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Abstract

This thesis and technical report concentrates on distributed control using a distributed model
predictive scheme. The model of a two room house and three room houses is build and a
distributed model predictive control (MPC) algorithm is implemented in order to reach
specified room temperatures with minimized energy effort in each room. For reference
tracking Target Calculation and the delta input scheme are used. The MPC optimization
problem is solved at each time step through an iterative method, where the number of iterations is
reduced through a stopping criterion guaranteeing stability and a prespecified amount of
performance and feasibility. The optimization problem is divided up into subproblems, where
each subproblem takes less computational effort than the central optimization problem. Due
to the possibility of coupling between subsystems, communication between the subsystems is
needed. The reference values are reached and iterations needed to solve the optimization are
reduced with the stopping condition. This method saves computing time and gives privacy to
each subsystem, since only required information is communicated. Also the subsystems get less
susceptible to the failure of one coupled subsystem, since if one subsystem fails, the others
could go on. But, due to the needed communication, this method is more suitable for large
systems with sparse coupling. For a small system, or too much coupling the communication
effort will getto high.
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1 Introduction

1.1 Motivation

A house is a locally distributed system. To control the temperature of all rooms
to a specific temperature takes a lot of computational effort. Model Predictive
Control can follow a reference value and consider the constraints on temperature
and heaters. For large building-systems Distributed Model Predictive control can
be used. The house is divided into subsystems which are controlled by their own
Model Predictive unit. This way the computational effort of each unit is reduced.

1.2 Objective

The objective of this thesis is to implement the accelerated gradient algorithm
introduced in "On feasibility, stability and performance in distributed model pre-
dictive control” [GR13]. Reference tracking and disturbance rejection are added
to the algorithm. The implemented accelerated gradient method will be com-
pared to the central solution introduced in the script "Model Predictive Control”
[Gorl5al.

1.3 Outline

The thesis is structured as follows: The Second Chapter introduces convex opti-
mization problems [BV09]. In the third Chapter the concept of Model Predictive
control is described and the reformulation of the difference equations into a pre-
diction model suitable for the accelerated gradient method [GR13], [GDK™13]
and the central model predictive control [Gorl5e] without reference tracking are
done. In the fourth Chapter the differential equations for the used house-model
is build [Bol06] and discretized[Gor15b] and the corresponding parameters [www]
are listed. In Chapter 5 reference tracking through Target Calculation and Delta
Input Formulation [Gérl5d] is introduced to the accelerated gradient method.
Chapter 6 discusses the results. Chapter 7 is conclusions and Future work.
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2 Convex Optimization

2.1 Problem Formulation

The general optimization problem is to optimize the cost function f(x) with re-
spect to the equality constraints h(z) = 0 and inequality constraints g(z) < 0. It
is given by:

minimize f(x)
€ (21)
subject to x € X

with X = {z € R"|h(z) =0, g(z) < 0}. (2.2)

We call X the feasible set, containing all variables that fulfil the constraints given
by h(z) and g(z). A x € X is one of the possibilities to minimize the optimiza-
tion problem satisfying the constraints. We call z* the minimizing variable to
the problem (2.1). z* is part of the feasible set, but also minimizes the cost
function. The equality constraints h(z) contain difference equations describing
the behaviour of the modelled plant. The inequality constraints g(x) describe the
maximum and minimum value of the states of the plant model. For example:

minimize $(ui (k)" Rywa (k) + 21 (k) Qa1 (k)

(

subject to 21 (k 4 1) = ap21 (k) + bryui (k) + byriwi (k) (2.3)
Umin S U(k’) S
Tmin S ‘T(k/) S Tmax-

If we solve this problem, we minimize the energy of input u; and state z;. Our
equality constraint is the differential equation describing our system model. The
inequality constraints describe maximum and minimum of z; and w;.

uy: input variable, stands for the heat flow of heater 1

x1: state variable, stands for the temperature in room 1

wy: disturbance variable, stands for the disturbance, outside temperature

The advantage of a convex optimization problem is that the Minimum we find is
a global one. An Optimization Problem is called convex if X is a convex set and
f(x) is a convex function.
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2.2 Convexity

Convex Sets
If C is a convex set, the line segment between any two points x1,zo € C lies in
C. This means V x1, x5 € C :

ary + (1 — a)ze € C with o0, 1] (2.4)

Convex Functions

A convex optimization problem has a convex cost function. A cost function
f(z) : C — R is convex if and only if C is a convex set and if V1,25 € C' and
a € [0,1]:

flary + (1 = a)xy) < af(e) + (1 — o) f(x2) (2.5)
For differentiable f there are two useful conditions:
First Order Condition: f is differentiable, C is convex and open:
3V f for each point of C' then one has Va,, 25 € C
f(xa) > f(x2) + V(1) (w5 — 21) (2.6)

V is the gradient of f(x)
Second Order Condition: f is twice differentiable, C is convex and open:
JH; = V2f V 2 € C then one has V z € C with C' convex we have:

Hy = V2 f(x) = 0 (2.7)

Hj is the Hessian matrix of f(z).

Some welcome Properties

1. C convex, € R implies: 5C = {z|x = fv,v € C'} convex
. C4,Cy convex implies: C) + Cy = {z|x = vy + v, v1 € C1,v9 € Ca} convex

. For C, Cy convex: C; N Cy convex

= W N

. The sum of convex functions is convex: f;(z) is convex on C, then f(z) =
SN @i fi(x) is convex for oy > 0,4 = {i,..., N}

. The quadratic function f(x) = 27 Pz is convex on X for symmetric and
positive semi-definite P. Since due to the second order condition for convex
functions we need: Hy(z) = 0 for a quadratic and convex function.

ot
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Examples

Cost Function
A cost function that would be used in model predictive control is for example:

@i, wi) = fi(w:) + falui) (2.8)
filmi) = 32 Qi (2.9)
folui) = 3ul Ru; (2.10)

The weighting matrices @Q);, R; are quadratic and positive semi-definite @); > 0,
R; = 0, so the functions fi(z;) and fo(z;) are convex functions due to property
4. Due to property 3 sum of convex functions is convex.

Convex Sets

The equality constraints A7z = b are a intersection of hyperplanes called linear
variety. A intersection of convex sets is a convex set.

A hyper plane {z € R"|ATz = b}is a convex set:

With A = (aT,al,...,al) € R", b € R we have

ATy =aley+aloy+-- +ala, =0 (2.11)
To proof convexity we use the variables x,, z,: ATz, =b, ATz, =b

y=az,+ (1—a)x
aly =aAz, + (1 —a)A Tz,

=ab+ (1—a)b
=ab+b—ab
=b

The inequality constraints C* < d are a convolution of half spaces called Polyhe-
dron. A intersection of convex sets is a convex set.

A half space {z € RICTz < d}is a convex set. With C = (¢!, cl,....cI)" € R*
d € R we have

CTo =11 + Coo + oo + Cpty = d (2.12)
To proof convexity we use the variables x,, z,: CTx, < d, CTzy < d
y=ar,+ (1 — o)z
CTy =aC%z,+ (1 — a)0Tm,
<ad+ (1—-a)d
=ad+d—ad
=d
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2.3 The Lagrange Duality Theory

The Lagrangian relaxation turns the constraints into a part of the cost function,
where the violations of the constraints are weighted. Equality constraints h(z) =
0 as in (2.1) should be zero such that the minimum can be found, inequality
constraints g(z) < 0 as in (2.1) should hold. The cost function is fy(x). The
Lagrangian is:

Lz, \ 1) = folz) + Z Nihi(z) + Z 1igi(x) (2.13)

e )\;: Lagrange multiplier, associated with the equality constraints h;(z) =0

e 1; > 0: Lagrange multiplier, associated with the inequality constraints
gi(x) <0

We call
v(A p) = infepL(x, A, 1) (2.14)
the dual function. The dual problem is now:
max ,<oU(A, 1t) (2.15)

The solution to this problem can be used to solve the original problem. Actually
the solution to (2.14) is a lower bound.

Lower bound on the Optimal Value

Say the optimal value of the original problem (2.1) is called p* and the solution
to the dual optimization problem (2.14)is v*. For any A, > 0 v(A, i) is a lower
bound on the primal solution p*.

