(MPC) 1 Discrete-time MPC for Beginners / 1.1 Introduction

1. This lecture introduces the basic ideas and terms about model predictive control.

2. A single-input and single-output (SISO) state-space model with an embedded integrator is
introduced, which is used in the design of discrete-time predictive controllers with integral
action

3. The design of predictive control within one optimization window is examined for primitive
study

4. The ideas of receding horizon control, and state feedback gain matrices, and the closed-loop
configuration of the predictive control system are discussed

5. The results are extended to multi-input and multi-output (MIMO) systems

6. In a general framework of state-space design, an observer is needed in the implementation,
and this is discussed

7. With a combination of estimated state variables and the predictive controller, the state esti-
mate predictive control is presented including separation principle.
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(MPC) 1.2 State-Space Models with Embedded Integrator

1. For simplicity, we begin our study by assuming that the underlying plant is a single-input and
single-output (SISO) system (strictly proper, D,, = 0), described by:

Tk +1) = Apzn (k) + Bru(k)
y(k) = mem(k)

where z,,(k) € R™, u(k) € R, and y(k) € R
2. For the integrator embedding, taking a difference operation gives us

Tk +1) — 2 (k) = Aplen (k) — 2 (k — 1)] + Bp[u(k) — u(k — 1)]
y(k +1) —y(k) = Cplon(k + 1) — 25 (k)]

Let us denote the difference of the state and control variables
Az (k+1)=zp(k+1) —zn(k) Azxy(k) =x4,(k) —zn(k—1) Au(k) =u(k) —u(k —1)
where these are the increments of the state and control variables.
3. With this transformation, the difference of the state-space equation is:

Az (k+1) = Ap Az (k) + BpAu(k)
y(k+1) =y(k) + CnAz,(k+ 1)
= y(k) + CrnAp Az, (k) + Cp B Au(k)
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4. Now we have an augmented state-space model as follow:

[Axm(kﬂ)} :[ A, Oﬂ [Awm(k)] +[ B, ]Au(k) ~ a(k+1) = Az(k) + BAu(k)

y(k+1) CrnAm 1 y(k) Cy B,
Axm(k)]
k)= 10, 1 — k)= Cux(k
where 0, = [0,0,--- , 0] is n; dimensional zero row vector.

5. (Example 1.1) Consider a discrete-time model in the following form:
ZCm(lC + 1) = Aml'm(k) + Bmu(k) y(k) = mem(k)

A = [(1) ﬂ B, = [015] Cp =1 0]

(Solution) Since n; = 2, 0,, = [0 0]. The augmented model for this plant is given by

x(k+1) = Az(k) + BAu(k) y(k) = Cx(k)
o] 1o 5 0.5
A= " "l =1010 B = Tl=11 C=10, 1]=10 0 1
R A I A B R R EUEE

The characteristic equation of matrix A is given by

A — A, OF

det(A — A) = det [_CmAm (A —1)

] = (A—1)det(\] — 4,,) = (A —1)°

Two eigenvalues are from the original integrator plant, and one is from the augmentation of
the plant model.
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6. (Matlab “extmodel.m”) Consider the continuous-time system as follow:

Tm(t) = Apan(t) + Buu(t) y(t) = Crpzpm(t)
010 1

A,=13 01| B,=]|1 Cp=1[0 1 0]
010 3

where the sampling time AT = 1[s].

Ac = [0 1 O0; 3 0 1;0 1 01;

Bc = [1; 1; 31;

Cc = [0 1 0],

Dc = zeros(1,1);

Delta_t = 1;

[Ad, Bd,Cd,Dd] = c2dm(Ac,Bc,Cc,Dc,Delta_t);
[ml,nl] = size(Cd);

[nl,n_1in] = size (Bd);

A_e = eye(nl+ml,nl+ml);

A e(l:nl,1:nl) = Ad;

A e(nl+l:nl+ml,1:nl1l) = Cd = Ad;
B e = zeros(nl+ml,n_in);

B e(l:nl,:) = Bd;

B e(nl+l:nl+ml, :) = Cd » Bd;
C_e = zeros(ml,nl+ml);
C_e(:,nl+l:nl+ml) = eye(ml,ml);
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(MPC) 1.3 Predictive Control within One Optimization Window

1. Upon formulation of the mathematical model, the next step in the design of a predictive con-
trol system is to calculate the predicted plant output with the future control signal as the ad-
justable variables.

