shown more detail in this section. We can easily see that
Z™*1 is the solution of the following optimization problem,

min H Xl g owm Hz (5.35)

s.t. X<Z<X, (5.36)

which is convex optimization problem, because the cost function (5.35) is quadratic
function and the constraints (5.36) are polyhedral [14].

The cost function (5.35) and constraint (5.36) can be decomposed in the
following problem for i = 1,..., V.

min (Z7 — 22X + W/™)Z,),Vi=1,...,N, (5.37)
s.t. X, <Z <X, Vi=1..,N. (5.38)

We observe that problem (5.37) with constraint (5.38) has a scalar variable, then its
optimal solution can be computed as follows:

X, X)W < X (8)
ZM ) = X W X)) < XN + W) < X)) . (5.39)
X, X, < XN + W), Vi=1,...,N

7

5.3 Convergence Property

The following theorem shows that the convergence of ADMM approach can
be guaranteed.

Theorem [14]: The solutions of ADMM converge as m — oo

=0, p(X™) —p, X" - X, Z" — 7", (5.40)
where p(X™) £ xm Rx™ 4 QX™ + I(X) + 1,(Z); p"is the minimum cost of
(20), X~ = Z" are the minimizer of (5.17), respectively.

Proof [30, 32]: All elements of g(X™) are proper, closed, and convex function. In
addition, the Lagrangian is defined by

Ly(X,Z,W) &2 XTRX + QX + I,(X) + L,(Z) + n* (X — Z),

has a saddle point. It is because the first two elements, X’ RX and QX are quadratic
functions, respectively, and I,(X), I,(Z) are indicator functions [14].

Since L, has a saddle point (X", 2", W™),
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L(X",Z" ") < Ly(X™H, zm 0% (5.41)

LO(Xm+1,Zm+1,77*) — (Xm+1)TRXm+1 + QXm+1
+L(X) + L(Z) + T(X™ T = 27 (5.42)
— pm+1 + 7]*T7,m+1

Combining (5.41)-(5.42), it is easy to see that

p* < pm+1 + n*T,r.erl (543)
Let 2(X) = XTRX + QX + I,(X); 9(2) = 1,(2).
Since Z™*! minimizes 9(Z) — (™™ Z , then

h(Xm—H) + (nm—i-l + p(Zm—H _ Z))TXm+1 < h(X*)

pam gy O
and
gz ) = (T < g(Z7) — (T (5.45)
Adding (5.44) with (5.45) and using x* = z~,
p™ = p* < (Tt  (5.49)

—|—p(Zm+1 A Zm)T(_rm—i-l _ (Zm+1 7 ))

Define V™ = %Hnm“ — ™ Hz - pHZ’"+1 =7 % Hz

Adding (5.43) and (5.46), multiplying both sides by 2 and rearranging, we obtain

2(7]m+1 _ n*)TTm—i-l + Qp(Zm—H _ Zm)Trm—i-l

. (5.47)
+2p(Zm+1—Zm)T(Zm+1—Z ) <0
Using the update:
,rm+1 — l(nm+1 _ nm) (548)
P
in (5.47), we obtain
1 * 2 * 2 2
_[Hnm-l—l_77 _Hnm_n )‘|‘PH7’m+l‘|‘(Zm+1—Zm)H ]
) 2 2 2

+2p|(Zm 1 = Z2m) (2"~ 27)| < 0
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i o

+2p(rm+1)T(Zm+1 . Zm)

(5.49)

Since zm*+! minimizes ¢(Z) — (n™*\)T'Z, and z™ minimizes ¢(Z)— (™)' Z
after adding we have

g Zzm ) — Yzt < g(2m) — (Y
and
9qzm) — ™' zm < g(z" ) = ()t zm

to get

("t — Tzt — 2m) > 0. (5.50)
Combining (5.48) with (5.50), we have

2p(rmTHT(ZzmH — Zzm) > 0 (5.51)
From (5.49) and (5.51),

Y S G 0%
Because V™ < VY, ™ and z™ are bounded [32], thus

o0 2 2
) Z H,rerl H o Hzm+1 —_gm H < VO ’
m=0 2 2]

which results in Hrm“ Hz — 0, ‘Zm“ —Zm Hz — 0 when m — oo. From (5.43)

and (5.46), we have lim p* = p".

m—0o0

Therefore, the proposed algorithm converges or Eq. (5.40) is satisfied.
54  Algorithm

The stopping criteria for ADMM are given by (5.23), or
m = m _max. (5.53)
The stopping criteria for iterative learning procedure are given as follows.
Jou] < <. (55
k = iter max (5.55)

where ¢ denotes a tolerance of error; iter max, m _max are the maximum

number of iteration of ILC design, and ADMM approach, respectively. We
summarize the main results by giving the Q-ILC design with following steps.
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Step 1: Set the initial conditions
Set % := 0, given the initial value of control input u, = u,, and the initial states

X, = X,. Implement the 1% iteration, measure output y, and calculate errors e,.