YOMNpu>0) € R v\ p) <p* (2.16)

To verify this we take a z; € X, with X the feasible set defined in (2.1). Since
21 is feasible we have the constraints:

hi(z1) =0, gi(r1) <0 with A\, pe R (2.17)

fulfilled. Due to this we can see that:

m P

Z/\ihi(xl) + Zﬂigi(xl) <0. (2.18)
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Since the first sum consists of h;(z;) = 0 and the second consists of g;(z1) < 0.
Inserting (2.18) into L(zy, A, 1) we see that:

L(zy, A\ 1) = fo(xy) + Z Aihi(z1) + Z/h‘gi(fcl) < fo(z1)- (2.19)

The following equation shows that g(\, ) is a lower bound on fo(x):
v\, 1) = inf,(L(x, A\, 1)) < Lz, A p) < folz) (2.20)

For the special case that the chosen feasible z; is the minimizer z* to (2.1) the
solution to the dual problem is a lower bound on the optimal value:

vt < pt (2.21)

We can find that lower bound v* on p* using the Karush Kuhn Tucker Condition
(KKT condition). Note that one can solve the primal problem using the dual
problem under certain assumptions discussed in the sequel of the chapter.

The Duality Gap

The difference between the optimal value of primal (p*) and dual problem (d*) is
called duality gap: d* — p* < 0. d* and p* are defined as:

p" =inf f(x) s.t. g(z) > 0,h(z) =0 (2.22)
d* = maxv(\, p) st p>=0. (2.23)

To ensure that the duality gap is zero, we need the problem to be convex and
slater’s condition to hold. Slater’s condition says if there is one feasible point:

Jr e X :gi(x) <0,h(x)=0. (2.24)

For a feasible x , the Problem has zero duality gap. If we have some affine
inequality constraints g;(x) the condition becomes:

Jr e X :gi(z) <0,gi(x) <0,h(z) =0 (2.25)

where g;(x) < 0 is for the affine inequality constraints. For convex problems
with only affine constraints, e.g linear constraints and open domain of the cost
function, slater’s condition reduces to the feasibility conditions:

dz e X :g;(z) <0,h(z)=0 (2.26)

and the KKT’s are sufficient and necessary.
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Karush Kuhn Tucker Conditions to solve the Convex
Optimization Problem

We have a z, that minimizes L(x*, \*, 1) , so it follows:

Vio(a®) + Y NVhi(a*) + Y i Vgi(a') = (2.27)

The following conditions are called "Karush Kuhn Tucker” (KKT) conditions:

hi(z*) =0 (2.28)
gi(z") <0 (2.29)

g >0 (2.30)

1igi(z") =0 (2.31)

Vfo(x®) + Y N Vhi(a®) + Y prgi(a®) =0 (2.32)

The solution needs to fulfil the equality and inequality constraints . The weights
on the inequality constraints need to be positive, such that the result is a lower
bound on p*. We need p;g;(z*) = 0 which means for g;(z*) < 0 we need p = 0.
To fulfil pfg;(z*) = 0 we have either y; = 0 or g;(z*) = 0. We also use the
gradient of the Lagrange function L(z*, \*, u*).

For non-convex problem these conditions are only sufficient. A z* that minimizes
L(xz*, \*, *) will satisfy the conditions. But not every x that satisfies the condi-
tions will be a minimizer to L(z, A, i).

For convex optimization problems with differentiable objective and constraint functions satisfyin
the KKT conditions provide necessary and sufficient conditions for optimality. The
solution we get through the KKT conditions is the optimal value p*.




3 Model Predictive Control

In Model predictive control we use a mathematical model describing the plant
dynamics to predict the behaviour of the plant over a prediction horizon. The
current plant states z(k) are measured and a prediction model is build. Based on
this prediction model we calculate the optimal input sequence U (k) to reach zero
or a specified reference value while minimizing the cost function. The first value
of this input sequence u(0) is implemented to the plant. The next time step the
new current plant states z(k) are measured and we start again by predicting the
behaviour of the plant from this new starting point and calculating the optimal
input sequence U (k). For now the reference value is zero.

3.1 Central Prediction Model

The state equations (equality constraints) are reformulated into a prediction
model only depending on the current state and input. The state equations for
the central problem are:

z(k+ 1) = ax(k) + bu(k) + byw(k)

z(k+2) =ax(k+ 1)+ bu(k+ 1) + byw(k + 1)
= a*x(k) + abu(k) + abyw(k) + bu(k + 1) + byw(k + 1)

z(k +2) = ax(k + 2) + bu(k + 2) + byw(k + 2)
= a®z(k) + a®bu(k) + a*b,w(k) (3.1)
+ abu(k + 1) 4+ ab,w(k + 1) + bu(k + 2) + byw(k + 2)

=

z(k+ N) = az(k) + " ou(k) + " owk) ..
+ a'bu(k) + a'byw(k) + abu(k) + a®byw(k).

These state equations put together into one matrix form, where X (k) is depending
only on the current measurement (k) and the input sequence U (k):

X(k) = ®x(k) + DU (k) + T, W (k) (3.2)
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is called prediction model. The matrices are:

z(k+1) u(k) w(k)
z(k +2) u(k +1) w(k+1)
xmy=| " v = U e = | |
z(k+ N) uwk+N—1) w(k+N—1)
(3.3)
a a’b 0 .0 a’b, 0 0
a? a'b ab ... 0 a'by, a’b,, 0
d = . 7Fu = . . 3 Fw = . .
: : : 0 : : 0
a a¥ o oV 2 ... a% a1, aN 2D, a®b,,
(3.4)

The cost function (3.5)

Vn(2(k), U(k)) = 27 (k + N)Pz(k + N) + i 2T (k +49)Qu(k + 1) + u” (k + i) Ru(k + 1)

i=0

(3.5)
=2 (k)Qz(k) + XT(B)QX (k) + UL (k)VU (k) (3.6)
also needs to be reformulated in a matrix form. The following matrices
Q@ 0 0 0 R 0 0 ... 0
0 @ 0 0 0 R O ... 0
Q= U= ) (3.7)
0 0 @ 0 00 R -0
0 0 0 P 0 0 0 ... R

build the matrix form (3.6). The matrices @, P are symmetric and positive-
semidefinite, P is symmetric and positive-definite:
P=P'>0,Q=Q">0,R=RT~0.
This implies that Q = Q7 =0, ¥ = U7 = 0.
To eliminate the minimization over x we insert the prediction model X (k) =
Oz (k) +T,U(k)+T W (k) into the cost function Vi (z(k), U(k)) = 27 (k)Qz (k) +
XT(k)QX (k) + UT(k)PU (k) simplifying the equations:
Vi (z(k), U(k)) = 2" (k)Qu (k)

+ (@T®T + UT(R)TE + W () TT) (P (i) + TTU(K)

+ToW (k) + UT(k)WU (k)

=27 (k)Qux(k) + UT (k)WU (k)

+ (2T (k) TQ + UT ()T + W (E)IEQ) D (k)

+ (2T (k)BT + UT ()TTQ + W (k) TTQ)T, U (k)
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= (2T (k)®TQ + UT(K)ITQ + W (K)TLQ)T, W (k) (3.8)
We summarize all terms that do not include U(k) into f(x(k), W (k)).
Vi ((k), U(K)) = f(x(k), W (k) + UT (k)RU (k) + UT (k)L QPx(k)

+ (2T (k)T U (k) + UT (K)ITQr,U (k) (3.9)
+ Wk rtor,uk) + U’ (k)ror, w (k)
=UT(k)(0 +TIQr,)U (k) + 227 (k)@TQr,U (k) (3.10)

+ 2WT () TTQr, U (k) + f(x(k), W(k))

Vn(z(k), U(k)) = UT(k)%Q(\I/ +TIOT ) U(K) + (227 (k)@TQr, + 2W T () TZOT,)U (k)

(3.11)
+ f(x(k), W(k))
1
= SUT(R)HU (k) + (Fo + Fr)U (k) + f(x(k), W (k) (3.12)
Used in this reshaping is that all 27 Mx in the cost function are scalar, so 27 M =

xMax”. Where M is a diagonal matrix with M = MT. Without constraints the
optimization problem is

gl(lkr)l Vi (z(k), U(k)). (3.13)

It can be solved by building the derivative for U(k):
U(k) = —H '(F] + Fg). (3.14)

Now we build the matrix form of the constraints only depending on z(k) and
U(k). The used model has boxed constraints, limiting the temperature and heat
flow of the heaters we do the constraints reformulation as matrix form for boxed
constraints. The constraints are:

—u(k) < Unin (3.15)
u(k) < Upmags (3.16)
=y(k) < Yumin (3.17)
Y(k) < Ymaa- (3.18)

The goal is to reformulate this a: M (k +t)x(k + i) + E(k + i) u(k +14) < b(k+1).
With y(k 4 i) = cx(k + ). The matrices are:

Omzn _Imzm —Umin
A Omrm, N Imxm N\ Umazx
Mk +1i) = . JE(k+14) = 0 (k1) = y (3.19)
- 'prm —Ymin

c Opzm'L Ymaz
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The prediction form of these inequalities is:

D(k)x(k) + A(k)X (k) + e(k)U (k) < B(k) (3.20)
M (k) 0 0 0 0
0 (k+1) 0 0 0
D(k) = 0 |,A(k) = 0 Mk+2) 0 0
0 0 0 0 M(k+ N)
(3.21)
b(k) E(k) 0 0 0
b(k +1) 0 E(k+1) 0 0
Blky=|bE+2) | e(ky=| . . . 0
: 0 0 0 ... E(k+N)
b(k + N) 0 0 0 0
(3.22)

To get a constraints form only involving U (k) and z(k) the prediction Model (3.2)
is inserted into the constraints matrix form (3.20):

D(k)x(k) + A(k)®x(k) + M (k)T U (k) + LW (k) + e(k)U (k) < B(k) (3.23)
(M(E)Ly + €eU(k)) < B(k) + (=D(k) — A(k) @)z (k) + —A(R)T,W (k) (3.24)
AU (k) < B(k) + Wa(k) + W, W (k). (3.25)

This results in a quadratic program:

r(}1<1kr)1 = Vn(z(k),U(k)) s.t. AU(k) < b(k)+ Wx(k) (3.26)

A problem formed like this can be solved using the matlab function "quadprog”.