2. Assume that the current time is £ and the length of the optimization window is N,, as the
number of samples.

3. Prediction of State and Output Variables

a) Assuming that, at the sampling instant k, the state variable vector z(k) is available
through measurement, the state x(k) provides the current plant information.

b) The future control trajectory is denoted by
Au(k), Au(k +1), Au(k +2), -+ ,Au(k+ N.—1)

where N, is called the control horizon dictating the number of parameters used to capture
the future control trajectory.

c) With given information z(k), the future state variables are predicted for NV,, number of
samples, where N, is called the prediction horizon. N, is also the length of the optimiza-
tion window.

d) The future (or predicted) state variables are denoted by

x(k+1k), x(k+2|k), x(k+3|k), --- ,x(k+ Nylk)
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where x(k + m|k) is the predicted state variable at & + m with given current plant infor-
mation x(k).
e) The control horizon N. is chosen to be less than (or equal to) the prediction horizon N,

namely N, < N,,.

f) The future state variables are calculated sequentially using the set of future control pa-
rameters

z(k + 1|k) = Az (k) + BAu(k)
x(k +2|k) = Az(k + 1lk) + BAu(k + 1)
= A%z (k) + ABAu(k) + BAu(k + 1)
z(k + 3|k) = Az (k + 2|k) + BAu(k + 2)
= A’x(k) + A’BAu(k) + ABAu(k + 1) + BAu(k + 2)

z(k+ Ny|k) = ANz (k) + AN BAu(k) + AN BAu(k + 1) + - + AN NeBAu(k + N, — 1)
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g) From the predicted state variables, the predicted output variables are, by substitution

y(k + 1lk) = Cx(k + 1|k) = CAxz(k) + CBAu(k)

y(k + 2|k) = Ca(k + 2|k) = CA%z(k) + CABAu(k) + CBAu(k + 1)
y(k + 3|k) = Cx(k + 3|k) = CA?

w(
2(

k) + CA’BAu(k) + CABAu(k + 1) + CBAu(k + 2)

y(k 4+ N,|k) = CANva(k) + CAYM ' BAu(k) + CAN " 2BAu(k +1) + - - - + CAN "M BAu(k + N, — 1
p

h) Note that all predicted variables are formulated in terms of current state z(k) and the

future control movement Au(k + j), for j =0,1,2,--- | N. — 1. As a compact form,

Y = Fa(k) + AU
o -

[ y(k+ 1|k) T
y(k +2[k)
y(k + 3|k)

Ly (k + Nplk) ]

C A2
CA3

C ANy

z(k) +

CB
CAB
CA%B

0
CB
CAB

0
0
CB

CANIB CAM2B CANT2B ..

0 -
0
0

C AN N |

1) This compact form will be utilized for the implementation of the MPC.

where Y € R, F € RN 2(k) € R, & € RN and AU € R

Y = Fa(k) + PAU
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4. Optimization

a) For a given set-point signal (k) € R at sample time k, within a prediction horizon, the
objective of the predictive control system is to bring the predicted output as close as
possible to the set-point signal.

where R, = [1 1 --- 1] Tisa N,-dimensional one column vector. On the other hand, for
the trajectory tracking signal,

RT = r(k+1) r(k+2) - r(k+ N,)]

S

where R, € " has a future reference trajectory to be followed.

b) This objective is then translated into a design to find the best control parameter vector AU
such that an error function between the set-point (or future reference) and the predicted
output is minimized. Let us define the cost function J that reflects the control objective