Compute P, R, Q,and 7 asin (5.11), (5.12), (5.13), and (5.34).

Step 2: ADMM algorithm
for 1 < m < m _max execute

Compute X! by (5.33).
Compute Z™ "1 by (5.39).
Calculate W™ by (5.22).

if (5.23)istrueor m = m _max then

break;
end
end
Step 3: Update control input in original ILC design

Caculate Au,_, = X, then find the update control input w, , = u; + Au; ;.

Apply u, ,, to the system and measure the output y, ., and compute the error e,
Then, go to step 4.

Step 4: Check the stopping criteria

If (5.54) or (5.55) is true, then, stop the iteration, else, set & := k£ + 1 and return to
step 2.

It is noted that the convergence speed of ADMM problem will be affected by
the value of p, which is appeared in the X -update step. The larger value of p will
increase the weight on consent with variable Z, while the smaller value of p will lead

the X -update step towards setting more importance on reducing the cost function,
one constraint is satisfied by each that guaranteed. I1f the ADMM algorithm starts with

an initial feasible point X, the cost can be decreased faster with a small value of p

[33]. When dealing with a convex problem fitted into ADMM framework, it always
converges for all p > 0. In addition, the solution of ADMM problem will be affected
by the weighting matrices @, R and the specification of constraints control inputs C1-

C3. Hence, in design, we can empirically vary these parameters until getting a good
solution and convergence speed [33].
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55  Numerical Example

5.5.1 Numerical Conditions

In this subsection, we give the simulation conditions on the building
temperature control composing of four rooms shown in [10] to illustrate the output
response when applying proposed algorithm. Most of the parameters and physical
descriptions are taken from [7, 10]. We assume that the ambient temperature equals to
10°C. The total power P = 7 kW and is located in the building, which will supply
thermal energy to each room. We choose the initial condition of the initial control
inputs and state vector as follows:

Wy =Uyy =Uzg =1y =0p;

Let the sample time be 1 minute, the number of samples is 501. The desired reference
output is a trapezoidal input as (4.9).
The constraints inputs are given as follows:

: 5.56
Au; = —1000 x ITNN’ Au, = 1800 x 1TNN (5.56)

The weighting matrices are selected as follows:
— 103 —10-3
Q=10 xITNN, R =10 xITNN.
In addition, the parameter of ADMM algorithm are chosen as follows:
e = 1074, &l =1073, p = 7.
For stopping criteria, we choose

e =102, m max = 1000, and iter max = 10000 .

5.5.2 Numerical Results

The numerical results are depicted by Figure 5. 1-Figure 5. 7. First, the room
temperatures gradually track their target trajectories shown in Figure 5. 1. Moreover,
Figure 5. 2 and Figure 5. 3 show that the control inputs converge and satisfy the
constraints C1 and C3 assigned by (5.56). Additionally, Figure 5. 4 shows that the
difference of control input w.r.t. iteration index Aw,, , are satisfied as constraint

C2, and their variables values goes to zero. Figure 5. 5 and Figure 5. 6 verify the
monotonic convergence of the system error shown by |e, ||OO and |e,| o
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Figure 5. 7. Computational time of ADMM.

In this work, we use the computer with CPU Intel Core i5-6400 2.70 GHz,
RAM 16 GB, MATLAB 8.1 to simulate the proposed algorithm. Figure 5. 7 reveals
the computational time to solve ADMM problem in step 2. It decreases when the
number of iterations of ILC loop increases. When running the more iterations of ILC
loop, the better tracking performance is, hence the smaller of the control update
Au,; and the tracking error €. are. It is supposed that the solution of ADMM

problem acquires farther to the boundary of the constraints, then the computational
time spends shorter [9].

5.6 Summary

This chapter presents the design of ILC based ADMM method for BTCS. ILC
is designed based on ADMM approach to achieve the updating control law by
analytical solution. The proposed algorithm has clarified to work well with a linear
system with hard control inputs constraints.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 Conclusions

This thesis gives a formulation of BTCS as MAS and proposes the design of
three controllers for BTCS. In particular, we show how to tune parameters used in the
design utilized by distributed consensus control, decentralized ILC and centralized
ILC scheme. Numerical results illustrate the effectiveness of proposed methods and
then compare with the existing method. To summary the main results in this thesis,
we point out as follows.

Chapter 1 briefly presents the research motivation and literature review to
cover an overview of BTCS approaches. Next, the objective, scope, achievements of
this thesis are given.