3.2 Separable Prediction Model

The following prediction model is build such that it is separable:

min, % yTHy
subject to Ay = Bz (3.27)
Cy<D.

The vector y combines all x(k),u(k) for all time steps of the prediction hori-
zon. The optimization problem is divided into parts that are solved by their own
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computational unit. The number of computational units we use to solve the dis-
tributed Model predictive control is M. Each computational unit (corresponding
to one room in our model) has the state z; and input v;.

z;, v; contain all states and inputs that correspond to this computational unit.
The Dimensions are: z; € R™, v; € R™.

In the case of normal Target Calculation we have n;, = 1,m; =1,

in case of delta Input + Target Calculation: n; =2, m; = 1.

The state equations transform into:

z1(k+1) an Gz ... QM z1(k)
Zg(k"*f’ 1) N a.21 a.m . a%A,f ZQQC) (3.28)
zu(k+1) api apm2 - QMM zu (k)
by bia ... by 7)1(l€)
S |
by baz ... bum UM(k')

The related model predictive cost function without terminal constraint reads as:

M N-1
Vi (2(k), 0(k) = 33 ) (2:(7) Qizi(k) + vi(k)” Rovi(k)) (3.30)
L:jl =1
i=1
where
z = (5007, z()7T, ... zm((N-1)T)" (3.32)
v = (0(0)7, w7, ..., v(N-1)7T)" (3.33)

"blkdiag(Q;, .., Qi, Ry, ..., R;)” means a blockdiagonal matrix with the blocks Q;
and R;. We start the reformulation with defining the combined vector:

zi(1)
Y
| Y o Zi(N - 1) .
y=|" | = i(0) Vi=1,...,M (3.36)
Yur vi(0)

w(N = 1)
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The matrices H, A, B,C, D are build such that they equal (3.28) and (3.30):

T

hn Hy 0

Y2 0 Hy
A A

Ay Ay
At A

CH 0
0 Cxp

0 0

0
0

0
Hyrm

A
Aoy

AM]\/I

0
0

CJW M

1
Y2

Ym
Y2
Ym

Y1
Y2

Ym

Hj; = blkdiag(Qi, ..., Qi, Ry ..., Ry),
Ci; = blkdiag(Cz, ...,Cz, Cv, ...,Cv),
D; = (DI, DY,....,D)".

(3.37)

Biu
By

B
(3.38)

(3.39)

(3.40)
(3.41)

(3.42)

The system model of this thesis has no input and no inequality constraints cou-
pling. This means Vi = 1,...,M,j = 1,...,M with ¢ /j B;; = 0, C;; = 0.
The cost function is decoupled by definition of the weighting matrices. To build
Aij, By, Cii, D; we look at the equality constraints/system equations:

*21(1) + a1121(0) + a1222(0) + b11U1(0) =0
721(2) + 01121(1) + a12z2(1) + buvl(l) =0

—Zl(N — 1) + CLHZl(N — 2) + (llgzl(N — 2) + bllﬂl(N — 2) =0

*22(1) + 02121(0) + a2222(0) + 522’02(0) =0
—22(2) + 02121(1) + a22z2(1) + bQQ’UQ(l) =0

—ZQ(N — 1) + (12121(N — 2) + GQQZZ(N — 2) + bgg?)g(N — 2) =0

constraints/boxed constraints:

_Z(T) S —Zmin

2(7) < Zmaa

(3.43)
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[-I 0 0 ... 0 0/0 0O ... 00O
a; —=I 0 ... 0 O|b; O O ... 0 O
0 0 0 a; =1/ 0 0 0 bi 0
[0 0 0 0 0/0o 0 0 0 0
a; 0 0 0 O0|b; O O 0 0
A= 0 aj; O 0 0 bi; O 0 0 (3.47)
0 0 0 a; 00 0 0 b 0
—Ix 0x
0x 0x
B = . Bij = . (3.48)
0x 0x
Where Ix = [1;1;....1] € R™, 0x = [0;0;...;0] € R™.
3.2.1 Dual Decomposition
For two rooms the optimization problem is:
minimize %yTHy
Yy
Ay = Bz, (3.49)
Cy<D
And as problem with relaxed constraints (Lagrange):
Ly, A, ) = 3y Hy + A(Ay — Bzo) + p(Cy — D) (3.50)

L(yl, Y2, A1, Ag, i, M2) = %ZhTHlyl + A(Auys + Awys — Buizon) (3-51)
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+ 111 (Criys — Dy) (3.52)
+ 393 Hayr + Ao(Anaya + Aoiyr — Baszon)+ (3.53)
o (Caoyp — Do) (3.54)

We define the dual function G(A, p):
G\ p) = inf Ly, A, p) (3.55)
Y1,y2
And the dual Problem:

mazy G\, p) = max infy, ., L(y, A, i) (3.56)
v

Thus we can use the dual decomposition to get distributed problems which can
be solved using independent computational units. First we declare y; and y, as
public variables and name them different for each system.

Computational unit 1: y1,, Yoq,

computational unit 2: iy, y2, with the new consistency constraint: y1, = yup;
Yoa = Y2p. This way we can separate the dual optimization problem.The Lagrange
function is:

L(Y1a: Y2as Y2bs Y16, A1, A2, s flo) = %le,,Hlyla + M(Anyia + Ar2y2a — Biizo)
+ 11 (Criyia — D1)
+ %szz,sz% + Ao (Aaayan + Asrtpp — Boszo2)
+ p2(Caoyay, — Do)

(3.57)

The new constraints,which we call the "consistency constraint” are: :
Yia = Y1 (3.58)
Y2a = Y26 (3.59)

meaning that the y;, and y1;, should have the same value since they stand for the
same state ;.

Yoo should have the same value as ys,. Due to these new definition of public
variables, the function L(Y1a, Y21, Y2b, Y1b, A1, A2, pi1, p2) becomes completely sepa-
rable:

L1 (Y14, Y2a, My i, ) = %yﬂHlyla + )\1T(A11y1a + A1ayaq — Brizo)+
11 (Criyra — Di)

Ly (s, Yov, Az, p12) = %y%},szzb =+ >\2T(A22y2b + Aoy — Baozg2)+
13 (Cazyap — D)

(3.60)

(3.61)
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We can use the gradient descent method to solve this problem. We use it in two
steps. First we use it to solve the "outer” optimization, which tries to fulfil the
consistency constraints. Again we construct a dual function:

91, v2) = Li(Y1a, Y2as A1 1115 ) + Loy, yob, A2, p2) (3.62)
+ v (Y10 — Y1) + V3 (Y20 — Ya0) (3.63)
= g1(v1,12) + g2(v1, 1) (3.64)

The goal is now to solve the two problems:
91(7/1-, VZ) = infylmyza Ll(y1a7 Y2a, )\17 1, ) + V?yla + V2Ty2a (365)
921, v2) = infy,, 4o, Lo (Y10, Yob, A2y pi2) — 11 Y1 — 13 Yoo (3.66)

This gives us the following algorithm:
repeat

1. solve distributed optimization in parallel, constant v, v:
computational unit 1 solves g (v, 1) to get minimizing yia, Y24
computational unit2 solves ga(v1, 1) to get minimizing y1p, y2p

2. exchange of the results between the computational units

3. update the dual variables vy, 15 in parallel, constant y14, Yoa, Y1p, Y2b:
computational unitl calculates vy = vy + oy (Y10 — Y11)
computational unit2 calculates vy = v5 + o (Y2a — Y1)

4. exchange of the results between the computational units

5. go back to 1.