1 1 _
J = §(RS ~Y)Y(R,-Y) + §AUTRAU

where the control input weighting R = r, Iy ., is a diagonal matrix and r, is a tuning
parameter.

e when r,, = 0, we would not want to pay any attention to how large the AU might be.

e when r, > 0, the cost function is interpreted as the situation where we would care-
fully consider how large the AU might be and cautiously reduce the error |R, — Y|.
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c¢) To find the optimal AU that will minimize J,
1 1 _
J = 5(Rs — Fa(k) - AU (R, — Fa(k) — ®AU) + EAUTRAU

1 1 _
— §(RS — Fz(k)T (R, — Fz(k)) — AUT®T (R, — Fa(k)) + 5AUTcpTcpAU + %AUTRAU
d) The necessary condition of the minimum J is obtained as

0J _ _

AT —®T (R, — Fx(k)) + ?TOAU + RAU =0 — AU = (®"® + R) 0T (R, — Fa(k))
where the matrix (®”® + R) is called the Hessian matrix in the optimization literature.

e) In the set-point control case, note that R, = R,r(k). The optimal solution of the control
signal is linked to the set-point signal r(k) and the state variable x(k):

AU = (7@ + R)'®T(R,r(k) — Fx(k))
5. (Matlab “mpcgain.m”)

function [Phi_Phi, Phi_F, Phi R, F, BarRs, Phi, A_e, B_e,C_e]

= mpcgain (Ap, Bp, Cp, Nc, Np);
[ml,nl] = size(Cp);
[nl,n_in] = size (Bp);

A_e = eye(nl+ml,nl+ml);

A_e(l:nl,1:nl) = Ap;
A_e(nl+l:nl+ml,1:nl) = Cp *x Ap;
B e = zeros(nl+ml,n_in);
B_e(l:nl,:) = Bp;
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B_e(nl+l:nl+ml,:) = Cp * Bp;

C_e = zeros(ml,nl+ml);
C_e(:,nl+l:nl+ml) = eye(ml,ml);
n =nl + ml;

h(l,:) = C_e;

F(l,:) = C_e x A_e;

for kk=2:Np
h(kk,:) = h(kk-1,:) x A_e;
F(kk,:) = F(kk-1,:) x A_e;
end

v = h « B_e;

Phi = zeros (Np,Nc); %declare the dimension of Phi
Phi(:,1) = v; % first column of Phi

for i=2:Nc
Phi(:,1i) = [zeros(i-1,1); v (l:Np—-i+1l,1)]; %Toeplitz matrix
end

BarRs = ones (Np, 1) ;
Phi_Phi = Phi’ % Phi;
Phi_F = Phi’ x Fj
Phi R = Phi’ * BarRs;
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6. (Example 1.2) Consider a first-order system
Tk +1) =082, (k) + 0.1u(k) y(k) =z, (k)

(1) Find the augmented state-space model?

(2) Calculate the components that form the prediction of future output Y, and the quantities
®7®, ®TF, and 7R, with N, = 10 and N, = 4?

(3) Assuming that, at a time k = 10, (k) = 1 and the state vector z(k) = [0.1, 0.2]7, find the
optimal solution AU with respect to the cases where r, = 0 and r, = 10, and compare the
results?

(solution)

(1) The augmented state-space equation is

[Aasm<k+ 1>] _ [0-8 0] [MMMI N [0'1] Au(k)

y(k +1) 0.8 1| | y(k) 0.1
y(k) = 1[0 1] [A;Cf}g()k)]

(2) Run “mpcgain.m”
(3) when r, = 0, r(k) = 1 and z(k) = [0.1,0.2]", Type

DelU = inv(Phi_Phi)* (Phi R*1 — Phi’*Fx[0.1 ; 0.2])
when r, = 10, (k) = 1 and x(k) = [0.1,0.2]T,, Type
DelU = inv (Phi_Phi + 10xeye(Nc,Nc))* (Phi_Rx1 — Phi’xFx[0.1 ; 0.2])

7. (Example 1.3) Optimality can be proven using the completion of squares. Try it!
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(MPC) 1.4 Receding Horizon Control

1. Among the controls Au(k), Au(k+1),--- , Au(k+ N.—1), the receding horizon control principle
requires the first sample of this sequence, i.e., Au(k) while ignoring the rest of the sequence.