Chapter 2 focuses on introducing the background relevant to BTCS and a
useful tool, i.e., MAS used in distributed scheme.

In Chapter 3, the detailed design procedure of DCC is proposed. By
employing MAS theory in distributed framework and the inverse-barrier function, the
control inputs can be forced to lie in the boundary whereas the outputs system can still
track their desired trajectory in case of enough power supply. On the other hand, this
method optimally apportions the available power supply for all agents so that all agent
can be received the same welfare comfort. The simulation results show the good
performance of DCC with criteria such as DCC gives faster convergence and
consumes less power than that of RDC.

Chapter 4 gives the design of decentralized ILC controller for BTCS. We
employ D-type ILC algorithm in the decentralized scheme and then conduct the
influence of learning gain onto convergence speed of output performance. Finally,
numerical results illustrate the effectiveness of decentralized ILC and are compared
with that of distributed consensus controller (DCC) designed in Chapter 3. The results
show that output responses of both controllers can track trapezoidal reference and
consume the same amount of total power at steady state. However, decentralized ILC
gives output response without overshoot, and its convergence is faster than that of
DCC. It shows that decentralized ILC outperforms DCC for tracking trapezoidal
reference. Convergence analysis reveals that tracking speed depends on the choice of
learning gain.

Chapter 5 gives the design of centralized ILC for BTCS based on the ADMM.
The proposed method is the main contribution of this thesis. First, the formulation of
constrained Q-ILC design is new. Second, we develop a new approach to solve the
design problem. In particular, we employ ADMM approach to find an optimal control
input update. Actually, this approach is applicable to a set of the optimization problem
in the form similar to that of the constrained Q-ILC. The novelty lies in the way we
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define the new convex sets to reformulate the constrained Q-ILC to the form of
ADMM, by which we derive an analytical solution for the update of each
iteration. This method can also guarantee the hard input constraints. Lastly, numerical
examples illustrate the effectiveness of this method. The results exhibit that
temperature outputs track the desired trapezoidal reference without overshoot and
control inputs satisfies the hard constraints as expected. It reveals that ADMM
approach is suited with ILC design problem.

6.2 Future Works

There are some restrictions in this thesis which could be further investigated in
future.

Firstly, the dynamic models of BTCS should be more complex than that used
in this thesis. Typically, thermal dynamics of rooms and walls are modeled using
electric-analogous elements such as capacitors (C) and resistors (R). Unless the walls
are made of thermal-isolated materials, the aforementioned model is enough to
describe the thermal dynamics for the whole building. Each analog electronic circuit
has its own advantages and disadvantages. When the wall thermal dynamics are
modeled by 3R2C and 3R4C and when comparing with the performance of 1R, the
analogy circuit using 3R2C and 3R4C give a better spectral analysis, step change, and
frequency analysis term (c.f. Section I1.A of [3]). Moreover, when using 3R2C circuit,
the performance of wall thermal dynamic is as good as 3R4C circuit, and 3R2C
circuit can reduce much complexity than that of 3R4C circuit. Thus, in the future
work, we will use 3R2C model as it is more accurate than the others. After having the
complex BTCS model, our idea of saving energy is equivalent to minimizing both
thermal losses and control effort for tracking a given temperature profile. Instead of
only considering the tracking problem with certain preset temperatures, we consider
taking into account other constraints such as users’ comfort requirements (usually the
range of required temperatures set by rooms’ occupants), or limited heating/cooling
power supplies.

Secondly, in DCC design of Chapter 3, we just choose the tuning parameter in
distributed consensus algorithm and penalize control limit using in inverse-barrier
function based on observing the output and input performance. The consensus-based
algorithm is referred to the existing work, which considers solving static optimization
resource allocation problem. It is not fully useful to utilize for dynamic resource
allocation problem. Then the future work will focus on finding systematic ways to
design distributed consensus controller for solving dynamic resource allocation
problem.

Thirdly, in Chapter 4, although decentralized ILC algorithm gives the better
performance than that of DCC in Chapter 3 with the almost same conditions. All

tuning parameters affecting to I'; are chosen based on the experience of designers. It

should be extended to answer the question what would an optimal learning gain I,
be.

Lastly, when we consider the large-scale system, distributed framework is
most suitable control strategy due to it requires the coordination among controllers
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and allows the agents to share the information on the state/input of neighboring agents
[20]. Our future work will develop systematic ways to design distributed ILC via
ADMM approach for this class of large-scale interconnected system and then to
compare with the results of decentralized ILC as well as with the existing solver in
terms of computational cost and convergence speed. In years to come, this research
should be tested with our proposed algorithm on the real test-bed of BTCS.
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