All variables can be initialized as zero-vectors of corresponding dimension. The

gradient method is a steepest descent method, so the iterative solution to g; (v1, va), g2(v1, 12)
can be obtained by the steepest descent method. We want to solve the minimiza-

tion of f(y) using this iterative formula:

repeat

yk = yk — ax(Vf(y)) (3.67)
for a maximization respectively:
yk = yk + ax(Vf(y)) (3.68)

This means, at each iteration, we use —V f(y) as the direction in which the
minimum of f(y) lies and take a weighted step into this direction. The weight oy,
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should not be to large, otherwise the method will not converge. How to choose
ay is described in the background chapter of [Gis12] .

For now, we use o = 0.02%. The constant 0.02 is one we got through some

numerical experiments. For this a4, the dual decomposition iterations converge

to the optimal value. To solve the optimizations g1 (11, 12), ga(11, Vo) we have to

repeat the following iterations:

Computational unit 1 - optimization variables Iterations:
Yia = Y1a — O‘k(vymgl(yh V2)) (3 69)

Y2a = Y2a — Oék(vyzagl(l/lv VQ)) ’

computational unit 1 - dual variable updates
A =M+ a(Vagi(vi, )
pn = i+ (Vi 91(v1,12)) (3.70)
vi = i + (Vi 61 (1, 12))
computational unit 2 - optimization variable Iterations
Y1 =y — ar(Vy,, 92(v1, v2)) (3.71)
Yau, = Yoo — (Vi g2 (v1, 12))

computational unit 2 - dual variable updates

X2 = Ao + (Vi g2(v1, 12))
p1 = pi1 + (Vi g2(v1, 1)) (3.72)
V2 = vy + (Vi g2(v1, 12))

The respective gradients are for

computational unitl
Vi = Hiya + Al AL+ Clipn + 1
Vi = A?Q + 1
Vi = Ania + A2y2a — Biizo
Vul = Cuya — Dy
Vi, = Y1a — Yoa

computational unitl
Vy, = AT Xo — 1
Vs = HoYoa + Apda + Chpz — 11
Vi, = Aoy + Asayor — Bazzoo
Ve = Ciiyra — D1
Vi, = Y1 — Y-

The MPC procedure is:
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1. measure new state of z(k)

2. start optimization with prediction form of state equations, inequalities, cost
functions
repeat for Ak Iterations

computational unit 1 iterates (3.69)
computational unit 1 iterates (3.71)
communication of current iteration-values of y14, Y24, Y16, Yoo
computational unit 2 iterates (3.70)
computational unit 2 iterates (3.72)
communication of current iterations-values of \i, A2, uy, po
3. get u1(0) and u2(0) from yy, yo
4. implement u (k), ua(k)
5. go back to 1.

This was used to calculate the reference value in the distributed case.

3.2.2 Accelerated Gradient Method

The accelerated gradient method uses not only the current gradient but a linear
combination of the previous and the new gradient as descent direction. Since the
gradients are independent of each other, we do not need dual decomposition to
seperate the two subproblems. The dual function is

V(A y) = 39" Hy" + AN (Ay — B) + " (Cy — D) (3.73)

2
We calculate the minimizing y of the dual function through derivation:
0=Hy+ ATy + CTy (3.74)
y=—H'(ATy+CTy) (3.75)

This yield the following Iterations:
y=—H"(ATy+C"y)
¥ =y+ Y — Ypast) (3.76)
A=A+ (A= Apast) + 1(AY — B) '
p=p+ ot — fipast) + 7.(CT — D)

These are used to solve the central Problem:
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1. measure the current state vector x(k)
2. start new optimization with zy = (k)
calculate (3.76)
3. get ug(k) out of y
4. implement u(k)
5. go back to 1.
To implement the distributed MPC we seperate (3.76):

computational unit 1:
y1 = —H{ (AL + A3 e + Clyn)
U1 =y + ar(Y1 — Yipast)
A=A+ (A = Apast) + %(Anyl + A1ays — Buizor))
w1 =t + ag(fr — Papast) + %(Cllyl —Dy)
computational unit 2:
Yo = —Hy H(AfpM + Apds + Coppio)
To = Y2 + k(Y2 — Yapast)
Aa = Ag + ag(Aa — /\Zpas/,) + %(AZIyl + Asoys — Baszpo)
o = o + oy — fopast) + %(szyz —Dy)
«y, is the step size:
k=1

Ok = k2

(3.77)

(3.78)

(3.79)

and % with L the Liptschitz constant is uesd as second stepsize. An upper bound

on the Lipschitz constant is calculated as follows:
L = |[[AT, CT H[AT, C7)|
The distributed model predictive control repeats the following steps:
1. measure zy = z(k)
2. solve the Iterations
computational unit 1 iterates (3.77)
computational unit 2 iterates (3.78)
3. get u1(0), uz(0) out of Y1, ys
4. implemenet u, us

5. go back to 1.

(3.80)



4 System Model for two Rooms

4.1 Heat Flow Models

The flow of heat that occurs to compensate the difference in temperature between
two places, for example two rooms which are separated by a wall, is calculated
as:

LT
RlZ

Ty: temperature of one side, e.g room 1
T5: temperature of the other side, e.g room 2
Ris: thermal resistance between the two sides, e.g a wall

The damping of heat flow through the wall is described by the thermal resis-
tance "R”.

R=—
Ak
L: length of piece of wall
A: area of piece of wall
k: coefficient of thermal heat conductivity

The change of heat energy in the system is described as:

@1 — @z =mc (4.1)

dt
¢ = specific thermal capacity

m = mass of heat storage

T = temperature

q = heat flow

The following picture 4.1 shows how

a) thermal resistances in series would look like. The example is to walls behind
each other. One of concrete and one of glas wool. The heat flow goes through
both of them. b) shows how two thermal resistances in parallel would look like.

21
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%m =

© heat flow

a) in series b) parallel

Figure 4.1: example: thermal resistances

The example is a wall and a window. The heat flow divides. One part goes
through the window, another part through the wall.
a) Thermal resistances in series are calculated as follows:

Rg = Rl + RQ (42)
b) Thermal resistances in parallel are calculated as follows:

LR . (4.3)
R, R Ry ’
That is all we need to create our first room model:
The house is shown in 4.2 The differential equations for this example are:

e 3

9o

Figure 4.2: example to show how to get a system model of the room model

dT;
Q= Q2= Qo —qr = 017; (4.4)

dT:
G2 + 12 — Q20 — qr = 027; (4.5)
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We define the following heat flows:

¢1 = heater room 1

q2 = heater room 2

T —-Tp
qi0 = R10
T =Ty
G20 = R20
-1
qi12 = R12

and insert them into differential equations (4.4), (4.5):

=Ty, Th-T, dT,
1— _ =, — 4.6
¢ Ruo Rus U (4.6)
TQ - Tg T1 - T2 dTQ
2 — = (y—= 4.7
L T S (47)

This is the differential equation describing the dynamics of the model shown in
4.2.

4.2 The Two-Room Model

The two room model from before will be expanded by a glass wool isolation as
shown in picture 4.3.

Parameter

First we need to specify some parameters [www]:

Parameter glass wool | concrete | window glass | air

density [kg/m?] p 2.5 1700 2500 1.28
specific thermal conductivity & [W/m K] 0.04 0.7 0.96 0.024
specific thermal capacity ¢ [J/kg K] 760 660 700 1010

There after the materials will have the indices:
glass wool will have the indices: dA,o, kwos Cwo
concrete will have the indices: dAcon, keons Ceon
window glass will have the indices: dAuin, kwin, Cwin
air will have the indices: dAg;,, kair, Cuir
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AN

.56m “height of house” concrete
“number of windows room1”

1 “number of windows room2” glaswool | —

1m “height of window”

1m “width of window” air |

0.1m “thickness of windowglass”

0.2m “thickness of concrete wall”

0.1m “thickness of glaswool isolation”

Figure 4.3: house model with concrete walls and glaswool isolation

Areas through which Heat flows

rooml to outside: Awall,y = lghy + 2wy hy — Ny hwww (4.8)
room2 to outside: Awallyy = lghy + 2wiohy — nyhwww (4.9)
rooml to room2: Awallis = lghyg (4.10)
windowl: Awin, = nyhWwW (4.11)
window?2: Awiny = nyohWwW (4.12)

Masses that store Heat

concrete mass room 1: men1 = (2Leonhgwit + 2Leonhply)dAcon

concrete mass room 2: Meon2 = (2Leonhnwms + 2Leonhpli)dAcon

( (
( (
glass wool mass room 1: My = (2Luwohgwi1 + Lyohuly)dAw. (4.15)
glass wool mass room 2: myee = (2Lwohiwns + Lwohmli)dAvwe (

( (

air mass room 1: M; = (lbwyi1hy)dAu,
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air mass room 1: My = (lpwg2hp)d A (4.18)

Heat Capacities

The heat capacities consist of the heat capacity of the air inside each room and
the heat capacit fo the surrounding concrete walls around each room and the heat
capacity of the glass wool isolation around each room.