2. When the next sample period arrives, the more recent measurement is taken to form the state
vector x(k + 1) for calculation of the new sequence of control signal. This procedure is repeated
in real time to give the receding horizon control law.

3. (Example 1.4) Consider a first-order system
Ty (k+1) = 0.8z, (k) + 0.1u(k) y(k) = xp(k)

where N, = 10, N. = 4, r, = 0, (k) = 1 for all k, at an initial time £ = 10, the state vector
2(10) = [0.1, 0.2 and u(9) = 0.

(solution)

At sample time k = 10,

AU = (87®) " (Ryr(k) — Fa(k)) = [7.2 —6.4 0 0]"

w(10) = u(9) + Au(10) = 0+ 7.2 = 7.2 2m(10) = y(10) = 0.2
(1) = 082, (10) + 0.1u(10) = 0.88 (1) = [A%(ll)l)} _ [0.8(8”;80.2] ) lgggl

At sample time k£ = 11,

AU = [—4.24 —0.96 0 0]"

179



Optimal Control

w(11) = u(10) + Au(11) = 7.2 — 4.24 = 2.96

T (12) = 0.82,,(11) + 0.1u(11) = 1 2(12) = [A%(;)z)] _ {0.12]

At sample time k£ = 12,

AU =[-096 0 0 0]"

w(12) = u(11) + Au(12) = 2.96 — 0.96 = 2

2 (13) = 0.82,,(12) + 0.1u(12) = 1 2(13) = [Aafm(li%)] _ H

At sample time k= 13, AU = [0 0 0 0]"

8
7
1
6
« Deltax
5 308 o
e}
4 ks
< 0.6
3 o
5]
2 » 0.4
1
0.2
0
-1 0
9 10 1 12 13 14 15 9 10 1 12 13 14 15
Sampling Instant Sampling Instant
(a) Optimal control (b) State variable

Fig. 1.2. Receding horizon control

The figure shows the trajectories of the state variable Az,,(k) and y(k), as well as the control
signal that was used to regulate the output.
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4. Closed-loop System by Set-point Control
a) Reconsider the optimal parameter vector at a given time &
AU = (®7® + R) "0 R (k) — (&1® + R) 1o Fu(k)
where
(®T® + R)'®"R,r(k): the set-point change

(®T® + R)"'®TF : state feedback control within the framework of predictive control

b) Because of the receding horizon control principle, we only take the first element of AU at
time k as the incremental control, thus

Au(k)=[10 --- 0(®'® + R) '@ Ryr(k) —[10 --- 0)(®"® + R) '@’ Fa(k)
= K,r(k) — Kppex(k)
where
K,€R: first element of (' ® + R)'®' R,
Kope € R first row of (7® + R)'®T F

c¢) Let us apply above incremental control to the augmented system

z(k+1) = Az(k) + BAu(k)
= Ax(k) + BK,r(k) — BK,pcx(k)
= [A — BK|z(k) + BK,r(k)
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d) Characteristic equation:
det[A\] — (A — BKy.)] =0

e) Because of the special structures of the matrices C and A, the last column of I is identical
to R,, whichis [1 1 --- 1], therefore K, is identical to the last element of K.

Kmpc — [Km Ky]

where K, € R*™ and K, € R.
f) (Example 1.5) Reconsider the first-order system

Tm(k 4+ 1) = 0.82,,(k) + 0.1u(k) y(k) =z (k)

where N, = 10, N. = 4, r(k) = 1 for all k, find the closed-loop feedback matrices when
ry, = 0 and r, = 10?