The heat capacity is calculated as: C' = me, where c is specific heat capacity and
m is the mass of the element. The heat flow splits into single heat flows "going
through” each of the masses. This means the masses behave as if they are parallel.
Based on the analogy to electric circuits we now that parallel capacities are added:

heat capacity room1: Cy,1 = MiCuir + MuwolCuwo + Meon1Ceon (4.19)

heat capacity room2: Cyo = MaChir + Muo2Cwo + Meon2Ceon (4.20)

Thermal Resistances

The thermal resistance R,ifor heat flow from room 1 to outside splits up into

L
Reopt = ———— 4.21
! kconAwall,ol ( )

L
Ryot = ——2— 4.22
! kwkoall,ol ( )

L )in
Rwin = “ 5 4.23
! kw'mAwinl ( )
(4.24)
the thermal resistance R,y for heat flow from room 2 to outside:

L,
R(:on, = o 4.25
: kconAwall,tﬂ ( )

L
Ruygp = ———00 4.26
? kwoA'wall,Lﬂ ( )

L.
Rwin = - . 4.27
: kwinA'winZ ( )
(4.28)

The heat flow from room 2 to outside splits ab in the heat flow through the
wall(concrete + glass wool) and the window.

1 Napl

+
(Rconl + Rwol Rw'ml

R, = )_1 (429)
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1 Nuw2 |1
Roy = + 4.30
’ (RconZ + Rwo2 RwinZ ) ( )

Differential Equation and State Space Model

The model shown in 4.4 describes the heat flows of 4.3. This model 4.3is used to

Q heater
a1 i l q2
———— window
room1 room2
q10 q12 q20
- - — 1 " —_—
T q10: heat flow room1 to outside
™ q20: heat flow room2 to outside
q12: heat flow room1 to room2
q1: heater 1
aF1 vy gF2 g2: heater 2
Figure 4.4: two room model
create the differential equations.
dT}
Cth17; =q1 — q12 — q10 (4'31)
dT1 T1 - T2 Tl - TO
Cin—=q1 — _-— 4.32
s =0 s R (4.32)
dT1 R12 -+ RIO 1 1
Cip—=q — ———T1 + —T5+ —T; 4.33
M T T RpRg ' Rt Rp (438)
dT
OchT; =q2+qi2 — 1a (4.34)
dTy =T, T,—T,
Cipo— =q2 + — 4.35
" =T TRy, Rao (4.35)
dTy Rio — Ry 1 1
Cipo— =2+ ———Tr + —T, — —T1T 4.36
m2g 1 - RisRy ° " Ris ' Ry ' (4.36)

which can be written as:

a11271 + a12%2 + briur + byndy = 3y (4.37)
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a1 + A1%2 + by + bygeds = Tg (4.38)
ar + bu + byw = & (4.39)

where 1,25 are the states corresponding to the temperatures 77,75 and uy, us
are the inputs corresponding to the heat flows of the heaters ¢, go.

The coefficients are:

g Pt 1 o — L gy — T2~ B0
U RiuR10Cin 27 RisCim 7 RisCine » 1?21?,23)0”12
4.40
1
bll - Cth b12 - 0 b21 - 0 b22 -
(4.41)
1
bw = = bw = bw = bw - -
" CiniRio 2 o > CinaRag
(4.42)

4.3 Discretization

To discretize the system we interpret the disturbance through the outside tem-
perature Ty as an input. The following matrices will be used:

Uy

bir b1z by

e = (g | b=, 2 (4.43)
T, bar b2z buzo

with the system: @ = ax + byyeunye The matlab function ”c2d” can be used to
discretize this system. But this may destroy the separable structure of our system
and result in byo, by; non zero. Thus we use the approximation of zero-order-hold
discretization, which is explained in the following:

Say we have the continuous system: a.x + b.u = @ and c.x = yc. The solution to
this differential equation is:

1
z(t) = exp®tt) (1) +/ exp®®=) bu(s)ds (4.44)
tk

Since we are interested in the solution to the discretized system we consider a
discrete input of the form:

u(t) = ul(ty) Vi <t <tpsr (4.45)
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This means our input has the same value between the time steps ¢, and 1. We
insert this u(t) into (4.44).

try1
& (tgpr) = expletre =) g (g, ) 4 / exp®+172) by (ty,)dz (4.46)

tr

and define: hy =t 1 — tx to get:

tht1
T(tpyr) = exp®™ z(ty) + / exp®t172) dabou(ty) (4.47)
tr
Via the substitution: s = ;.1 — 2 we get % = —1so0, it follows dz = —ds. With
the new integration limits: s =ty — tx = hy and 5 = 0:
0
2(tpyr) = exp™™ a(ty) — / exp®® ds beu(ty) (4.48)
h,
.
T (tppr) = exp®™ a(ty) + / exp®’ ds beu(tk) (4.49)
0

The discrete system matrices are:

hi
a = exp®hn b= / exp®® dsb.u(ty,) (4.51)
0

c=ce d=d. (4.52)

The Approximation uses the first two elements of the Taylor series expansion:
a = exp?ehr =1+ a.ts
(4.53)

hi
b= / exp™ ds b, = a; (exp™™ —T) b, = a; (I +aits —I) b, =tsb,
0

(4.54)

Afterwards isolate the disturbance term from the input and have the discretized
system:

x(k +1) = ax(k) + bpacunas(k) (4.55)
a=1I+acts (4.56)

bhitt = tsbe (4.57)

c=c (4.58)

d=d. (4.59)

b= bpi[:, 1 : 2] (4.60)

buw = bni[:, 3] (4.61)
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4.4 Sampling Time

To calculate a useful sampling time we need to measure the rise time. We solve
this with matlab:

sys = $8(ac,be,ce,0)

step(sys)

We pick the time ¢15 where the step response is 10 % and the time tgg where the
step response is 90 % of the maximum value (stationary end state). We will use
the smaller ¢4.

The sampling time should fulfill s < 10t 4.

T
¥, 000800

Step Responss

X8
¥:0oolase

Ampiude
E

XA TT
¥ 0 0008

Time {saconds|

Figure 4.5: step response of the built system

We calculate the sampling time for the system model (4.39) using the reformu-
lation as (4.43). The points in the upper left step response of 4.5 are at the
timepoints: t19 = 44.8s

tgo = 870s

The Rise time is calculated as: t4 = tgg — t190 = 825.1s

The sampling time is calculated as: ts = ;—‘5 = 41.26s
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5 Reference Tracking

The goal is to use Model Predictive Control (MPC) to regulate the room tem-
perature to a specified reference temperature in each room. The used algorithm
is designed for a reference value zero. To use it we reformulate the "reference
Tracking problem” into a regulation to zero. We will use two ways:

target Calculation: The reference value is subtracted from the state and input
variables such that we regulate & = — x4 and @ = u — ugs to zero.

Delta Input: The delta Input equation is u(k) = u(k — 1) — Au(k) and this
equation is joined with the state equations. The new input is Au(k) and u(k)
becomes a state.

We want to do reference tracking for central and distributed model predictive
control. For that we need some reformulations. We will do reformulations into a
"Target Calculation” and "delta Input formulation” for the central and distributed
case.

central case: The central case is formulated as a quadratic program and solved
with matlab. Central means, that only "one MPC” is used. This MPC works cen-
tral to calculate all values for all rooms. For a large system (e.g. a huge building
with many rooms) the matrix computations become very time consuming and
use a lot of computational capacity.

distributed case: To avoid those time consuming computations we use one
MPC for each room. With dual decomposition the calculations can be separated
into optimization problems only involving state and input variables of one system
(room).

31
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5.1 Target Calculation

5.1.1 Central Case
The Problem formulation, with the system equations (4.39) of chapter 3 is:
Illilgglizo Vn (Z(k), u(k))

subject to T(k + 1) = az(k) + bu(k) + byw(k)

/\v

7(k) = cz(k) (5.1)
1I’H\1H S 7( ) S ’“’H\&X
fmm S I( ) S fmax

with the matrices:

~ [(all al2 b— b1l 0 b — bwll 0 -
“=\a21 a22)" " Lo 522)"" T 0 bw22) T

(é (1)) (5.2)

_ Ql 0 _ Pl 0 o R1 0
Q_(O Q> P= 0 P o= 0 Rs (5-3)
and the dimensions: x € R",u € R™,w € R™,y € R’ withn=2m = 1,nw =
2,p=2.

The cost function for reference tracking is defined as:
Vn(@(k), (k) = 5(G(k + N) = r(k))Q@(k + N) — r(k))

+ 3@k +17) = r(k)Q(k + 1) — r(k))
+ 3" (k + i) Ru(k + 1))
= 5( *T(k+N) —r(k)P(@(k + N) - r(k)) (5.4)

Tk +14) —r(k)Q(cz(k + i) — r(k))

F%

l(k + i) Ru(k + ).

where 7(k) is the reference value for y(k) that we want to reach.

The reference value for the output is yss = 75 = 7 = (r?,TQT )T. We use the
difference between current state/temperature T and reference temperature called
"state deviation” T =T — xss as new variable which should be regulated to zero.

Z(k + 1) = az(k) + bu(k) + byw(k) (5.5)
r8S = axgs + bugs + byw (5.6)
Since our output is the room temperature and we have no disturbance through

state measurement our output matrix c is the identity matrix. So xgs = r and
Ugs 18 the input needed to hold the state/temperature at the value ;.

T(k+1)=T(k+1) — 24
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az(k) + bu(k) + byw(k) — axss — buss — byw(k)
= az(k) — axss + bu(k) — buss
= ai(k) + ba(k) (5.7)

Important: disturbance is cancelled out!
Since we now regulate the state deviation to zero, the cost function looks like:

Vi (z(k), u(k)) = (" (k + N))P(i(k + N))

+Z (ZT(k +)Q(&(k + 1)) + 4™ (k + i) Ra(k + i) (5:8)

i=

The next step is to construct a central prediction model for Z(k + 1) = az(k) +
ba(k).

=
ol
+
—
Il

#(k) + ba(k)
T(k+2)= a{i(k + 1)+ ba(k + 1)
= a®i(k) + abu(k) + ba(k + 1)
T(k+3) = afc(k +2) + bu(k + 2)
= a*i(k) + a®bu(k) + abi(k + 1) + bii(k + 2)
F(k +4) = a*#(k) + a®bu(k) + a®bi(k + 1) + abu(k + 2) + bi(k + 3)

In matrix form:

X(k) = ®&(k) +TU(k) (5.9)
a b 0 0 0 z(k+1) w(k+0)
| e ~lab b 0 O &, [TkR+2)| A, |a(E+1)
¢ = a’ T'= ah ab b 0  X(k) = Z(k+3) Ulk) = a(k +2)
a’ a® a’h ab b z(k+4) a(k + 3)
(5.10)
The cost function becomes:
V(@ (k) a(k)) = (2" (k + N))P(i(k + N))
(5.11)

3G+ )QEk + i) + (4 i) Ri(h + )

i=0

The matrices have the following properties:
P — PT i 0 c Rnwn,,
Q=Q"=0eQmm,
R=R"T > 0¢ Rmm
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The sums are written as matrix-vector product:

Vi (X(k), U(K)) = (3" (k) Q(i(k))

A e (5.12)

+ (X (R)"QUX (k) + U (k)W (k)

Q 0 0 0 R 0 0 0 c 000
o @ 0 o0 (o R o0 0 o coo0 _
Q= 000 ol Y |loor o C=10 0 ¢ 0 (5.13)

00 0 P 00 0 R 000 ¢

Due to the properties of Q, R, P we have: Q= 0,V > 0

To create a cost function that is only minimized over U(k) we will insert X (k)
into the cost function. In the following equations (k) is omitted and & = z, @ = u,
to simplify the equations. First we look at the term (CX (k))TQ(CX (k)):

(X (k)X (k) = (XTQX)
= (270" + UTTTYQ(®x + TU)
= (270TQP2 + UTTTQ®2 + 27 0TQTU + UTTTQTU)
= 2T®TQdx + 20 T QD + UTTTOTU

All terms that are independent of U(k) are collected in one function,
f(z) = 2TdTQdx + (2)TQ(x) such that the cost function reads as:

Vi(z, U) = 20T TTQdx + UTTTQTU + UTOU + f(2)
=UT(TTOT + 0)U + (2270TQCT)U + f(x)
=UTHU + F,U + f(x)

Therefore the problem formulation is:
ming V(x(k), U(k)) = UT()HU (k) + F,U(k) + f(z) (5.14)

Up to now the inequality constraints are missing.The box constraints for each
time step are:

T (5.15)
Tmas (5.16)

The required form is:

M(kE+d)z(k+1) + E(k +d)u(k 4+ i) < b(k+1), Viel,..,N
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With the matrices:

0m+n _]mzm —Umin

]\J(lﬂ + Z) = OT.’::” 7 E(k’ + Z) _ {)mxm .‘ b(k + ’L) _ i/,;ait
i prm min

¢ Opzm Ymazx

The prediction form is D(k)i(k) + M(k)X (k) + E(k)U (k) < b(k)
For simplicity we say, the terminal constraints are the same as the constraint for
other time steps and receive the matrices:

M (k) 0 0o . 0
0 ME+1L) 0 L 0
Dk)y=| 0 | Mk = 0 M(k+2) ... 0 . (5.17)
0 0 0 M(k+ N)
Bk) 0 0 b(k)
0 E(k+1) 0 bk+1)
B(k) = A (1) = | bk +2)
0 0 ... Bk+N-1) ok + )
We now insert the prediction form of equality constraints X (k) = ox(k

+ +

E(Z(k) into the prediction form of inequality constraints D (k)Z(k)+ M (k)X (k)
BU(k) < b(k):

Di(k) + M(k)(®i(k) +TU(K)) + E(k)U(k) < b(k)
(D(k) + M (k)®)&(k) + (M (k)T + E(k)U(k) < b(k)
(M(E)T 4+ E(k))U(k) < b(k) + (—D(k) — M(k)®)z(k)
A(K)U (k) < b(k) + W (k)& (k) (5.18)

The Problem formulation wit inequalities is:

ming  Va(#(k), U(k)) = UT(K)HU (k) + (Fy)U (k) + f(2)

e (5.19)
st A(k)U(k) < b(k) + W (k) (k)

This Problem can be implemented directly in matlab using the function "quad-

prog”.
sequence of central mpc tasks
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N O Ut = W N

. extract @ * (k)

. go back to 1

. measure state/temperature T of each room
. calculate T =T — Ty, U = U — Ugg

. solve (5.19) to get U*(k) with quadprog

=U*(0)

. calculate T = @ + uyg

. implement % in plant

5.1.2 Distributed Case

We still want to solve (5.1) but now in a distributed fashion. By using the
reformulation in (5.7) we avoid the disturbance term as seen in the previous case.
We need to build the prediction model in a seperable form and will use z(k) = Z(k)

and v(k) =1

(k) to build the prediction form of the equality constraints.

The prediction model is: AY (k) = Bz, wit the state equations:

—21(0) = —21(0)
21(1) = a1121(0) + a1222(0) + b11’01(0)
—21(2) = anrz1(1) + ag22(1) + byyve (1)
(
(

—Z9 0) = —Z1(

)
—Z9 ].) = 0@121(0) + (122252(0) + bQQ’L’Q(O)
—22(2) = a2121(1) + CLQQZQ(l) + bgg’l}g(l)

To write this in matrix form we put z(k) and v(k) into one combined vector build
as follows:

Y —
Y, =

(YT (5.20)
(2107, 2()T, o, 20 (N = DT 0 (0)T, o (DT, o (N = DT (5.21)
with the matrices for N = 4 looking like:

-I 0 0 0 0 0 0 O0OlO0O O O 0 O 0 0 0
a1 —I 0 0 bu 0 0 0 a19 0 0 0 b12 0 0 0
0 aiy —I 0 0 b11 0 0 0 a12 0 0 0 b12 0 0
0 0 a1 —I 0 0 b7 00 O a2 O 0O 0 by O
o o0 o o o o o o0f-f 0 0 O 0 0 0 O
91 0 0 0 b21 0 0 0 a9 —1I 0 0 bgg 0 0 0
0 91 0 0 0 b21 0 0 0 99 —I 0 0 b22 0 0
0 0 91 0 0 0 b21 0 0 0 a9 —1I 0 0 b22 0 ]
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C 1l 0
010
010
010
B= T (5.23)
010
010
L 0 0 -
The inequalities are reformulated as:
Cy(k) <D (5.24)
Our constraints in (5.1) were in the form:
Tmin S .I‘(k) S Tmazx 25)
Upiin, S U(k‘) S Umagz 026)
and we want to rewrite them for z(k) and v(k):
Umin S U(k> S Umax 527)
Zmin S Z(k) S Zmaz 528)
First we need those written as:
C.z(k) <d. 5.29)
Dv(k) < d, 5.30)
With
-1 -1 —Zmin _ [ T VUmin
cz—(1>,cv—(1)7dz—(zm)7dv—(vm> (5.31)
Now the C and D look like:
Cl = diag(c,27czv s 7Cza Cva va s 7Ov) Dl = (d37 dz, s 7dzvd{7 dqj;v s 7d17;)
02 = diag(czyczy ‘. :sz sz Cz-, sy Cz) D2 = (dz, dzy s 7dZ7d37 dyT7 s ~dZ)
_ ¢y 0 o D,
c=(5 c) p=(3)
(5.32)
The reformulated problem is:
min, Vy = %yTHy
s.t. Ay = Bz0 (5.33)

Cy=2D
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We use the Lagrangian relaxation for the constraints and get the dual function
L(y, A, p).