(Solution)

When r, = 0, we have

K, =[1000](®7® +rylpa) @1 111111111 =10
Fempe = [1 00 0)(®T® + rylyny) 1®TF = [8 10]

When r,, = 10, we have

K,=[1000)(®"®+r,e)”®"[1 11111111 1}T = 0.2453
Fmpe = [100 0)(®7® + 1y Lyny) 1O F = [0.6939 0.2453]
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5. (Matlab “reced_2nd.m”) for (Example 1.6) Suppose that a continuous-time system is described
by the transfer function

2

G(s) = z
(5) s2 + 2Cw, + w?

where w,, = 10, ¢ = 0.5, At = 0.01[s], N. = 3, N, = 20, R = r,In.«x,, and r,, = 0.5. Obtain the
step response ?

omega = 10;

zeta = 0.5;

numc = omega  2;

denc = [1 2xzetaxomega omega 2];
[Ac,Bc,Cc,Dc] = tf2ss (numc,denc);

Delta_t = 0.01;

[Ap,Bp,Cp,Dp] = c2dm(Ac,Bc,Cc,Dc,Delta_t);
Nc = 3;

Np = 20;

rw = 0.5;

[Phi_Phi, Phi F, Phi R, F, BarRs, Phi, A_e, B_ e, C_e]
= mpcgain (Ap, Bp, Cp, Nc, Np);

[n,n_1in] = size(B_e);
xm = [0;0];
Xf = zeros(n,1);

176



for kk=1:N_sim;

DeltaU = inv (Phi_Phit+rwxeye (Nc,Nc)) *« (Phi_Rxr (kk)

deltau = DeltaU(1,1);

u = u + deltau;
ul (kk) = u;
yl(kk) = y;
xm_old = xm;

xm = Ap x xm + Bp *x u;
y = Cp * xm ;
Xf = [xm—xm_old;y];
end
k = 0:(N_sim-1);
figure
subplot (211)
plot (k,yl)
xlabel (! Sampling Instant’)
legend (" Output’)
subplot (212)
plot (k,ul)
xlabel (! Sampling Instant’)
legend (' Control’)
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(MPC) 1.5 Predictive Control of MIMO Systems

1. For MIMO systems, assume that the plant has m inputs, g outputs and n, states.

2. In the general formulation of the predictive control problem, we also take the plant noise and
disturbance into consideration.

Tp(k+1) = Apzn(k) + Bru(k) + Baw(k)
y(k) = Crnz (k)

where w(k) is the input disturbance, assumed to be a sequence of integrated white noise. This
means that the input disturbance w(k) is related to a zero-mean, white noise sequence ¢(k) by
the difference equation

w(k) —w(k — 1) = e(k)

3. By defining Ax,, (k) = z,,(k) — 2 (k — 1) and Au(k) = u(k) — u(k — 1), we have

Az, (k+1) = A, Axy (k) + BpAu(k) + Bae(k)
y(k+1) —yk) = Cp,Azp(k+ 1) = CryAnAx, (k) + ChpBnAu(k) + Cp,Bae(k)

4. Choosing new state variable vector z(k) = [Ax,,(k)T y(k)T]T € ™74, we have

ot S o

y(k) = [Ogxn, Lgxq] [ u(k)
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. For notational simplicity, we introduce the augmented state-space model as follow:

8
—
=
_|_
=

I

Ax(k) + BAu(k) + Bge(k)

where z(k) € R" withn =n; + ¢, A € R, B € " and C € R"
. Eigenvalues of the augmented model are obtained by characteristic polynomial equation

)\[nlxnl - Am Onlxq
—ChAn (A — 1)1 yxq
= (A —1)?det[M, xn, — Am] =0

det[A\] — A] = det

where the eigenvalues of the augmented model are the union of the eigenvalues of the plant
model and the ¢ eigenvalues, A = 1.