Ly, A\ n) = 3(y" Hy) + A" (Ay — Bz0) + " (Cy — D) (5.34)

Where A and p are the lagrange multipliers, weighting the violation of the con-
straints. The Problem formulation is now a maximization over A and minimiza-
tion over y.

max <mym L(y, A, u)) (5.35)
We start with looking at the minimization part and build the gradient over y:

VL(y,\)=Hy+AX+C'p (5.36)

=0 (5.37)

and calculate the minimizing y.
yt = —inv(H)(A'XN+ C'p) (5.38)
Now we apply this y* into L(y, \) to eliminate the y and get:
LA j1,20) = 4 (AN + C'u) H™H(AA + C'n)) — N(Bzo) — 4(D)
We get the optimization results for L(A, u, z,) through gradient descent method.
gt = —H (AT AR

e = (A
1 —
A= X AL O - R (A — B20)

= max(0, it + Lk — ) + L€y - D)

For L we use the "Lipschitz constant” to the gradient of L(\, i, y).
L = norm([A”, BT|"H~'[A", BT])

Choosing this Lipschitz constant L as constant step size, we have a convergent
gradient method. We choose the step size to be constant because of the computa-
tional effort to compute a suitable step size on line. Since this is the distributed
case, we need to separate the variables:
vt = —Hp (AL + A5 A + Clip)
y;ﬂ = _Hz_zl(AlTQ)\ + AQTQ)\ + ClTl.U)
— k—1 _
vi=u+ -
k k—l)

c—1
k k
— Jri —
Y2 = Y2 2 2(?/2 Ya

(5.39)
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k=1, e 1, _ _
/\]1C = Alf + m(}\]f - )\If 1) + Z(Allyl + A12y2 - BZOl)
, k-1 PN _
AE =\ m(A’f =N+ (4B + Ang, — B20,) (5.40)

py = max(0, gy + {5 (ui — pi ") + £(Cuyy — D1))
15 = max(0, s + ¥ (s — p5~") + +(Coay — D2))
sequence of distributed mpc tasks
1. each computational unit measures state/temperature zi of its room
2. each computational unit calculates 20 =10 — Tlgs, wi = ui — Ul
3. solve (5.19) to get U*(k) using the seperable Iterations.repeat:
calculate y; through (5.39) .
communication
calculate \;, p1; through (5.40)
communication
. extract @ * (k) = U*(0)
. calculate w = @ + ug,

. implement % in plant

~N O Ut

. go back to 1

5.2 Delta Input Formulation together with
Target Calculation

Reformulate the system such that we have
e a quadratic program for the matlab function quadprog
e we have a central system we can solve with Iterations
e we can seperate the system to solve it with distributed Iterations

This chapter is structured as follows:

First we need to change the reference tracking problem into a regulation prob-
lem through Target Calculation. On top of this we will build the delta Input
system mentioned [Gorlhd] through this formulation we can set constraints on
the heat flow from the heater. We reformulate it such that the system is separa-



40 5 Reference Tracking

ble. Afterwards we build the prediction form used in [GR13]. This form can be
used to solve the central case with the matlab function "quadprog” and with the
accelerated gradient descent method. Since it is separable we can also use the
accelerated gradient descent method mentioned in [GDK™13].

5.2.1 Reformulate into Regulation Problem

The room model is:
Ti(k+ 1)\ _ (an @) (T1(k) n En §12 uy
Ta(k+1) Qo1 Q2 ) \Ta2(k) by bay ) \Wa
+ buit buwiz wy
buor  buzo Wa
Say we want to reach y = r = ¢x with ¢ as identity matrix, then we want to
reach = r.To be consistent with the precious variable declaration we writex,.

T4 18 the sate we want to reach and hold, u, is the required input to obtain this
reference value:

) (5.41)
) (5.42)

Tss = ALgs + Dllgs + by (5.43)
By introducing the state deviation: z(k + 1) =Z(k 4+ 1) — x4 we get:
Zk+1)=T(k+1) — xg (5.44)
=@z (k) + bU + byw — — (AT + buigs + byyw) (5.45)
=a(T(k) — wss) + b(U(k) — uss) (5.46)
= ai(k) + bu(k) (5.47)

Now we define the delta Input equation ou = u(k) — u(k — 1) and use a new
state vector: x(k) = (T1(k)T, Zo(k)T w1 (k)T ua(k)T)T, and the new input vector
Au(k) = (Auy ()T, Aug(k)T))T.

Ti(k+1) . @iz b b 71(k) by bip
Ty(k +1) _ | @1 a2 bar b (k) + ba1 by (Aul(k))
1y (k) 0 0 1 0 uy(k—1) 1 0 Auy(k)
(k) 0 0 0 1 uo(k — 1) 0 1
(5.48)
Inserting zero for bys, by, bwys and bwoy, yields the following separable system:
Zi(k+1) iy by @2 0 T (k) bin | 0
(ﬂl(k + 1)\ [ 0o 170 o0 ( uy (k) \ LlLpo (Auy (k)
Za(k) ) T @n 0 [dx ba kfz(k - 1)) 0 | bao \AUQ(k)/
(k) 0 0|0 1 Uy (k —1) 0|1

(5.49)
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(o) R G N ) R A T 0 ) B

z(k+1) = az(k) + bAu (5.51)

Combining z and Aw into the vector y we get the prediction modelAy = Bz,
with the following vectors and matrices:

y=(yip)" (5.52)
= (21007, 207, (N = DT 0 (0)T, o (D)7, (N = 1D)T)T (5.53)
vo = (22(0)7, 22 ()T, ... 20(N — 1), 0p(0) 0a(1)T, ... ua(N — 1)T)T (5.54)

-r 0 0 ... 0 0 0 0 ... 0 O
aiy —1I 0 - 0 0 bn 0 - 0 0
All — 0 aiy —I ... 0 0 O bll e O 0 (555)
0 0 0 ..o an —1I 0 0 . b]] 0
-r 0 0 ... 0 0 0 0 ... 0 O
99 -1 0 - 0 0 b22 0 - 0 0
Ap =] 0 an —I 0 0 0 by 0 0 (5.56)
0 0 0 ... 99 —I 0 0 e b22 0
0 0 O 0 0 0 0 ... 00
a2 0 0 0 b12 0 0 0
Ay = 0 ap O 0 0 0 by ... 0 0 (557)
0 0 0 a2 0 0 0 ... by O
0 0 O 0 0 0 0 ... 00
a0 0 0 0 by O ... 0 O
A12 — O a1 0 O 0 0 b21 0 O (558)
0 0 0 Qg1 0 0 0 b21 0
—1 0 0 -1
0 0 0 0

By = 0 Bia=| 0|, Bu=|0] By= 0 (5.59)
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(An A12)(y1):<311 312)
Aoy | Ago Y2 By | Bay
The cost function is: Viy = 1y” Hy. With:

H] = blkdiag(Q1,Q1,...,Q1,R1,R1,...,R1)

Hy = blkdiag(Qs, Qa. ..., Qa, Ry, Ry, ..., Ry)
H = blkdiag(H1, H2);

Where @ is the weighting matrix for z;, Qo for z3, Ry for vy, Ry for vs.

@1, Q2, R1, Ry are multiples of the identity matrix.
We still need to reformulate the constraints:

(5.60)

(5.61)
(5.62)
(5.63)

(5
5
(5
(

into Cy < D. We start with separating them and using the reference values x4

and u,s to rewrite them as:

— 21 + Xy < —Tlpmin + Tlss (5.68)
— (@ — wiss) < —(Tipmin — Tlss)
xi < Iimin
E - -Tiss S Emaw - l‘iss
Tt < Tlimax
Ui+ Uiy < — Wi + Uiy (5.69)
_(m - 1Li55) S _(mm'm - Uiss)
ut S Uimm
m - Uiss S mmax - uz‘ss
Ul < Ul -
These equations can be put into matrix form:
1 0 —Tlmin + Tigs
0 -1 1 —~UWlmin + U
2 S Iy min ss (570)
1 0 ul Llmaz — Lss
0 1 Uimaz — Uss
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The constraints on Au are:

IN

-1 . —Umin
( 1 ) vl ( s > (5.72)
Om'vi dv

- (5.73)

IA

Now we can put C,,z; < d,, and C,,v; < d,, into one constraints Cy < D with
the matrices as follows:

C = blkdiag(Ch CQ) (5.74)
€1 = blkdiag(Cor, Cis ..., oty Cot, Con,s -, o) (5.75)
Cy = blkdiag(C., Cia, . .., Cp, Cio, Cua, . .., Cip) (5.76)