. This means that there are ¢ integrators embedded into the augmented design model. This is
the means we use to obtain integral action for the MPC systems.

. Stabilizability (Controllability) / Detectability (Observability)
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9. Minimal Realization (no pole-zero cancelation) guarantees controllability and observability of
the control system. For example

(z—0.1)

) = T onE—09)

non-minimal A4, = E _0609] B,, = [1] Cp=[1 —0.1]

For minimal realization, matlab code is

numd = [1 -0.1];

dend = conv ([l -0.1],[1 -0.97);
sysl = tf (numd,dend) ;

sys = ss(sysl,’'min’);
[Am, Bm, Cm,Dm] = ssdata(sys)

The minimal realization through model-order reduction is

A,=09 B, =-0928 C,, =—-1.077 minimal G(z) =
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10. Solution of Predictive Control for MIMO Systems

Define the vectors Y and AU as

AU = [Au(k)" Au(k+1)T -
Y = [y(k+1|k)T y(k+2k)T ---

Au(k + N, —1)T]"

y(k+ N, Jk)T]"

Based on the state-space model (A, B, C), the future state variables are calculated sequentially

using the set of future control parameters
x(k+ 1|k) = Ax(k) + BAu(k) + Bge(k)

z(k+2|k) = Az(k + 1|k) + BAu(k 4+ 1) + Bae(k + 1|k)
= A%z(k) + ABAu(k) + BAu(k + 1) + ABge(k) + Bae(k + 1|k)

vk + Ny|k) = A%z (k) + AN BAu(k) + AN 2BAu(k + 1) + - - + AV Y BAu(k + N, — 1)

+ AN Bae(k) + AN 2 Bae(k + 1|k) + - - - + Bae(k + N, — 1]k)

With the assumption that ¢(k) is a zero-mean white noise sequence, the predicted value of of
e(k + ilk) at future sample i is assumed to be zero. The prediction of the state variable and
output variable is calculated as the expected values being zero. Effectively, we have

Y = Fa(k) + AU

[ y(k+1]k) ]
y(k 4 2|k)
y(k + 3|k)

Ly(k + Np|F)

- OA

C A?
CA3

C AN»

x(k) +

CB
CAB
CA’B

0
CB
CAB

11

0
0
CB

CAN-IB CAM2B CANM2B ...

e

i Au(k) ]
Au(k + 1)
Au(k +2)

C AN 3|

_AU(k + Nc - 1)_



The incremental optimal control within one optimization window is given by
AU = (970 + R) 0T (Ryr(k) — Fx(k))

where &7 ¢ RN T [ ¢ pmiNexn TR equals the last ¢ columns of @7 F. Applying the
receding horizon control principle, the first m elements in AU are taken to form the incremen-
tal optimal control:

Au(k) = []mxm O O - - - Omxm} (QDT(ID + fi)_lq)T(Rsr(k) — Fx(k))
= K,r(k) — Kppex (k)

189



(MPC) 1.6 State Estimation

1. Till now, we assumed that all the state variables are measurable or available, but some of
them may be impossible to measure. Thus we need observer to provide the state estimates.

2. Our focus here is to use an observer in the design of predictive control.
3. Basic Ideas About an Observer (Luenberger Observer)

a) For given plant state model,
Tk +1) = Apen(k) + Bphu(k) y(k) = Cpx(k)
the typical Luenberger observer is designed as following form:
Tm(k 4+ 1) = ApZm (k) + Bpu(k) + Kep(y(k) — CpZm(k))

where K, is the observer gain matrix.

b) To choose the observer gain K, we examine the closed-loop error dynamics with error
state z,,(k) = x (k) — T (k)

jm(k + 1) — Amjm(k) - Kob(y(k) o Cmi'm(k))
— (Am - ome)jm(k)

Now, with given initial error 7,,(0), we have
jm(k) = (Am - obOm)kjm<O>

where the observer gain can be used to manipulate the convergence rate of the error.
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¢) (Example 1.7) Consider the linearized pendulum equation
0+ w0 =u

Design an observer that reconstructs the angle 6 of the pendulum given measurements
of 6, namely y = 6, where w, = 2, At = 0.1[s], and the desired observer poles are chosen to
be 0.1 and 0.2 ?