D= (Df, DIY" (5.77)
Dy = (dzy,dzy, ... doy dyy duy,s - duy) (5.78)
Dy = (dz2,dza, ... dag, duz, dus, . .. dy2) (5.79)

The final problem formulation for the separable model predictive control is:

minimize Vy = yT Hy
y

subject to Ay = B (5.80)
Cy<D

5.2.2 Central Solution using quadprog
Using matlab we can simply use quadprog (see documentation):
repeat

e measure current temperature/states (k)

e build current deviation z(k) = (k) — xss

e get optimal y* from (5.80) through quadprog

get Au(0) from y*

implement Awu/(0)

go back to one
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5.2.3 Central Solution using Accelerated Gradient
Method

The iterations we use are:
y'=—H A"\ +C"p)
7=y ra(yt -yt
M= M (A — A %(AU’“ — Bzp)
¥ =maz (0, p* + ay(p — ") + H(CY* — D)

(5.81)

e measure current temperature/states (k)

e build current deviaten z(k) = &(k) — xss

e get optimal y* from (5.80) through the Iterations
o get Au(0) from y*

e implement Au(0)

e fo back to one

5.2.4 distributed Solution using Accelerated Gradient
Method

We can separate the Iterations 5.81 as follows:

@1) = —H Y(A"A+C"p) + ai(y — v*")
2
__, past

_ (H;l(AlTlAl + AL+ cﬂm> N <y1 v )
H2_1(A{2)‘1 + Agz)\2 + CQTZ/LQ k Yo — y;gasf,

(Al) — Aoy (A= M) 11 (A7 — Bz)

A2
_ (/\1 + ar(A — /\Ifas‘t)> 41 <A11?1 + Aply — 311201>
A2 + o (Ag — A L\ Ay + A2ls — Barzoe

1 s _
(L;) = p+ ag(p — p*") + £ (Cy — D)
(A an(p = ) 41 (Cuy =D
po + ar(ps — ™) ) 7 T\ Coaly — Dy

e measure current state x

(5.82)

e calculate deviation z = x — xg,
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e calculate y* through iteration (5.82)
computational unit 1 calculates 7y, A1, p1
computational unit 2 calculates 7, Aa, 12

o get Au(0) from y*a

e implement Au(0)

e fo back to one
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6 Results

6.1 Setup

In this chapter we will discuss the results of the two reference tracking methods.
For each method "delta Input” and "Target Calculation” we discuss the behaviour
for the central problem solved with quadprog, the central problem solved with the
accelerated gradient method, and the distributed problem solved with accelerated
gradient method. All Iterative methods use 100 Iterations to calculate the optimal
value for each time step. Only the distributed accelerated gradient method for
the Target Calculation reference tracking problem needs more than 100 Iterations
to converge. It‘s implemented with 500 Iterations. At time step 20 the reference
value changes from 22°C in each room to 20°C in room 1, and 27°C in room
2. The outside temperature is 10°C' and the predictin horizon is N = 12. First
we will discuss the results of Target Calculation solved with a central MPC and
distributed MPC, then results of delta Input formulation solved with central MPC
and distributed MPC.

6.2 Target Calculation

The pictures 6.1, 6.2, 6.3 show the results for central model predictive control
using quadprog to solve the optimization problem of each time step. The pic-
tures 6.4, 6.5, 6.6 show the results for central model predictive control using the
accelerated gradient method to solve the optimization problem of each time step.
The pictures 6.7, 6.8, 6.9 show the results for distributed model predictive con-
trol using the distributed accelerated gradient method to solve the distributed
optimization problem of each time step.

The reference value is reached exactly. Since there are no constraints of the
change the input can make in one time step the input can change to the specified
reference value in one time step. Due to this the results of central MPC solved
with quadprog, central MPC solved with Iterations and distributed MPC solved
with Iterations are alike.

47
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6 Results
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time steps, ts = 44.2

Figure 6.1: Target Calculation - central Problem solved with quadprog, Temper-
ature profile
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Figure 6.2: Target Calculation - central Problem solved with quadprog, heat Flow
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Figure 6.3: Target Calculation - central Problem solved with quadprog, deviation

of Temperature to reference value
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Figure 6.4: Target Calculation - central Problem solved with accelerated gradient

method, Temperature profile
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Figure 6.5: Target Calculation - central Problem solved with accelerated gradient

method
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Figure 6.6: Target Calculation - central Problem solved with accelerated gradient

method

, deviation of Temperature from reference value
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Figure 6.7: Target Calculation - distributed Problem solved with accelerated gra-
dient method, Temperature profile
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Figure 6.8: Target Calculation - distributed Problem solved with accelerated gra-
dient method, heat Flow
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deviation from xss
distributed Problem - Iterations

heat flow in J/s

21 deviation from xss1
22 deviation from xss2

0 0 20 30 40 50 60 70 B0 90 100
Timesteps, ts = 44,2s

Figure 6.9: Target Calculation - distributed Problem solved with accelerated gra-
dient method, deviation of Temperature from reference value

6.3 Delta Input Formulation

6.3.1 Central MPC, quadprog

The pictures 6.10, 6.2, 6.3 show the results for the central Problem solved with
quadprog. One can see that Temperature and heat flow of room 2 have a over-
shoot but reach the reference value. Room 1, which reference temperature is
changed from 22°C to 20 °C does not have an overshoot.

6.3.2 Central MPC, Iterations

The pictures 6.13, 6.14, 6.15 show the results of the central problem solved with
the accelerated gradient method. Neither the Temperature nor the heat flow
show an overshoot. And the reference value is faster then with central MPC and
quadprog. The largest difference one can see in the comparison of 6.12 and 6.15.
The dU of the System solved with quadprog reaches zero at time step 50 for the
first time, but due to the overshoot it leaves zero again. The dU of the System
solved with central accelerated gradient method reaches zero at 50 and does not
leave it. The behaviour of the system controlled with central MPC solved with
quadprog and the central MPC solved with the accelerated gradient method is
expected to be the same. But the solution in both cases is not optimal, and the
number of iterations for the accelerated gradient method was chosen arbitrary,
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Figure 6.10: Delta Input Formulation - central Problem solved with quadprog,
Temperature profile

which might have influenced the behaviour. We may need more optimization
iterations to result in a optimal solution. Also the prediction models of both
methods were built independent of each other, so there might be a difference in
the coefficients which produced this different behaviour.

6.3.3 Distributed MPC, Iterations

The distributed system reaches the reference value even faster without overshoot.
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Figure 6.11: Delta Input Formulation - central Problem solved with quadprog,
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Figure 6.12: Delta Input Formulation - central Problem solved with quadprog,
change of heat flow
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Figure 6.13: Delta Input Formulation - central Problem solved with accelerated
gradient method, Temperature profile
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Figure 6.14: Delta Input Formulation - central Problem solved with accelerated

gradient method, heat flow



56

6 Results

deltau heat flow in Jis

du
central Problem - Iterations

90
time steps, ts = 44.2s

100

Figure 6.15: Delta Input Formulation - central Problem solved with accelerated
gradient method, change of heat flow
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Figure 6.16: Delta Input Formulation - distributed Problem solved with acceler-
ated gradient method, Temperature profile
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Figure 6.17: Delta Input Formulation - distributed Problem solved with acceler-
ated gradient method, heat flow
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Figure 6.18: Delta Input Formulation - distributed Problem solved with acceler-
ated gradient method, change of heat flow
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7 Conclusion and Future Work

7.1 Conlusion

The control of the house temperature to a specific temperature using central and
distributed target calculation and delta Input formulation was implemented. The
reference temperature is reached in all cases. The Target Calculation is not useful
to control the heaters of the house model, since the MPC algorithm build this way
cannot consider the constraints on the change of heat flow a heater can produce.
This way it is like turning the heater on or of. Also the distributed algorithm
needs a lot of iterations to converge. The delta Input Formulation combined with
Target Calculation gives the possibilty to set constraints on the change of heat
flow. This way the result gets more realistic. Here the distributed accelerated
algorithm is faster then the central accelerated algorithm.

7.2 Future Work

The following points are useful additions to this thesis:
e a stopping criterion for the Iterations
e more rooms
e more specific room and heater model
e delta Input without Target Calculation

A stopping criterion would reduce the number of Iterations needed to get a sub-
optimal result, that fulfils specified performance and stability demands. More
rooms would give more realistic results regarding the computational effort and
the time consumption through the Iterations in comparison to the central solu-
tion. The more specific room and heater model has the same purpose. The more
specific the model becomes, the more realistic the result will be. In this thesis we
used the delta Input formulation and on top of it target Calculation. It would
be interesting to implement the delta Input formulation without the additional
target Calculation and see the results.
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