(Solution)

Let z; = 0 and z, = 6, the model is obtained by

[@(t)] = [—wg o] [@(t) ] u)
1(1)
t)=10 1
The corresponding discrete-time model is obtained using the matlab function c2dm(A, B, C, D, At)

i+ 1)) = [ 0ora 0] [t * |0.0oes) "

=004 )

Assume that the observer gain K,, = [j1, jo]* € R%. The closed-loop characteristic polyno-
mial for the observer is
_ 1 0 | 09801 0.0993 J1
det(A — A, + KopCh) = det ()\ [0 1] [_0_3973 0.9801] + L.J [0 1})

A—0.9801 —0.0993 + j;

= det [ 0.3973 A — 0.9801 + j

] = (A—0.1)(\—0.2)
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Solution of polynomial equation gives us the observer gain as
J1 = —1.6284 55 = 1.6601

Now we have finished the observer design

[tk 1)

0.9801 0.0993] [ (k)] . [ 0.0050 ~1.6284 )
[—0.3973 0.9801] [:isz(k)] * [0.09930] u(k) + [ 1.6601 } (w2(k) — 22(k))

0 10 20 30 40 50 60
Sampling Instant

0 10 20 30 40 50 60
Sampling Instant

(b) Estimation with observer
When u(k) =0, 1(0) = 1, 22(0) = 0, 21(0) = 0.3, andz5(0) = 0

1RKF



(MPC) 1.7 State Estimate Predictive Control

1. In the implementation of predictive control, an observer is used for the cases where the state
variable z(k) at time £ is not measurable. Essentially, the state variable = (k) is estimated via
an observer of the form:

#(k + 1) = Az(k) + BAu(k) + Kop(y(k) — Ca(k))

2. With the information of z(k) replacing z(k), the predictive control law is then modified to find
AU by minimizing

1 1 _
J = §(Rs — Fi(k) (R, — F2(k)) — AUT® (R, — F(k)) + 5AUT ('@ + R) AU
3. The optimal solution is obtained as

oJ

_ _ (T \—1qT P
SAp =0 & AU=(@T®+ R) (R, — Fi(k))

4. Application of the receding horizon control principle leads to the optimal solution of Au(k) at
time k:

Au(k) = Kyr(k) — Kpped (k)
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5. Standard state-space feedback control structure based on the estimated z(k) is illustrated in

the following figure
Im(k+1)
e :1:771(16) y(k)
o B, —>( )—> ¢! » C,, >
T q
u(k)
1 A [
1—qg~!
A
Au (k) * Observer [*
+
K e
+ (k)
K,
(k)"

Fig. 1.6. Block diagram of DMPC with observer
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6. Separation Principle (between control eigenvalues and observer eigenvalues)

a) Let us obtain the closed-loop control system using & =z — &

z(k + 1) = Azx(k) + BAu(k) = Ax(k) — BK et (k) + BK,r(k)
= (A — BKype)x(k) — BK (k) + BK,r(k)
T(k+1) = (A - KuC)x(k)

b) Combining above both equations, we have

)= [ ] [+ (7] o

OTLXm
¢) Characteristic equation of the closed-loop control system is determined by

det [)\ [Inxn Onxn] . [A - BKmpc _BKmpc

Opxn A — Kob(;” = det[Ayxn — A+ BKype] - det[M o — A+ KuCl = 0

O’I'LXTL ITLX?’Z

d) The closed-loop model predictive control system with state estimate has two independent
characteristic equations:

det[Moxn — A+ BKppe =0
det[ My — A+ KO =0

This means that the design of the predictive control law and the observer can be carried
out independently (or separately), since the eigenvalues remain unchanged.

1R



